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Abstract

Graphene is a two-dimensional material possessing uniquectrical and physi-
cal properties. London dispersion interactions play a sigoant role in its adsorp-
tion and friction on metal surfaces. Accurate computationamodeling of these
processes is complicated by the fact that conventional detysfunctional methods
do not include the proper physics to describe dispersion eractions. Model-
ing dispersion between a metal surface and substrate is fauto be particularly
complex as models based on properties of the free metal atoalsne cause the
interaction strength to be over-estimated. As an alternatie, the exchange-hole
dipole moment (XDM) method is a density-dependent dispersiocorrection that
has previously been shown to model dispersion interactioascurately for both
molecules and solids. In this thesis, we rst test the validy of XDM for model-
ing surface-substrate dispersion interactions for a set sinall aromatic molecules
physisorbed on noble-metal (111) surfaces. Upon validatiai XDM for molec-
ular adsorption, we investigated interfaces of single anddble-layered graphene
on selected transition-metal surfaces in two rotational eentations. Our results
show that thermal e ects greatly a ect the potential energysurface for graphene
on a nickel surface. In general, the rotational orientatiorsigni cantly a ects
graphene interlayer distances and interactions and thers an energetic preference
for substrate alignment. Our results also demonstrate thatetal substrates af-
fect interlayer distances and exfoliation energies for byer graphene systems that
chemisorb to metal surfaces. The sliding of multi-layered-gphene is investigated
in detail for copper surfaces. It is shown that the energetdly preferred sliding
interface is between graphene and the copper surface, evdmew subjected to an
applied constraint. Our results consistently demonstratéhat XDM captures the
proper physics required to model surface dispersion intetaons.
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Chapter 1: Introduction

Two-dimensional (2D) materials possess a planar, lamellatructure formed
upon exfoliation from the bulk. The interlayer interactiors of the bulk allotrope
are dominated by London dispersiof,?> which has become a de ning characteristic
in identifying new 2D materials? These materials show di erent physical and
chemical properties as an isolated single-layer than in tindulk allotropes. Some
2D materials have the potential to replace silicon in eleatnics** and have shown
promise for photocatalytic applications’” The applications for these materials
range from molecular sensot$ to solid lubricants !

The number of 2D material classes are too many to be discusdeere, but
a few have dominated the recent literaturé.? Transition metal dichalcogenides
(TMD) are layered compounds with a general formula of MX where M is a
transition metal and X is a chalcogen, such as S, Se or §eEach 2D TMD
consists of repeating layers that are three atoms thick: adnsition metal layer
sandwiched between two chalcogen layers. These materials/é been shown to
be promising photocatalysts and optical sensofs'>® Boron nitride (BN) has
become an important 2D material for nano-electronics becse! it is an excellent
insulator and interacts weakly with other materials. This las made BN an ideal
substrate base for creating layered electronic componenfst®> Materials such as
silicene and black phosphorus have also been heavily invgated.'* 6

Graphene is the archetype 2D material. First theoretically gedicted* then
experimentally isolated in 2004/ it has been studied thoroughly because of its
unique electronic band structure that is sensitive to chargg in chemical environ-

ment, speci cally molecular adsorption®**® Graphene also has ideal lubrication



properties due to its continuous aromatic pi region that intracts weakly with sub-
strates via London dispersiorf:%1° |t has also become one of the few 2D materials
to become commercially available and incorporated into ceamer products!®

Methods to manufacture 2D materials can be subdivided intono classes: ex-
foliation methods? 171820 where layers are physically separated from the bulk
material, and synthetic methods’¥?®> where the 2D material is synthesized on
a substrate using a precursor. Laboratory material samplese typically gener-
ated using a mechanical exfoliation method, which is not scalable for industrial
production. Chemical-based separation methods, where c¢had solvent atoms
di use between the van der Waals interlayer, have also showpromise for some
2D materials® 2426 The repulsive force of the solvent ions is greater than the -at
tractive dispersion interactions, resulting in bulk layerseparation. However, exfo-
liation methods can result in surface defects that hinder &ge material properties.
Synthetic routes, if mastered, can e ciently produce defgefree 2D materials?®
Mechanical sputtering’?® and chemical vapor deposition (CVD}*?1:232° gre two
leading synthetic methods. Synthetic methods require these of a substrate, like a
metal surface, to use as a sca old for monolayer formation.d& methods deposit
a precursor, either in solid or vapor form, onto a substrateusface. The precursor
then reacts to form the 2D material® 23

Interactions between materials and metal surfaces have Ineavestigated both
experimentally?®34 and theoretically*>®7 in order to optimize production processes
and to investigate manipulation of material properties, sth as the electronic band
gap. Mechanistic studies have been carried out to better uacstand monolayer
formation on metal sca olds® and to understand the parameters that drive defect
formation during CVD.*%3" Such studies have been used to explain orientation-
dependent interactions of graphene on metafsand to explain Moie pattern for-
mation,3® which refers to the overlay pattern of the 2D material laid o substrate.
Metals also provide a source for charge donation. It has beshown that charge

transfer from a metal to a 2D material can alter a material's &nd gag-?° and



enhance catalytic activity*® This has been speci cally shown for TMDs where
charge donation enhances the material's metallic charactencreasing catalytic
activity for the hydrogen evolution reaction?*

2D materials are also excellent solid lubricants becausetbéir weak interlayer
dispersion interactions. Bulk allotropes of 2D materialdjke graphite, have been
used for many years as lubricantst Even the adsorption of a single 2D layer
signi cantly decreases the friction at a surfacé4?> As the number of 2D layers
increase at the sliding interface, the friction decreasé¥** 2D coatings also make
the surface more resilient to wear because of strong latenateratomic bonds
in these materials® Maximum lubricity occurs when the 2D material lays at
on a substrate and strongly interacts with the surfac&’414¢ Material rippling
due to defects or lattice constant mismatch reduces lubrtgi*? Creating new 2D
materials for lubricants is an active research area.

Computational investigations of 2D materials can providenisight into sub-
strate e ects on adsorption energies and physical propeet. Surface adsorption
processes are traditionally classi ed as either chemisaign, where covalent and
ionic interactions dominate, or physisorption, where mobeailes bind primarily via
weak non-covalent interactions! Therefore, chemisorption interactions are typ-
ically stronger than physisorption. 2D materials typicaly physisorb or weakly
chemisorb onto metal surface®:4®4° Inclusion of dispersion interactions is es-
sential to accurately model molecular adsorption, partidarly physisorption, and
for modeling 2D materials3®:°%2 Even when 2D materials chemisorb to metal
substrates, dispersion interactions constitute a signiant contribution to the ad-
sorption energy?? %3

Most computational surface-adsorption investigations esperiodic-boundary
density-functional methods with the local density approxnation®®°3 or general-
ized gradient approximation functionalss* These methods perform well for cova-
lent or ionic bonding, but historically fail to predict accuate adsorption of most

2D materials to substrates due to the neglect of dispersiontéractions. Dispersion



interactions in materials can be accurately modeled usindgpe¢ random phase ap-
proximation.3®°° However, the cost of this method makes it impracticable to afyp
to large systems® A practical way to x the failure of local density-functional
approximations is to add a dispersion-energy correctichit?

Dispersion energies can be calculated using a pairwise maigtion approach
based on perturbation theory for interacting instantaneos multipoles>66! At
the start of this thesis, it was largely believed that pairnse atomic models could
not properly model surface dispersion interactions:52.63 Early pairwise disper-
sion energy corrections typically over-estimated adsolph energies and underes-
timated bond lengths for physisorbed molecules on surfacé$* This was because
these methods used xed- empirical parameters for the disfson coe cients and
not because they were a pairwise atomic approach. Neglect naccurate treat-
ment of dispersion interactions will result in large errorsn calculating material-
metal distances, adsorption energies, and frictional baers>3 It is therefore im-
perative to properly model the material-metal surface int&actions.

The objective of this thesis is to show that metal{2D-mateal interactions can
be accurately modeled using density-functional theory (DFTwith the exchange-
hole dipole moment (XDM) dispersion correctio®® Graphene is chosen as a
model 2D material because of its central importance in modematerials chemistry
and because of its good lattice match with noble-metal subiates.

This thesis consists of a sequence of papers, published epincess, that dis-
cuss the role of dispersion interactions at metal surfaces modeled by the XDM
dispersion correction. Background information about expenental methods used
to validate our results is presented in Chapter 2. The theotieal methods used
in our investigations, such as DFT, are reviewed in Chapters8 We begin by
showing that a exible pairwise dispersion model, specidy XDM, can accu-
rately reproduce experimental adsorption energies of srhatomatic molecules on
noble metal surfaces in Chapter 5. This was the rst benchmirto show that

pairwise dispersion methods, like XDM, can provide accuratnergies for adsorp-



tion on metal surfaces. In Chapter 6, we verify that the accacy of DFT-XDM

for molecular adsorption processes transfers to the adstom of graphene on the
Ni (111) surface, which is a particularly challenging case bause of the sensitive
balance between dispersion and electrostatic interactisrthat controls the shape
of the potential energy surface. We then expanded our invégation of graphene
adsorption to additional (111) metal surfaces and benchmieed our results against
reported structures and energies calculated using the ramuh phase approximation
in Chapter 7. In Chapter 8, substrate contributions to bilayr graphene interlayer
distances and sliding energy barriers are investigated. Hilty, Chapter 9 discusses
sliding-energy barriers of multiple graphene layers overuC(111) at equilibrium

and under compression. Though we concentrate on graphene approaches that

were developed for this thesis can be generally applied tchet 2D materials.



Chapter 2: Experimental Methods

A variety of experimental methods can be used to characteezsurfaces. How-
ever, this section will only concentrate on methods that praded data for direct
comparison with the theoretical results presented in thishesis. It is important to
understand these experimental methods because each methag inherent limita-
tions in what they measure. A large disadvantage of these eeimental methods
is that they measure surface-averaged values and lack thesakition required to

measure the single-molecule{surface interactions thateastudied here.

2.1 Temperature Programmed Desorption (TPD) Methods for

Adsorption Energies

Molecular adsorption energies are typically determined aitemperature pro-
grammed desorption (TPD) methods. TPD spectra were origitig produced using
ash- lament desorption, ®° in which a gas-phase substrate is streamed at a steady
rate through a cell containing a sample surface. The pressuat this steady state
is marked as a baseline. A heated lament inside the cell prents the substrate
from adsorbing on the surface. Turning the lament o cools he system, allow-
ing the substrate to adsorb to the surface. The feed and extslugas ports are
then shut, creating a closed system. As the system cools, e decreases. The
amount of molecules adsorbed at any instant can be obtainedher from a pres-
sure burst upon ashing the lament, or from the decrease inal pressure during
adsorption. From the cell pressurd®., adsorbent areaA., system pumping speed

Sy, cell volumeV,, and gas temperatureT,, the rate of desorption,d =dt, of a



molecule from the surface upon lament ashing is

d Ve dP. = S,
— = + — A.
dt Ake Ty dt Pe. (2.1.1)

where is the molecular surface coverage in molecules peritarea.®®

A more accurate way of obtaining the desorption rate is by atging desorption
spectra with a mass spectrometer. This method was introdutdy Gert Ehrlich
in his study of molecular nitrogen on tungsten surfacés. His results showed that
nitrogen weakly adsorbs to tungsten surfaces and estabksha new paradigm for
determining molecule-surface adsorption energies. Gegwang TPD spectra with
a mass spectrometer is simpler than using ash desorption agsis. To obtain
a TPD spectrum, a mass spectrometer focuses on the mass of thelecule of
interest. The sample surface is heated at a continuous rate (K/s) while the
mass spectrometer records the intensity of molecular deption. The produced
curve of time versus intensity can then be used for analy$&°’

All TPD analysis methods are derived from an Arrhenius-type expssion

known as the Polanyi-Wigner equatiorf/{"*
_d _ E4=RT
0= 5= 0 e | (2.1.2)

The rate of molecular desorption,r(), as a function of surface coverage, |,
is dependent on the temperaturel, the molecular desorption energyy, and a
pre-exponential factor () ins 1. R is the molar gas constant in Jnol K 1,
Many TPD analysis methods are derived from this equation. Rermination of
Eg4 for a molecule is trivial if () is known; however, this is rarely the case.
In order to remove coverage-dependencies, approximatiosimplify the Polanyi-

Wigner equation. A popular approximation is the Redhead eqtian: ’?

Eq= RTu[IN( ¢Tm=) 3:46] (2.1.3)



This equation is valid only for rst-order desorption rates In this method, ()is
coverage independent ) and is chosen to be 18=s, a value derived by Redhead
from a t of () to desorption rates of hydrogen and argon on tungsten. Tis
allows the activation energy to be determined from a plot ofekorption rate versus
T, the temperature of maximum desorption. Furthermore, 4 can be determined

d 0

where np is the desorption rate order. This is a coverage-independeapproxi-
mation. As such, the Redhead approximation fails when moleles have strong
coverage dependenci€®. However, Eq4 is usually predicted to be within 1.5% if

4 is known % Generally, a poor approximation of 4 results in an inaccurate ad-
sorption energy. This property, known as the compensationegt, states that an
overestimated 4 results in an overestimation ofeq and an underestimation of 4
results in an underestimation oE 4.8 Methods have been developed to determine
accurate pre-exponential factors and add coverage depende’°

In complete analysis® () and Eq4 are coverage dependent. For coverage at

time t, . is given by

Z 1
t = Sp:(AckB T) P.dt. (2.1.5)
0

An Arrhenius plot of In[r( )] against 1=T is constructed corresponding to a cov-
erage . Since the pre-exponential factor is a constant at constant the slope
yields E (), independent of (). Repeating the procedure for di erent values of

¢ constructs a plot ofE(). If the plot satis es
EQ)=In[  (Ol+ npolin[], (2.1.6)

() is not coverage dependent. If the plot is non-linear, then () is coverage



dependent®®’* Complete analysis has been shown to yield more accurate pre-
exponential factors and adsorption energies than Redheadadysis 5668
TPD-derived adsorption energies are important for benchmleing computa-
tional methods for surface adsorption. Computationally dermined adsorption
energies for benzene have matched well with experimental DRdata*’ because
benzene does not have a coverage-dependent surface orteiaor strong in-
termolecular interactions’®> More complex molecules, such as nucleobases, have
lower computationally predicted adsorption energies thaRedhead TPD-derived
adsorption energies because they have strong intermolemuinteractions as well
as coverage-dependent surface orientatio??s’® Due to the lack of accounting
for intermolecular interactions and coverage-dependentgperties, TPD-derived
adsorption energies should be taken more as approximatiadhsn as exact adsorp-
tion energies. The experimental adsorption energies repent here were obtained

from either complete analysis or Redhead TPD experiments.

2.2 Angle Resolved Photo-Electron Spectroscopy (ARPES)

Angle resolved photoemission spectroscopy (ARPES) is a spestopic tech-
nique used to probe electronic properties of solids. The le®f ARPES is Ein-
stein's photoelectric e ect, where adsorption of a photonelds to an electronic
excitation, causing the ejection of an electron. An ARPES mearement can
decompose important features of a solid, such as electromiand structure and
density of states’*

An ARPES spectrum is produced by focusing a monochromatic beafrom
a discharge lamp or synchrotron source onto the surface of angple, ejecting
an electron. The analyzer then determines the intensity andngle of the pho-
toelectron emission based on the collision of the photodien with the lens.”
Photoemission intensity is a function of the photon energy! ,, where! , is the
frequency of the photon and is the reduced Planck’s constant (J/s). Since energy

is conserved, the energy of the photon must be equal to the ege of the emitted



photoelectron:
Ewn + JEgj+ = hly, (2.2.1)

where Eg is the binding energy of the electron in the sampldi, is the kinetic
energy of the photoelectron, and is the work function energ From the kinetic

energy of the electron, the crystal momenturhk can be calculated as
P—
hk = 2mcEn Sin &, (2.2.2)

where me is the mass of an electron. The angle, is the electron emission an-
gle with respect to the surface normal® From this, it is possible to determine
the electron energy as a function of the reciprocal latticeeetor k, producing an
electronic band structure. Most ARPES experiments are penfimed at ultraviolet
frequencies, particularlyh! , less than 100 eV. This is because the momentum
resolution of ARPES is high at lower energies. The ARPES emissican be fur-
ther decomposed theoretically into a product of one-partie spectral functions
and Fermi distribution functions, allowing direct insight into the Bloch states of
a solid.””

ARPES has an important role in characterizing solids and it m@ains a main
experimental technique to determine electronic band striires. Furthermore,
because surface states are highly sensitive to perturbatgy ARPES is used for
structural analysis of layered materials via changes in tirecomponent band struc-
tures. Heterogeneous materials, where layers strongly irdet, have a band struc-
ture that is perturbed with respect to that of the isolated conponent. This thesis
compares computationally predicted graphene-metal intactions with reported

results that used ARPES measurements:’’
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2.3 Low Energy Electron Diraction (LEED)

Low energy electron di raction (LEED) is a powerful tool use to image surface
structures®®l The principles of LEED are similar to other di raction methods,
in that a material is bombarded with electrons and the struatre is resolved from
the resulting scattering pattern’®88 Though measuring a LEED spectrum is
relatively simple, electronic scattering theory is empla@d to decipher the electron
refraction pattern. It is therefore a hybrid analytic technque that requires both
laboratory and computational approaches to resolve a suda structure83(®5

A typical LEED optical setup consists of a lament that provides a mono-
energetic source of electrons by thermionic emission. Fsowy electrodes are
employed to produce a narrow electron beam and a detector es®ly is set to
eliminate electrons that inelastically scatter from the saple. The energy of the
bombarded electrons is varied from 50-500 eV in 1 eV increm&f’ Scattering
intensities of the di erent di raction beams are plotted asa function of energy.
The highest intensities in the spectrum will occur for singl scattering sites{atoms
that represent the periodic Bragg conditior?? Electron di ractions that occur
from surface atoms vary due to the complicated nature of sades. However, the
scattering spectra can be resolved with electronic scatieg theory8!

LEED became a powerful tool in the 1970s when computationalower and
electronic structure theory converged such that it could aurately resolve the
scattering spectra’®8 A spectrum is resolved by comparing the experimental
spectrum with a series of theoretical scattering spectra thi systematically varied
atom positions®® The theoretical spectra can be calculated independent ofeh
experiment. As such, most LEED software comes with a datasef theoretical
spectra. All structural variables are grouped into a singleoot-mean squared
distance parameter,R gep, related to a given theoretical spectrum. A search
through the dataset of theoretical spectrum is carried outd minimize the R gep

parameter with respect to the experimental spectrurf®® Surface analysis is

11



completed upon minimization ofR ggp . Improving R gep Minimization increases
the accuracy and the detail of LEED analysi§®

LEED analysis has been employed to study CVD of graphene on raksur-
faces?®33.85 |t has been used to show how monolayer growth evolves and give
qualitative measure of the graphene-metal interaction stngth288’ Speci ¢ ro-
tational and translational orientations of graphene, terrad Moie patterns, have
also been resolved using LEED analysi$8:8 |EED studies of graphene on
metal surfaces are used in this thesis to con rm computati@ily-predicted stable

orientations.

2.4 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) can be used to measure the fricth coe cient
of surfaceg®®* An AFM friction study is relatively simple; an AFM needle on
a cantilever is moved across a surface and the force of theeirgction is mea-
sured?{®3 The friction coe cient is determined from normal and laterd forces
measured by the AFM needle. However, an AFM requires careful cakibion to
measure the friction coe cient.

The normal force, Fy, between the tip and the sample is measured by the

vertical displacement of the cantileverZc:

Fn = keZe, (2.4.1)

wherekc is the cantilever spring constant. Some studies also emplaypiezoelec-
tric cantilever beneath a sample that measures the substeteformation during
AFM scanning. This is not needed for hard substrates, like md& where the
cantilever force does not plastically deform the sampfé. The cantilever spring

constant depends on its shape and is generally calculateddahgh inherent mate-
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rial properties, such as its Young's modulusyc (N/m 2):

_ YCWct%
T

Ke (2.4.2)

where Lc, we, and tc and the length, width and thickness of the cantilever in
meters.

Measuring frictional forces requires lateral scanning ofraaterial's surface and
measurement of the lateral forces. As the AFM scans across therfage, the

cantilever has a lateral displacementZ;, and the lateral force is
F = kZ. (2.4.3)

The lateral spring constant of the cantileverk, is similar to k:

_ G(3WCt:é

k = a3 (2.4.4)

where G is the cantilever shear modulu$®®® As the AFM tip scans across the
surface, the needle bends at an angle. The combined normal and lateral forces

at the tip are
Farm = Fi(cos ¢ +sin ¢)+ F,(cos ¢ sin ¢). (2.4.5)

As the AFM tip moves across the surface, the normal force chandas Fy. The
total of the lateral and normal forces measured as the AFM tip isles across the

sample becomes

Faem = (Fn Fn)cos ¢ (Fa Fn)sin ¢ + (2.4.6)
(Fn Fn)sin ¢ +(Fy + Fy)cos c.
The friction coe cient, , is de ned asF;=(Fy Fyn) and is averaged over two

lateral passesx and x. Simplifying the previous expression and solving for the

13



friction coe cient yields

3 Fnx + Fne x ( 2L¢sin ¢+ Lccos ) (2.4.7)
2FN Fnx + Fn: x (2Licos ¢+ Lesin ¢) o

wherelL; is the length of the AFM tip.

The method presented above is a generalization of how thecfion coe cient of
a surface can be measured using AFRH®* Other approaches have been developed
that determine the coe cient using di erent variables related to the cantilever
shape and substrate-tip height8® AFM frictional studies are cited in this thesis
to measure the friction coe cient of graphene on metals anddw it changes with

the number of graphene layer&! 439596

2.5 Quartz Crystal Microbalance (QCM)

The quartz crystal microbalance (QCM) is a tool that can meage masses
of single monolayers. It is typically used to weigh moleculgzed masses on sub-
strates?’ but has been adapted to measure friction between weakly imgeting
systems?{1%° such as noble gases on surfaces. A QCM consists of a single-crys
tal of quartz, which has a natural vibration frequency! ;. Upon adsorption of a
molecule or Im, the frequency changes by 4, which is related to the adsorbate's

mass:

! m
9= =t (2.5.1)
g Mg

wherem is the mass of the quartz crystal andn; is the mass of the adsorbate.

The mass per area of the adsorbed Im,;, can be related to the frequency shift:
—4= (2.5.2)

where 4 is the density andt, is the thickness of the quartz crystal.

Krim and Widom adapted QCM to measure frictional interactiors between

14



substrates and adsorbentd’:%°:1%0 Atomically thin adsorbed Ims shift the quartz
oscillation frequency and the quality factor@Q, a unit-less parameter that describes
the resonance behavior of quartz oscillation. As a Im movesceoss the quartz
surface,Q and ! 4 change proportionally to the Im's characteristic slip time

the time it takes to move across a periodic length of a surface

@Q@h= 21, (2.5.3)

In a QCM frictional study, Q and! 4 are simultaneously measured to calculate.
The interfacial viscosity, ¢, describes the frictional interaction of the Im on the

surface and is calculated from and «:

-t

e (2.5.4)

The frictional interaction is proportional to ¢ ; high values indicate large friction
and low values indicate low friction.

QCM has been employed to study how molecular friction variesn di erent
metal substrates and on graphene surfac&s.This thesis cites studies that have
employed QCM to understand molecular friction on grapheneudaces. These
studies were used as reference systems for comparing ouultesfor substrate

e ects on interfacial graphene bilayer friction'°? 102
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Chapter 3: Electronic Structure Methods for Solids

A variety of electronic structure methods are employed in 18 thesis. This
section begins by reviewing the foundations of periodic-bondary plane-wave pseu-
dopotential methods. Post-processing methods that are ust characterize material-

surface interactions are also explained.

3.1 Periodic Boundary Conditions and Plane Waves

The periodicity of a crystal allows one to study a bulk solid Wile only having
to speci cally de ne the positions of atoms contained in a sigle unit-cell. The
periodicity can be represented by a Bravais lattice vectof composed of the

crystal's primitive lattice vectors a:

T = nja; + na; + nizas, (3.1.1)

where n is an integer representing the number of lattice translatizss. A plane
wave, €X', can suitably describe the crystal's wave function, (r), because it

satis es the periodic Born-von Karman boundary condition:

(r+na)= (r). (3.1.2)

Bloch's theorent® states that the electronic wave function obeys these conitihs
and can be written as the product of a plane wave and a one-dlen potential

uk (r), which has the same spacial periodicity as the crystal late:

() = €5Tu(r), (3.1.3)
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The vector k relates an electron's momentum to a point in the crystal's @pro-
cal space. Using Bloch's theorem, the general form for a uniio crystal's wave

function can be constructed as:

X ,
()= Cie€®" (3.1.4)
G

where G contains all the recirprocal lattice vectors andCy. g is a Fourier coe -
cient. Bloch's theoreni®® and the Born-von Karman boundary conditions are the

foundation for plane-wave quantum mechanics.

3.2 K-Point Sampling and Integral Smearing

There exists an in nite number of k vectors in a crystal; however, only a
minimal set of k vectors that adequately cover the crystal are needed to acetely
sample the space. A sample d-points within a crystal is known as ak-point
mesh. As the number ofk-points in a mesh approaches in nity, the trial wave
function, (r), approaches the real crystal wave function. Creating an eient
k-point mesh reduces computational cost without sacri cingiccuracy.

A good k-point mesh should be uniformly distributed ink-space and ensures
that a trial wave function is not biased in any coordinate plae. Choosingk-
points at symmetrical points allows the number ok-points to be reduced while
maintaining an accurate crystal sampling. This is the basief Monkhorst-Pack
k-point grids.1® A crystal mesh can be rotated irk-space to maximize uniformity
and increase symmetry, which reduces computational time.eBause these prop-
erties largely depend on crystal geometry, most computatial packages generate
crystal-dependentk-point meshes on the .

The k-space discontinuities occur in metals between occupieddannoccupied
states that require a large number of plane-waves to adegedit reproduce the
cusp between states. Smearing the discontinuity betweeragts with a smoothing

operator increases convergence with respect to the numbédrlopoints. Quicker
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convergence is achieved with high smearing, but usually dté expense of accu-
racy. An early smearing method is Fermi-Dirac smearinfy? which models the
discontinuity boundary as a Fermi-Dirac distribution fundion for a temperature
T equal to =k g, where is the smearing parameter andg is Boltzmann's con-
stant. However, the presence of partially occupied statesstdts in energies that
are no longer variational.

A simpler method is Gaussian smearintf® which uses a Gaussian function to
smooth the occupation numbers. Because of its simplistic th@matic formation,
energies converge faster with respect kepoints, but like the Fermi-Dirac method,
energies derived from Gaussian smearing are not variationaThe Methfessel-
Paxton method®’ is a more rigorous smoothing method than either Fermi-Dirac
or Gaussian. This method expands the occupied states in tesmof Hermite poly-
nomials, allowing energies to vary less as integral smeayimcreases. However,
it can produce unphysical negative occupied states. Marzand Vanderbilt xed
this by multiplying the smearing function by a rst order polynomial.1%®

Insulators and semiconductors do not require smearing bess there is a
smooth transition between occupied and unoccupied statelSor metals that have
few fragmented states at the Fermi energy cut-o, simple mabds like Fermi-
Dirac and Gaussian smearing are su cient. For complex metht states, where
many states are partially occupied and fragmented by the FHeri energy cut-o,
more rigorous smearing methods, like Methfessel-PaxtonchaMarzari-Vanderbilt,
are required. The Marzari-Vanderbilt smearing method is @l in all calculations

reported here.

3.3 Atomic Pseudopotentials

A pseudopotential divides an atom into two energy regions:alence and core.
Core-electron wave functions are frozen since they are ndteenically active and
are incorporated into an atomic valence wave function as aneetive potential.

The valence electron wave function then becomes the e eaivatomic wave func-
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tion. Each pseudopotential is characterized by a core radiuhat originates at the
nucleus and terminates at the boundary of the valence stateNorm-conserving
pseudopotential$® hold that

Z, Z,

i j rea(r)j’rédr = i j ps(r)j’rdr, (3.3.1)

where (¢, is an all-electron atomic wave function and s is the pseudopotential
wave function. Norm-conservation is achieved by orthogonaihg core and valence
states. This restriction ensures small changes in energgenvalues with atomic
environment, allowing a single atomic pseudopotential fax given element to be
used in many chemical environment¥?®

Norm-conservation creates a hard cuto for p orbitals in rstrow elements
and d orbitals in transition metals because there are no costates with equal
angular momentum to impose orthogonality with the valencetate. The norm-
conserving pseudopotential valence wave function for treeglements is nodeless,
requiring a large number of plane waves to adequately dedwithe total electron
potential for these elements. Vanderbilt proposéd® that relaxing the charge-
conservation constraint of the core region allows core wafienctions to indirectly
interact with the valence wave functions via an overlap maix. This \softens" the
cut-o between the core and valence region, lowering the wayunction energy cut-
o and reducing the number of needed plane waves. This allovesre functions
to be indirectly expanded in the plane-wave basis set, in@sing accuracy and

reducing computational time.

3.4 The Projector Augmented Wave (PAW) Method

The projector augmented wave (PAW) method is a hybrid plane-awe and
atomic pseudopotential method. It is conceptually based o8later's augmented
plane wave (APW) method!! where the total wave function within a crystal is

divided into two sections: an intra-atomic region and an irgr-atomic continuum.
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The intra-atomic region is modeled as an atomistic radial fiction with a radius
R; outside the atomic regionR, the wave function is represented as a linear
combination of plane wave® © ". At the boundary of the atomic region, the plane
wave and atomic radial functions must equal each other. Howay self-consistent
convergence of the APW equations is slow. These convergencebfems were
xed in the linear augmented plane wave (LAPW}!? method by including energy
derivatives at the edge of the atomic region. The orthogonalane wave (OPW)
method'®® divides the atomic region into core and valence regions. @owave
functions are well localized about lattice sites, like in agmented wave methods,
while the valence region is described by plane waves. Thedbtvave function is
then constrained to be orthogonal to the core wave function.

The PAW 14 method combines pseudopotential methods with augmentechple
wave methods. LAPW and OPW schemes have rapid oscillationsareghe atom's
valence boundary that are computationally intensive to evaate. The PAW
method transforms these oscillating functions into smootfunctions that are eas-
ier to evaluate, reducing computational wall time. Using a tiear transformation,
the all-electron wave-function can be reconstructed from smooth pseudo wave

function s:
j reali = -bl psi ) (3.4.1)

where the linear function® is de ned as

X
-b =1+ . (J real;ii J pS;ii) mlj (3'4'2)

The projection function hp;j projects the pseudo wave function on to the all-
electron wave function. There are several advantages to PAWoremost, it com-

bines the accuracy of augmented wave methods, but reduces tlequired number
of plane waves. Its formalism allows easy implementation pbpular exchange-

correlation functionals in electronic structure programs Because of its accuracy
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and e cient computational performance, PAW is one of the mospopular plane
wave methods and is the chosen DFT framework used in this workll calculations

presented here use Kresse and Joubert's version of PAW potiaig.!1°

3.5 Charge Transfer

Atomic charge is not a uniquely de ned observable of a typi¢dFT calcula-
tion. Instead, it is determined via the converged electronahsity. Bader proposed
in his quantum theory of atoms in molecules (QTAIM}® that the total electron
density can be partitioned into atomic basins. These atomigasins are de ned as
the region within a zero- ux surface such thatr (r) v, =0, where v, is a unit
vector perpendicular to the surface at.''’ Atomic volumes and charges can then
be computed through numerical integration over each atomigasin.

The numerical method used to calculate atomic charges in thipaper is one
created by Yu and Trinkle!!® It uses a weighted grid approach to determine the
atomic volumes and charges from the density. In standard driapproaches, a
volume grid is overlaid onto the set of zero- ux surfaces. Thsum of grid volumes
associated with an atom yields an atomic Bader volume. A thskold is set, based
on the percentage of an atom's zero- ux surface, to either ddor neglect the
addition of the grid volume to the total atomic Bader volume. In contrast, a
weighted grid approach accounts for all grid volume contriliions where a zero-
ux surface is present, but contributions are scaled basedhahe percentage of
zero- ux surface in the grid volume.

Charge transfer is de ned as the di erence in atomic chargedfore and after
molecular surface adsorption. The magnitude of charge trafer provides insight

into the type of adsorption interactions occurring betweea molecule and surface.

21



Chapter 4: Density-Functional Theory (DFT) and Dispersion

Corrections for Modeling Physisorption

Using local or semi-local density functionals alone is not isable to model
2D materials on metal substrates as they neglect London disfsion interactions,
which contribute a signi cant portion to the adsorption enegy.>%! This section
reviews four functional classes and four types of popularsgiersion corrections. It
concludes with an overview of the exchange-hole dipole morhEDM) model 061
of dispersion, which is the density-functional dispersieoorrection method used

in this thesis.

4.1 The Local Density Approximation (LDA)

The local density approximation (LDA) is the earliest densit functional.*® In
the LDA approximation, the exchange-correlation energy geends solely upon the
value of the electron density at each point in space. The LDAxpression for the

exchange energy is:

(1=3) £

EXPAL]= (r)*2dr, (4.1.1)

MW
I

where (r) is the electron density. There is no analytical expressidior the LDA
correlation contribution. However, Ceperley and Alder compged a numerically
tted function for LDA correlation that, due to the function 's nature, will not be
printed here!?°

The LDA provides a reasonable description of bond lengths @radsorption

energies for many van der Waals layered systems, such as ¢weg Although the
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LDA returns reasonable energies and geometries, the resudtrise from cancella-
tion of errors. Dispersion interactions modeled in LDA ares from the exchange
functional and not from a physically correct treatment of lag-range correlation.
For chemisorbed molecules that have both covalent and disg®sn energy contri-
butions, the LDA usually predicts relatively accurate adsqgtion energies because
covalent-binding contributions are over-stabilized?*:*??2 However, LDA typically
overestimates adsorption energies and underestimates ddangths. For example,
Liu et al. used the LDA to investigate benzene on gold and platinum anddnd it
to overestimate the covalent binding of benzene on platinurfadsorption energy
2.30 eV predicted, 1.57 eV expt?®), while underestimating the physisorption en-
ergies of benzene on gold (0.49 eV predicted, 0.73 eV éxpt*’

4.2 The Generalized Gradient Approximation (GGA)

The generalized gradient approximation (GGA) is an improveenmt over the
LDA for general thermochemistry because it includes conbutions from the den-

sity gradient. A GGA functional has the general form of

v
ERSM 1= drf[;r ] (4.2.1)

The exchange contribution is modeled as

V4
EgCA = dr Y[ (N]Fx(9). (4.2.2)

where Y is the exchange contribution from a uniform electron gasFx (s) is
the enhancement factor dependent on the reduced density drant, s, de ned as
jr j= #2. It has been shown that GGA ionization potentials, electrora nities,

and optimized geometries are generally more accurate thanthvthe LDA. 47125
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The correlation contributions are

Z
ESAL]= dr [&"C; )+ HG v )l (4.2.3)

The correlation energy is split into two contributions, theenergetic contribution
from a uniform electron gas g”” , and the gradient contributionH , which is depen-
dent on the electron density, density gradient, and the retave spin polarization
126 Molecular adsorption energies are also more accurate thartiwthe LDA
for strong covalent or ionic binding. However, GGAs lack a prag description
of the non-local correlation e ects needed to describe disgsion interactions and
do not exhibit the same error cancelation as the LDA?%! Therefore, GGAs fail
to adequately predict adsorption energies for physisorbedolecules. Calculated
adsorption energies of benzene on platinum and gold surfaessing the PBE func-
tional in a study by Liu et al. were signi cantly less than experimental values:
0.81 eV for benzene/platinum (1.57 expt?®) and 0.15 eV for benzene/gold (0.73

eV expt!?4).47

4.3 The Random Phase Approximation (RPA)

The random phase approximation (RPA) is a framework to calcate electronic
correlation energies?’ Though it is considered to be a DFT method, the RPA cor-
relation energy is not calculated in the Kohn-Sham framewky as for the LDA or
GGA functionals.® Instead, the method calculates the correlation energy thugh
the interactions of uctuating densities with di erent fre quencies! , represented
by the density-density response function (r;r;i! ).5%127{130 The RPA correlation

energy is calculated by evaluating

Z Z V4
171! ! (r:r%it)  o(r:r%il)
- | 0 ) 1 ) 1
Ecl ] 2 . d . d' drdr TaT ,

(4.3.1)
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where is the interaction strength. The density uctuations are nam-interacting
when =0 and fully interacting when =1.

The density-density response function can be formulated ing a variety of
electronic structure methods. Approaches that have been uséo calculate the
RPA correlation energy are many-body Green's functions,tie-dependent density-
functional theory, and coupled-cluster theory?”:13° RPA has gained a resurgence
in the last two decades because it is a parameter-free methantl recovers the £R®
asymptote required to model van der Waals interaction$! However, RPA-based
methods are computationally expensive compared to LDA and&A functionals
because they require the inclusion of excited states. RPAlcalations scale as
O(N ©),128 put recent implementations have reduced the cost tO(N 4).127:132 RPA
methods also require using Kohn-Sham orbitals generatedtiwiLDA or GGA
functionals and have not been implemented self-consistgnt°

It has been shown that both the interactions between nobleag atom pairs
and graphite exfoliation energies can be accurately calatéd with respect to
experimental data®® Because of its accuracy and parameter-free formalism, RPA
energies are used to benchmark DFT dispersion correction rhetis!3! Reported

RPA energies are used for comparison to those reported in ghhesis.

4.4 The Non-Local van der Waals Density Functional (vdW-DF)

In order to properly describe dispersion interactions, fugtionals based on
GGAs have been developed with speci c non-local energy cabutions. These
functionals, classi ed as vdW-DF functionals, split the carelation contribution

into local and non-local contributions3?

Exc[1= EgCA[ 1+ EEPA[ 1+ EQ ] (4.4.1)
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The non-local contribution, EY, is evaluated as

Z

EY = drdr' (n)f (r;r% (r9, (4.4.2)

NI =

where f (r;r9 is the vdW-DF kernel, an analytical function based on densjt
uctuation theory. 122134 EIl has been paired with several popular GGAs, such
as PBE!?® Carter and Rohl systematically investigated adsorption esrgies of
benzene on copper using several vdW-DF functiondf¥. Their results show that
vdW-DF functionals recover much of the required non-local ceelation contribu-
tions lost by their corresponding GGA functionals (e.g. -06 eV revPBE, 0.40 eV
for revPBE-DF and 0.59 eV expt:*%)13> Toyoda et al. also had much success
investigating adsorption energies for pentacene on nobleetals with vdW-DF,
predicting an adsorption energy of 1.47 eV for pentacenefgper compared to an

experimentally predicted value of 1.6 eVW37:138

4.5 The Grimme Density-Functional Dispersion Correction (DFT-D)

The simplest approach to account for dispersion interactis is to add an energy
correction to the converged DFT energy. The concept of a disfsgon-energy cor-
rection was rst proposed by Ahlrichs, Penco and Scoles, wheed semi-empirical
dispersion coe cients to correct Hartree-Fock energie$® The magnitude of this
correction is determined via an analytical function. Grimne created a similarly-
framed dispersion correction for DFT where a set of empiridg t homoatomic
dispersion coe cients are employed to calculate averagedapwise dispersion in-
teractions14° The dispersion energy has the form:

N 1 N o
Edgisp = Sc =% f gamp (Rj} ). (4.5.1)

i=1 j=i+1 0
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Molecular dispersion coe cients Cg are calculated as a simple average of ho-
moatomic dispersion coe cients:
B Ci Cji
Cl=2_—-22_ (4.5.2)
Cl + CJ
The weight of the dispersion contributioncg :Rﬁ is determined by a global scal-
ing factor sg, as well as a damping functiorf 4amp (Rjj ), Which ensures that the

dispersion correction is not unphysically applied at smalhternuclear separations:

1
1+ e se(Rj=Ro 1)°

fdamp (Rjj ) = (4.5.3)

R is the dispersion cut-o radius. Grimme's DFT-D provided a lage improve-
ment to standard GGA functionals, but due to its empiricism,lacks accuracy for
applications where molecules are dissimilar to those in theset. ¢
Transferability of the dispersion correction method to encapass the entirety
of the periodic table was reached in the DFT-D2 modé&l. Each homoatomic

dispersion coe cient is determined empirically as
Ci =0:05Cgl,, | (4.5.4)

and the two-body dispersion coe cients are

4 —
ci= cicl. (4.5.5)

This model provided better values for small-large atom-padispersion coe cients.
The homo atomic dispersion coe cient is a function of the atmic ionization po-
tential 1, and the static free atomic polarizability . Cg is a tted constant
dependent on the row of the periodic table for an element. D@t success for
molecular dimers, the DFT-D2 method has been found to oversid molecules to
metal surfacest*

A third iteration of DFT-D (DFT-D3) %6 is a variableCg approach using com-
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puted atomic polarizabilities, allowing the dispersion aoection to change depend-
ing on the chemical environment. The dispersion coe cient btween atoms and
J is related to the polarizability of their analogous elemeai hydrides, I,H, and
JkH,. The DFT-D3 dispersion energy is de ned as:

3 21

, 1
Ci == Imd! = ImHn(1)

n 2 1 k F1 I 2
, M 2 M) ) 5 ) (459)

where is the atomic polarizability and m; n;k;| are stoichiometric factors. The
constant M2 is the polarizability of molecular hydrogen. The D3 corredbn also

includes a higher-order two-bodyCg dispersion term:

Cg =3C¢ Q'Qi (4.5.7)
whereQ' is:
L P—hM4
="z 458
Q H\/| 2| i ( )

The terms M 4 and M 2i are multipole expectation values and is the atomic
nuclear charge. Three-body corrections can be included irBDif needed, and are

approximated to be:

CI* (3cos(;) cos( ;) cos( ) +1)

Elk = 4.5.9
(Rij Rk Rii)® ( )
with the three-body dispersion coe cients represented as:
; q B E—
clk = clckick, (4.5.10)

Both two and three-body energy corrections are damped with function that

depends on the tted constantss; ands,, and the order of the dispersion constant,
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1
1+6(Rj =(s;;nRo)) s2n .

f damp;n (Rij ) = (4.5.11)

The cut-o radii, Ro, and the inter-atomic distancesR;; , are either the two-body
distances or averaged three-body distances. The constanss or s,, scale the
dispersion coe cient depending on the ordern, of the dispersion term.

DFT-D3 adsorption energies are more accurate than DFT-D and DFD2
energies. For thiophene adsorption on copper, Callsen ano-workers compared
DFT-D2 and DFT-D3 thiophene/copper adsorption energies and emonstrated
that the D2 correction overestimates the molecular adsorigin energy (1.02 eV),
while the D3 adsorption energy (0.61 eV) was in good agreemaevith experiment

(0.59 e\A42) 141

4.6 The Tkatchenko-Sche er van der Waals

Correction (vdW-TS)

Another variable-Cs DFT dispersion-correction is the vdW-TS method pro-
posed by Tkatchenko and Sche er?® In this method, the heteroatomic dispersion
coe cients are approximated as follows:

2ci cl
—+Ci + 5CY

cl = (4.6.1)
where C! is the homoatomic dispersion constant and is the atom-in-molecule
polarizability. Atom-in-molecule dispersion coe cientsare obtained by scaling the
free-atomic dispersion coe cients, using a relation betwen atomic polarizability
and volume:

Vi )
Vi Cg;free- (4-6-2)

free

Cg ;6:
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Viee 1S the volume of the free atom. The e ective atomic volumesy. , are com-
puted via Hirshfeld partitioning of the electron density. Within the vdW-TS
framework, three-body terms are essential to properly degwe dispersion interac-

tions.'** The three-body dispersion coe cient is de ned as:

PiP; P (P; + P + Px)

) 8
ik — ©
& 3(Pi + P)(Pj + P)(Pc + Pi) (4.6:3)
where
i VileM *
p. = Cii e ik 4.6.4
I Vil o] 2 @69

The three-body energy equation is the same as in Grimme's DAJ3.%" However,
the damping functions are quite di erent from DFT-D3. The two-body damping

function f gamp(Rjj ) is de ned as

i X® (h_R:. )k
faamp(Rj) =1 € PrsRi %T“; (4.6.5)
k=0 )
where brs is a range parameter that re ects the atom-pair size. The tlae-body
damping function is simply the product of the three combinabns of the two-body

damping functions:

fdamp(Rik ) = fdamp(Rij)  fdamp(Rik)  faamp(Rik). (4.6.6)

It has been shown that vdW-TS overestimates molecular-suda adsorption ener-
gies because it does not adequately compute dispersion coents between surface
atoms and molecule$?

A more accurateCij-3 coe cient for surface atoms is created by scaling it using
the Lifshitz-Zaremba-Kohn (LZK) theory for van der Waals interactions between

an atom and a solid surfacé** 14> |LZK theory states that the dispersion coe cient

30



between a solid's surface and a molecule is

zZ, .
ngl d iB(”) 1

4 o Lany+1 (4.6.7)

where jB(i! ) is the solid's dielectric function and is taken from expement. From
this, the two-body dispersion coe cient between a moleculand a surface atom,

Cd, 2 » can be determined as
Cl = ng 5 Cliz., (4.6.8)
whereng is the number of atoms per unit volume in the bulk. The heteraiclear

interaction is decomposed into homonuclear terms as

) oCi ij_
Clow = —F2 (4.6.9)
LiKCg + ™ CéSJ;LZK

Both 1, and CQ;LZK are constant for a solid. These constants are determined
through a system of equations using vdW-TS gas-phase moleaullispersion coef-
cients and polarizabilities (C{ and ') and from Cg;LZK , which is calculated from
Equation 4.6.8. Once !, and Cl ,. are determined,Cl , for any molecule
will vary by way of a molecule's environment depender€! and . Surface ad-
sorption energies from LZK-corrected dispersion coe ciga are more accurate.
For benzene on gold, vdW-TS" predicts an adsorption energy of 0.74 eV, close

to the experimental value of 0.73 eV’

4.7 The Many-Body Dispersion (MBD)

Correction

The many-body dispersion (MBD) correctiof? ®3146 of Tkatchenko and co-
workers is a DFT dispersion correction based on the RPX.It models an atom

as a quantum harmonic oscillator with a frequency ygp . The polarizability of
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atom i is equal to the vdW-TS polarizability, S. The polarizability of atom i in

the presence of atonj is calculated using the self-consistent screening equati®y

scs= TS, TS i S (4.7.1)

i6]

where j is the dipole interaction tensor. The long-range correlain energy is

calculated by evaluating the MBD Hamiltonian:

1 X 2 1 X 2 2
Huep = 2 re+ 2 Viveo i (4.7.2)
i=1 i=1
X q — —
+ 'imeo ! jmep PSS s

i>j

where ; is related to the mass and displacement of the quantum harmigroscilla-
tor. Diagonalization of the interaction matrix yields a nunerically exact solution
to the Schredinger equation. The dispersion interactiorsithen equal to the energy
di erence between the coupled and uncoupled quantum harmienoscillators:

N

Emep = %X P _| SX\' li;MBD ; (4.7.3)

i=1 i=1
where ; is the eigenvalue to the solution of the MBD Hamiltonian. Papes!4’:148
have shown that MBD gives accurate energies for benzene omleametals, yielding
an adsorption energy of benzene on Au (111) to be 0.67 eV (0.65 expt.)14®
Though MBD is an accurate method, it is more expensive than ogarable DFT-
D3 and XDM dispersion corrections, scaling as  due to the required interaction
matrix diagonalization.5314¢ Furthermore, accurate MBD results require the use
of a hybrid-GGA functional, which is quite expensive to emply for solid-state

calculations147.148
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4.8 The Exchange-Hole Dipole Moment (XDM) Model

The exchange-hole dipole moment (XDM) model is another poSIEF disper-
sion energy correctiorf® 6! In XDM, dispersion interactions are modeled using
the dipole moment between an electron and its correspondimxchange-hole as
the source of the instantaneous dipole moments responsifide dispersion. Using

second-order perturbation theory, the dispersion energyg de ned as

X C
Edisp = %fdamp(Rij ) (4-8-1)

n=6;8;10 i<j ij

NI

The dispersion coe cients, C,,;j , are derived from atomic polarizabilities ;, and

the electron/exchange-hole multipole momentiM 2i;:

hM 2i ;M 2i
Co MM 4.8.2
_ 3 J(I'M12||H\/|22|J+}'M22||H\/|12|J)
C8;Ij - i H\/Ifl, j+ I'Mflj i ’ (483)
Clo;ij - i J(fi\/llzlh\/I§|J+H\/|§|,H\/I12|J)+21 i JH\/|22||HV|22|J (484)

HV|12|| j+H\/|12ij i EH\A%I, j+H\/|12ij P

All dispersion coe cients are computed from the electron desity and are non-
empirical. The series expansion for the dispersion-energgn be extended to in-
clude higher-order atomic coe cients, but is truncated beause it has been shown
that contributions beyond Cij10 contribute little to the dispersion energy. The cor-
rection is damped using the interatomic van der Waals radiRgdW, to prevent the
dispersion energy from being unphysically large at shortteratomic separations
Rj :

R;

faamp(Rij) = s———5vaw (4.8.5)
amp 1] Rij + Ri\J(dW
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where Ri‘de is de ned as
Ri™ = aRf + ap. (4.8.6)

Rj; is the critical radius for atomic dispersion interactions btained using a ra-
tio of the dispersion coe cients. The constantsa; and a, are the only empirical
parameters used in XDM. These parameters are tted to minimz the mean ab-
solute percent error for a set of 49 gas-phase dimers. Eacmsity functional has
a unique set of corresponding XDM damping parameters.

XDM has successfully been used to investigate metallophsht® interactions
as well as molecular dimef&® and crystals!®' The purpose of this thesis is to
demonstrate that the XDM dispersion correction accurately wdels surface dis-
persion interactions as demonstrated through modeling aaption of molecules

and graphene on metal surfaces.
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Chapter 5: Surface Adsorption from the Exchange-Hole Dipole

Moment Dispersion Model

Original reference: M. S. Christian, A. Otero-de-la-Rozaand E. R. Johnson, J.
Chem. Theory Comput. 12, 1049 (2016).

5.1 Abstract

The accurate calculation of intermolecular interaction egrgies with density-
functional theory (DFT) requires methods that include a treément of long-range,
non-local dispersion correlation. In this work, we explorte ability of the exchange-
hole dipole moment (XDM) dispersion correction to model motellar surface ad-
sorption. Adsorption energies are calculated for six smallr@matic molecules
(benzene, furan, pyridine, thiophene, thiophenol, and beenediamine) and the
four DNA nucleobases (adenine, thymine, guanine, and cytos) on the (111)
surfaces of the three coinage metals (copper, silver, andd)o For benzene, where
the experimental reference data is most precise, the meansalute error in the
computed absorption energies is:®4 eV. For the other aromatic molecules, the
computed adsorption energies are found to be within:@ eV of the available
reference data, on average, which is well below the expectexperimental un-
certainties for temperature-programmed desorption measaments. Unlike other
dispersion-corrected functionals, adequate performandees not require changes
to the canonical XDM implementation, and the good performare of XDM is
explained in terms of the behavior of the exchange hole. Addnally, the base
functional employed (B86bPBE) is also optimal for moleculastudies, making

B86bPBE-XDM an excellent candidate for studying chemistry o material sur-
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faces. Finally, the non-covalent interaction (NCI) plot tecimique is shown to detect

adsorption e ects in real space on the order of tenths of an eV.

5.2 Introduction

Molecule-surface interactions in uence all processes thaccur on the surface
of a material. Modeling these interactions accurately is iportant in the study
of topics as diverse as monolayer formation on metal surfagé’ construction
of DNA microarrays>® molecular electronics®* and heterogeneous catalysi§®
Molecular adsorption has been traditionally classi ed as)ahemisorption, which is
relatively strong and where covalent interactions betweemolecule and substrate
are predominant, and b) physisorption, which is dominatedybweak non-covalent
interactions. Chemisorption and physisorption also di erin the extent to which
the electronic structure of the molecule and surface are dipted at the adsorbed
geometry. Chemisorption perturbs the surface band structa as well as the elec-
tronic energy levels of the adsorbate, whereas physisotioccurs through long-
range e ects that have little impact on the electronic leved. The nature of an
adsorption event (chemisorption or physisorption) depersdon the properties of
both the molecule and surface. Simple aromatic moleculesch as benzene, thio-
phene, and pyridine are known to physisorb on noble-metal aces!3 142 156{160

Since long-range e ects are essential to describe moleesigface interactions,
it is critical to have an accurate representation of dispei@n forces when modeling
physisorption and, to a lesser extent, chemisorption phemzna® 16 |f disper-
sion models are included, quantum-chemical methods can bgpéed to complex
systems, such as predicting polymorphic self-assembled matayer structures in
good agreement with experimental result¥? 163

Accurately predicting physisorption geometries and energ with density-func-
tional theory (DFT) is challenging because conventional fustionals do not account
for London dispersion interactiong®*1%° |ndeed, previous physisorption studies

using non-dispersion-corrected functionals yielded ditasally underestimated ad-
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sorption energies, relative to experiment!:166.167 The addition of a dispersion
correction greatly increases the accuracy. Several recesiudies have modeled
physisorption with an assortment of dispersion-correctetlinctionals, including

pairwiseA”-56,124,141,168(172 many-hody 48 and non-locat’-13% 172175 dispersion cor-
rections. The majority of these studies focused on the adgtion of benzene on
noble metals { copper, silver, and gold756:124,135,168{173,175

Computational methods provide more detailed informationegarding the na-
ture of individual molecular-surface interactions than ca be determined from
experiments, which are complicated by di ering moleculeusface interaction ori-
entations, monolayer formation, and surface defects. Expmmentally, molecular
adsorption energies are generally measured via temperayrogrammed desorp-
tion (TPD) analysis. The desorption energy is determined ém the temperature
of maximum desorption via Redhead's analysf8:? This procedure is appropriate
in the zero-coverage limit and where monolayers involve gniveak intermolecular
interactions. Since Redhead's analysis only accounts faitermolecular interac-
tions through the pre-exponential factor, results can di e from actual adsorption
energie? In the particular case of benzene on coinage metals, Lét. al**® re-
cently determined the adsorption energy of benzene usingetftomplete analysis
method, which is expected to be more accurate than the Redlikanodel. Ben-
zene also does not have a coverage-dependent moleculeasarbrientation below
monolayer coverage. Hence, benzene on coinage metals is aelnt system to
conduct benchmarking calculations of dispersion-corrext density functionals.

In this work, we present the rst comprehensive performancstudy of the
exchange-hole dipole moment (XDM) dispersion mod&lapplied to molecular
surface adsorption. XDM models the dispersion energy as a soner all pairwise
atomic interactions, with non-empirical, density-depenent dispersion coe cients,
involving Cg, Cg, and Cyo terms. When paired with suitable base density function-
als, XDM has been demonstrated to be highly accurate for moldau dimers *°

molecular crystals!®! and graphené®! as well as for metallophilic interactiong*
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without any system-speci ¢ re-parameterization. A study snilar to this work
was conducted by Chwee and Sullivaff for benzene on noble-metal surfacég,
where the authors successfully used a modi cation of XDM invaing only the Cg
and Cg terms, to calculate adsorption energies for benzene on nelohetals. While
their results show that XDM predicts suitable physisorptiorenergies, the damping
parameters used were taken from earlier work involving pestartree-Fock calcu-
lations!’® and are not expected to be generally applicable. In additipiseveralad
hoc modi cations to the XDM method were used.

Previous works have suggested that simple pairwise meth84&® are not suit-
able for accurate calculation of physisorbed energi#s!?4148.171.172 |n this chap-
ter, the canonical XDM implementation with the usual dampingunction parame-
ters (determined for gas-phase dimets'®) is used to demonstrate that a pairwise
dispersion correction does not only represent moleculedsice interactions accu-
rately, but it does so to an accuracy on par with previous estiates using either
more complex dispersion corrections (including many-bodyects) or purposely-
built methods for molecule-surface interactions, such aglw-TSsu 171172 gnd at
a computational cost that is comparable to a semi-local DFT ¢eulation. The
nature of the molecule-surface interactions is further ahged using non-covalent
interaction (NCI) plots,*’”1® where we demonstrate that NCI detects the minute
energetic adsorption e ects between molecule and substeain real space. This
chapter con rms that physisorption energies can be accurally calculated using
the XDM dispersion model for single-molecule adsorption anthat XDM is an

excellent method for modeling chemical processes on maaésurfaces.

5.3 Computational Methods

Copper, silver, and gold (111) surfaces were modeled usidg 4) super-cells.
The model surfaces were four atomic layers thick and a vacuuoh 25 A was in-
serted between each slab. The atomic positions of the two ot layers were

held xed while the top two layers were allowed to relax. Our ralecular test set
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consisted of ten small aromatic molecules, including theuo DNA nucleobases:
benzene, furan, pyridine, thiophene, thiophenol, 1,4-beenediamine (BDA), ade-
nine, cytosine, guanine, and thymine. Each molecule wastiaily placed roughly
3 A above the surface in a parallel position such that the arontia region was
centered over a surface atom and the geometry optimized. Addnal calculations
were performed for furan, pyridine, thiophene, and thiophmel, with the molecule
initially placed perpendicular to the surface, such that te heteroatom was directly
above a surface atom.

Periodic-boundary DFT calculations were performed using thpseudopotential
plane-wave approach and the Projector Augmented Wave formsin.!4 Calcula-
tions were carried out using Quantum ESPRESS®!’® version 5.3.0 with the
B86b'° exchange functional and PBE2® correlation, known to perform well in
conjunction with XDM. %1 Additional XDM calculations with the PBE exchange-
correlation functionaf?® were performed for benzene adsorbed on the three metal
surfaces for comparison with other literature results. PAWdatasets were gen-
erated using LD1 version 4.3.2 using pslibrary 0.2.5 inputsThe datasets also
included scalar relativistic e ects and non-linear core ecections8! All datasets
were checked to ensure that there was no PAW sphere overlap &ach optimized
geometry. The calculations used a 22 1 -centered k-point grid, a plane-wave
cuto of 50 Ry and a density-expansion cuto of 400 Ry, and cal smearing®®
with a smearing parameter of 0.01 Ry. Subsequent single-poénergy calculations
with 4 4 1Kk-points, as well as higher plane-wave and density-expansiout-o s
of 60 and 800 Ry respectively, were performed at the relaxedagnetries. Results
of convergence tests, with respect to the number of metal kg, k-point grid, and
plane-wave cut-o are reported in Appendix A.

The XDM dispersion functional is a post-SCF correction to thébase DFT

energy, calculated using one of the usual semi-local furartals:

E = Epaset Exom; (5.3.1)
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XX Coy fa(Ry).

RD (5.3.2)

Exom =
n=6;8;10 igj

In this equation, the sum runs over all pairs of atoms and j in the system.
Rj is the interatomic distance,f, is a damping function that reduces the disper-
sion correction at short range, and theC,;; are pairwise dispersion coe cients.
In the XDM model, eachC,; is approximated non-empirically via second-order
perturbation theory using the multipole moments of a referece electron and its
exchange hole and atom-in-molecule polarizabilities fohe interacting atoms®®
The XDM dispersion model o ers excellent accuracy for both gaphasé® and
condensed-matteftt 1% systems, notably including the interactions between noble
metal complexeg*®

The adsorption energy is de ned as the di erence between thealculated en-
ergy of the adsorbed molecule and the energies of the bareface and isolated

molecule:

Eadsorption = Esurt + Emolec Ecomplex: (5-3-3)

The contributions of image interaction$*® on E ¢, arising from the use of pe-
riodic boundary conditions, were evaluated by calculatinghe molecular energy
in two con gurations. First, energies were calculated for & molecule in a large
vacuum to nullify any self-interactions. SecondEec Was calculated for an iso-
lated molecule in a cell with the same dimensions as the suréaunit cell. The
results are compared in Appendix A. For the six small aromatic olecules, the
energy di erences between these two de nitions were neglde, with the largest
variations of 0.03 eV occurring for thiophene and 1,4-beneediamine €is). How-
ever, image interactions for the nucleobases were found te bs large as 0.10 eV,
due to their greater molecular sizes and polarities. In ordéo eliminate the e ect
of these image interactions, all adsorption energy resulése reported relative to
a periodic array of molecules with the same cell dimensions for the physisorbed
complex.

Non-covalent interaction (NCI)'’7:178 plots at the optimized adsorption geom-
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etry were generated using the Critic2 prograhi? to investigate the nature of the
interactions between the physisorbed molecules and the raksurfaces. The NCI
index reveals non-covalent contacts based on the electroengity and the reduced
density gradient (RDG) de ned as

1 ]

S= 2(3 2)1=8 43"

(5.3.4)

This approach provides qualitative information about the pesence and extent of
non-bonded atomic contacts using isosurfaces of the RDG. 8$e isosurfaces are
de ned to enclose regions with low density and low RDG that & a signature
of non-covalent interactionst’” Weak dispersion interactions typically appear as
broad, green isosurfaces, while stronger directional neovalent interactions (such

as hydrogen bonds) appear as localized blue domains.

5.4 Results and Discussion

5.4.1 Benzene

Because abundant theoretical predictions and highly-prese experimental ad-
sorption-energy result§*® are available, we focus rst on the adsorption of benzene
on the three metal surfaces. From the B86bPBE-XDM calculatits, the benzene
molecule adsorbs roughly parallel to the surface and the elijjorium distances
between the nearest atoms in the benzene molecule and the ateturface are
2.71, 3.03, and 3.13 for copper, silver, and gold, respectively. The benzendver
distance is in good agreement with the only available exparental measurement
of 3.04 0.02A.'*8 Table 5.4.1 compares our calculated adsorption energies hwit
results from other dispersion methods in the literature, ah with experimental
results using complete analysi¥?

In agreement with previous studied?!:166.167 the PBE functional without any
dispersion correction, predicts only extremely weak physirption, with adsorp-

tion energies around A eV, compared to the experimental values of 0.65{0.69 eV.
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Table 5.4.1: Comparison of reported adsorption energies floenzene on noble-
metal surfaces in eV. The combination of base density functial and dispersion
correction are noted in each case. The mean absolute errorAM) is computed

for the functionals for which the three adsorption energiesave been reported.

Base Disp.

Functional Method Cu A Au MAE Ref.
PBE none 0.08 0.08, 0.09 0.08, 0.150.57{0.59| 171,172
PBE D2 0.86 | 1.35 | 168
PBE D3 0.99 0.74 0.86 0.19 169
PBE D3(ABC) 0.79 0.61 0.73 0.08 169
PBE vdW-TS 1.02,1.07 0.82,0.87 0.80, 0.840.20{0.25| 171,172
PBE vdW-TSsU" | 0.79,0.86 0.73,0.75 0.73, 0.740.08{0.11| 171,172
PBE MBD 0.63 0.57 0.56 0.09 148
HSE MBD 0.78 0.68 0.67 0.04 148

opt-B86b vdW-DF 0.82 0.76 0.86 0.14 173

opt-B88 vdW-DF 0.74 0.72 0.82 0.09 173

opt-PBE vdW-DF 0.68 0.71 0.71 0.03 173

revPBE vdW-DF 0.53 0.55 0.56 0.13 173
rPW86 vdW-DF 0.49 0.52 0.55 0.15 173
SCAN rvvio 0.74 0.68 0.73 0.04 175
PBE XDM 0.54 0.58 0.61 0.10 This work
B86bPBE XDM 0.59 0.68 0.64 0.04 This work
Expt. 0.69 0.04 0.68 0.05 0.65 0.03 148

Among the dispersion corrected functionals, the DFT-D2 dispgion correction to

PBE causes an overestimation of the adsorption energies,rpaularly for ben-

zene on gold® This overestimation is likely due to a combination of the usef

empirically-derived Cg dispersion coe cients for the metal atoms (which in PBE-

D2 are independent of the chemical environment) and, perhgpto the omission

of higher-orderCg and C,o terms.

The more sophisticated DFT-D3 dispersion correction, in whi the dispersion

coe cients do depend on the adsorption geometry, shows imgvement over D2,

with a mean absolute error (MAE) of 019 eV. PBE-D3 improves upon PBE-

D2 for silver® and gold}®® but severely overestimates the adsorption energy for

benzene on coppet® It has been argued that the overestimation of dispersion

coe cients for metals with D3 may be due to the use of neutral ydrides with

various coordination numbers as model systems and that inguwed coe cients
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for metals could be obtained by changing the choice of reface!® The PBE-D3
result is further improved if a 3-body dispersion term is idoded, since the 3-body
term is repulsive and serves to o -set the over-bindingf®

The Tkatchenko-Sche er (TS) dispersion method? also strongly overestimates
adsorption of benzene to metal§/*17? likely due to the free-metal-atom reference
for the dispersion coe cients. A version of the TS method spz cally designed
for surfaces has been proposgtithat recovers theC; dispersion coe cient for the
metal surface!*® In practice, this is achieved by scaling the dispersion coeients,
resulting in lower adsorption energies with a MAE of around @.eV compared to
the experimental values. The newer many-body dispersion @) modi cation
to the original TS methodP? % accurately predicts the adsorption energies for
benzene on the noble metal$? giving a mean absolute error of only:04 eV when
combined with the range-separated hybrid functional HSE (wbh is considerably
more computationally expensive than PBE).

Non-local van der Waals functionats’® 184 provide an alternative, non-empirical
approach to model dispersion. Non-local functionals of thedlW-DF type display
good performance for determining adsorption energies ofrizene on noble met-
als 135172,173 \While there is signi cant spread of the vdW-DF results dependig
on the choice of base functional, opt-B88, opt-PBE, and re\BE o er good agree-
ment with experiment and all predict e ectively degenerateadsorption energies
for the three surfaces, in agreement with experimental obsations. The perfor-
mance of opt-PBE is particularly good with a mean absolute sor of only 0:03 eV,
within the precision of the experimental data. The SCAN met&sGGA combined
with the non-local rvVV10 dispersion correctiof’® also performs quite well, with a
MAE of 0:04 eV, again comparable to the experimental precision.

The adsorption energies calculated with XDM are generally wer than the
other pairwise dispersion corrections. The adsorption emgges are found to be
nearly degenerate down the group, in agreement with the vdwS" and MBD

results. The B86bPBE functional provides better performare when paired with
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XDM than does the PBE functional, in agreement with previous wrk.*®! This is
to be expected given the improved behavior of the B86b exchga enhancement
factor in the large reduced-gradient limitt1180.185 Wwith a MAE of 0.04 eV, the
B86bPBE-XDM adsorption energies are in comparable agreeni@nth experiment
as those obtained with the more computationally expensive HESMBD. B86bPBE-
XDM also yields lower errors relative to vdW-TS"" and the vdW-DF functionals,
except for opt-PBE, which shows superior performance.

It should be noted that the combination of B86bPBE and XDM perérms well
for physisorption without any modi cation or re-parametetization of the dispersion
model and that the same functional has been shown to give acate results for
lattice energies of molecular crystat$ and other non-covalently bound material§?
Hence, B86bPBE is a good candidate functional when adsorgiin material
surfaces is only one aspect of the system under study and a goepresentation of
interactions between molecules on the surface is also nesegg (e.g. heterogeneous

catalysis, self-assembled monolayers, etc.).

5.4.2 Dispersion Coe cients: The Role of the Exchange-Hole Dipole

Moment

In this section, we consider why the XDM model is capable of prining an
improved treatment of surface adsorption relative to othempairwise dispersion
corrections. In XDM, the Cg (and higher-order) dispersion coe cients are deter-
mined from the atomic polarizabilities and integrals invaling the exchange-hole
dipole moment. Speci cally, for a homonuclear pair of atomghe Cg dispersion
coe cient is

Cei = % M 2i; (5.4.1)
where

X Z
M Jij = wi(r) (nlr (r dx ) (5.4.2)
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Table 5.4.2: Free-atomic polarizabilities (, in A®) for copper, silver, and gold.
Also shown are thenM 2i moments and the homoatomicCs dispersion coe cients
(in atomic units) obtained for the bulk metal, the bulk metal dloride (MCI, in its

fcc structure), the top layer of the metal surface, and the ée atoms with XDM.
The dispersion coe cients are compared with literature vales for the bulk metal
and free atoms from the vdW-TS"" model?*

Metal hvi 2i XDM Cs XDM Ce vdW-TSsUT
free bulk — bulk surf  free bulk — bulk surf free bulk free
metal MCI metal MCI metal

Cu | 62| 527 682 619 971 103 130 120 180 59 253
Ag 72| 730 9.79 9.19 1564 179 226 221 351 122 339
Au 58| 6.43 9.28 8.70 13.86 137 182 170 271 134 298

In these equations,w;(r) are the Hirshfeld partitioning weightsi® dy is the
dipole moment between the reference electron and its copesding exchange hole,
evaluated using the Becke-Roussel modél; and ; is the atomic polarizability,
evaluated by a volume scaling of the reference free-atomialarizabilities.*®® Both
the atomic polarizabilities and moment integrals show corderable dependence
on the atomic environment, resulting in highly variable vales for the dispersion
coe cients. 189

Table 5.4.2 shows the free-atom polarizibilities, as welsahe dipole moment
integrals and homonuclear dispersion coe cients for coppesilver, and gold. Val-
ues are reported for the free atoms, bulk metal, and surfadaken as the atoms
in the top layer in the bare slab model used in the adsorptioratculations. Liter-
ature Cg values from the vdW-TS"" modef** are also given for comparison. The
computed XDM dispersion coe cients are larger than the analgous vdw-TSU"
values for the bulk metals for copper and silver, although #se values match XDM
for gold.

The tabulated data shows that silver is more polarizable tha copper and
gold and therefore has larger dispersion coe cients. Reli&istic e ects increase
the electronegativity of gold!*® decreasing its polarizbiliy, and causing it to have
dispersion coe cients closer to those of copper than silver

The dispersion coe cients decrease considerably (by negrh factor of one
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half) going from the free atoms to the surface and bulk metal.This explains
the over-binding tendency of other pairwise dispersion aections (Table 5.4.1),
which do not capture this large decrease i@ for the bulk metals. The decrease is
not due to changes in the atomic volumes, which vary by lessah 10%. Rather,
Table 5.4.2 reveals that the di erence in the dispersion cagents originates from
the exchange-hole dipole moment integrals.

The variation in the moment integrals can easily be understal by considering
the nature of the exchange-hole in the valence region of adratom compared to
a bulk metal. In the free atom, the electron density decays prnentially and the
exchange hole will remain centered on the atom, even when tteference electron
is relatively far from the nucleus®’ This results in large values of the exchange-
hole dipole moment. Conversely, the electron density betese two atoms in a
metal remains quite at,’*® causing the exchange hole to be centered very near
the position of the reference electrotf’ Indeed, for a uniform electron gas, the
exchange hole is centered exactly at the reference point. i$hresults in small
values of the exchange-hole dipole moment.

Table 5.4.2 also shows the calculated moments and coe cienfor the metal
in the rock-salt-type phase of the bulk metal chloride MCI (M= Cu, Ag, Au).
This phase is the experimentally-observed structure of AgChnd a metastable
phase in AuCl and CuCl, and has been used in the past to exploteetimportance
of metallophilic interactions in simple solids*® It is interesting to note that the
crystallographic positions of the metal atoms are the same the chloride as in the
elemental metal. The critical in uence of the atomic envirament on the XDM
moments, and hence on the dispersion coe cients, is cleargxempli ed by com-
paring the elemental metals with the corresponding chlores. The atomic volumes
in the metal are larger than in the chloride (e.g. 128.5 bohiin AuCl compared
to 136.3 in Au metal). However, the XDM moments are smaller in thenetal,
because the exchange-hole dipole is signi cantly smallend in consequence, the

metallic dispersion coe cients are lower.
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We note that pairwise dispersion-correction methods sucls ®FT-D2 and the
original Tkatchenko-Sche er model, which depend on referee free-atom disper-
sion coe cients, will be unable to predict a greatly reducedCg for the bulk metal.
The necessary physics to describe this variation in the diggsion coe cients is

captured by the behavior of the exchange hole, but not by a spte volume scal-

ing.

5.4.3 Comparison to Other Experimental and Theoretical Adsorption

Energies

Table 5.4.3: Comparison of calculated adsorption energiéa eV) with available
experimental data for selected molecules on copper, silvand gold surfaces.

Molecule  Metal Calc. Expt.
Thiophene  Cu 0.66 0.68?2
Thiophene  Ag 0.67 0.5
Thiophene  Au 0.62 0.68
Furan Cu 0.53 0.43°8
Pyridine Cu 0.69,0.86 0.53, 0.82°
1,4-BDA Au 1.12 1.0%°
MAE 0.09

Table 5.4.3 shows a comparison of B86bPBE-XDM results with p&rimental
TPD adsorption energies, where available. With the excepimoof the complete
analysis results for benzen¥? discussed previously, all of the TPD reference data
will have fairly low precision. This occurs because the coersion of the temper-
ature of maximum desorption to a desorption energy uses an pimcally-chosen
pre-exponential factor, typically taken to be 1&%/s.”> Coverage-dependence of
the pre-exponential factof® can introduce uncertainties of up to @ eV for the
molecules considered here. Additionally, some heteroaraicamolecules can ad-
sorb in multiple stable con gurations, resulting in a rangeof measured physisorp-
tion energies from TPD. For pyridine, the two reported expémental values>®
were compared with the computational results for the paral and perpendicu-

lar orientations. The mean absolute error (MAE) is 0.09 eV, shang that the
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XDM results agree with the reference values to within the expted experimental
precision.

The case of 1,4-benzenediamine (BDA) on gold has also beendstd us-
ing a vdW-DF functional by Li et al.'®® and will be discussed in more detail.
For this system, an experimental adsorption energy of 1 eV waseasured using
temperature-dependent helium atom scatterind®® BDA can adsorb to coinage
metals in two geometries, where the amine groups on both ssdef the phenyl
ring are in relative cis and trans positions. Our calculated adsorption energies
are 1.10 eV forcis and 1.12 eV fortrans and both values are in good agreement
with the experimental result. For comparison, PBE-vdW-DF gies 0.94 eV for
the trans and 0.98 eV for thecis orientations%! closely matching our results
and experiment. For thetrans orientation, the tilt angle is predicted to be 8.4
with B86bPBE-XDM, in agreement with the optimal tilt angle of 8 found with
PBE-vdW-DF. %! This is signi cantly smaller than the angle of ca. 35 obtained
with PBE in the absence of a dispersion correctiof? Thus, dispersion causes
the trans form of BDA to lie atter on the surface. Interestingly, the \weak but
non-negligible amine-Au bond" observed in previous studi®8 1% is revealed by
an increased energetic contribution from the base functiahin the trans con g-
uration (Table 5.4.4) and also by the blue domains shown by ¢hNCI plots in
Figure 5.4.1. This same chemisorption e ect is detected in ¢hNCI plots for some

of the other systems studied.

5.4.4 Molecular Trends: Dispersion Contributions and Non-Covalent

Interaction Plots

The complete set of adsorption energies for the six small anatic molecules
with the three noble-metal surfaces is collected in Table 44, together with the
XDM-dispersion and base-functional contributions. The dfgersion contribution
to the adsorption energies generally decreases down theug®f coinage metals.

Also, this energy decomposition shows that adsorption is ergly due to dispersion
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Table 5.4.4: Calculated adsorption energies of selected letules on the copper,
silver, and gold surfaces, in eV. The contributions to the adsption energies from
the XDM dispersion correction and the base functional are algeported.

Molecule Total XDM Base functional
Cu Ag Au | Cu Ag Au | Cu Ag Au
Benzene 0.59 0.68 0.641.01 0.85 0.75 -0.42 -0.17 -0.11
Furan 0.53 0.52 0.510.72 0.63 0.56 -0.19 -0.12 -0.05
Furan perp. 0.24 0.25 0.22 0.31 0.33 0.29 -0.08 -0.08 -0.07
Thiophene 0.66 0.67 0.62 0.90 0.77 0.69 -0.24 -0.11 -0.07
Thiophene perp. | 0.40 0.40 0.25 0.49 0.47 0.32 -0.08 -0.07 -0.07
Thiophenol 1.00 0.90 0.9 1.15 1.05 0.90 -0.16 -0.15 0.01
Thiophenol perp.| 0.35 0.36 0.33 0.44 0.39 0.34 -0.09 -0.03 -0.01
Pyridine 0.69 0.58 0.60 0.83 0.81 0.7Q0 -0.14 -0.23 -0.09
Pyridine perp. 0.86 0.66 0.64 0.55 0.49 0.4 0.32 0.17 0.19
1,4-BDA (cis) 1.17 1.04 1.1 1.17 1.15 0.98 -0.01 -0.11 0.13
1,4-BDA (trans) | 1.24 1.09 1.12 1.18 1.13 0.96 0.06 -0.04 0.16

interactions, with the two exceptions of pyridine, in the pgoendicular orientation,
and 1,4-benzenediamine, where bonding between the molecdbne pair and the
surface can result in a non-negligible contribution to adsption from the base
functional. However, the total adsorption energy, even in #se two cases with
incipient chemisorption behavior, is still dominated by tle dispersion contribution.
Lone-pair{surface interactions will be discussed in defaihroughout this section.
We now turn to the dependence of the absorption energies on lexular prop-
erties. We rst consider the cases of benzene, furan, thiophe, and thiophenol,
all of which prefer a parallel orientation to the surface sircthat dispersion in-
teractions are maximized. The adsorption-energy trend fdhis series is furan<
benzene< thiophene< thiophenol, which can be attributed to increasing molec-
ular size and polarizability. Additionally, the heteroatom bne pairs become softer
across this series due to greater polarizabililty of sulfun the thiols than oxygen
and the change from an spsulfur in thiophene to an sg sulfur in thiophenol.
Experimentally, benzene and furan have been found to bind rmlel to the
surface’>192:1% in agreement with our calculations. However, thiophene and
thiophenol have coverage-dependent surface orientation&t low coverages, both

molecules prefer a parallel surface orientation, maximrgy dispersion interactions
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Figure 5.4.1: NCI plots for selected molecules adsorbed on theld surface using
an s = 0:6 isosurface.
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between the aromatic ring and the surface, but as the covem@creases, thiophene
and thiophenol adopt perpendicular orientations where swir-surface interactions
dominate 1421931195 Qur calculations (Table 5.4.4) predict that the parallel oien-
tations are energetically preferred over the perpendicul@rientations, in agree-
ment with experimental observations. However, the perperdlilar orientations
of thiophene and thiophenol are still energetically favotde, and the stabilization
during monolayer formation can be attributed to the additimal dispersion interac-
tions between the adjacent -stacked molecules and to the monolayer being more
densely packed if the molecules are perpendicular to the fage.

NCI plots, shown in Figure 5.4.1 for the gold surfaces, providedditional in-
sight into the nature of the molecule-surface interactionsBroad green isosurfaces
in the NCI plots correspond to dispersion interactions betves the aromatic ring
and the surface. The plots clearly show that dispersion intactions are dominant,
in agreement with the adsorption-energy decomposition inable 5.4.4. Addi-
tionally, the increased adsorption for softer lone pairs cabe clearly seen in the
coloring of the NCI plots. For thiophene, the NCI surface dirgty under the sulfur
lone pair is light blue, indicating a slight increase in inteaction strength. For thio-
phenol, the bluer region of the NCI plot shows that the sulfurnteracts with the
surface even more strongly, re ecting the greater adsorptn energy. This is con-
sistent with the known strong adsorption of thiophenol to gl in self-assembled
monolayerst®:1%7 While the NCI plots show favorable interactions between the
sulfur atoms and the surface, they are not strong enough togsii cantly tilt the
molecules, which form angles of 7r less with the surface in the parallel orienta-
tion. The adsorption geometries (distances and angles bet®n the aromatic ring
and the surface) are given in Appendix A.

Like thiophene and thiophenol, pyridine's orientation on ratal surfaces is
coverage-dependent® At low coverages, pyridine prefers a parallel orientation
where dispersion interactions dominate. As coverage incses, pyridine adopts a

perpendicular orientation, interacting with the surface 1a the nitrogen lone pair
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Figure 5.4.2: The polarization density for the physisorptio of pyridine on a cop-
per surface in the perpendicular orientation. The green issurface indicates an
accumulation and the blue iso-surface depletion in electradensity, for the ad-

sorbed species relative to the separated molecule and sogat xed geometries.
The dipole of pyridine polarizes the surface, which inducdsrther polarization of

the nitrogen lone pair. This iso-density value is 0.016 a.u.

and the monolayer is further is stabilized by -stacking®® In the parallel orienta-
tion, pyridine has an adsorption energy similar to benzenasde Table 5.4.4), which
is dominated by dispersion. However, interactions betweehe nitrogen atom and
the surface cause the molecule to tilt slightly®® The tilt angle is largest for the
copper surface and is 24 compared to 13 and 9 for Ag and Au, respectively. In
the perpendicular orientation, the NCI plot shows the loss adispersion interac-
tions between the surface and the pyridine-system and an increased interaction
between the surface and nitrogen. Perpendicular pyridineak the largest density
in the NCI regions of all the molecules considered here. Indegerpendicular
pyridine is one of only two molecules predicted to adsorb ote surface by the
base functional alone and the interaction energy is greatdsr copper.

A plot of the polarization density, de ned as the di erence n electron density
between the adsorbate and the isolated molecule and surfate xed geometries,
is shown for pyridine on the copper surface in Figure 5.4.2. the perpendicular
orientation, the dipole moment of pyridine is pointed diretty down, towards the

surface. This dipole polarizes the copper surface locallgducing further polar-
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ization of the adsorbed pyridine. The strength of this intexction for the silver
and gold surfaces is found to be roughly equal to the extent dispersion stabiliza-
tion, such that the adsorption energies for perpendiculama parallel orientations
are e ectively equal. However, the results show that the pegmdicular orienta-
tion of pyridine is favored for copper, where pyridine appaxhes the surface more
closely. In this case, the induced electrostatic interacins become more favorable,
as seen from the larger adsorption-energy contribution fno the base functional
(Table 5.4.4).

As discussed in the preceding section, 1,4-benzenediamia@ adsorb as ei-
ther a cis or trans isomer. Our results predict that thecis isomer has a weaker
adsorption energy than thetrans isomer. Adsorption of thecis isomer is entirely
due to dispersion; it lies at, with a near zero tilt angle andthe amine hydro-
gens pointing down, towards the surface. As for perpendiculpyridine, a strong
nitrogen-metal interaction appears in the NCI plot for thetrans isomer and this
results in a slightly tilted orientation on the surface withangles of 7-8. Calcu-
lated adsorption energies for thérans isomer of BDA are approximately the sum
of both perpendicular and parallel pyridine adsorption engies. The adsorption
motif of trans BDA suggests that thecis isomer may adsorb more strongly if both
nitrogen lone pairs were directed towards the surface, irestd of away from it, as
shown in Figure 5.4.1. However, th&rans isomer experiences signi cant polariza-
tion, which is not possible in thecis isomer if both nitrogen lone pairs are directed

towards the surface.

5.4.5 Nucleobases

Calculated adsorption energies for the nucleobases on thetal surfaces are
given in Table 5.4.5. Our results show that adsorption is pmarily driven by dis-
persion interactions. The dispersion energies follow theder cytosine< thymine
< adenine< guanine, with greater molecular size leading to increasedspersion

attraction. Adenine has a at surface orientation since the trogen lone pairs all
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conjugate with the -system and have little direct interaction with the surface
Thymine has a slightly tilted geometry for copper and silvesurfaces, but lies
almost at on gold, in agreement with STM images®*2%° Conversely, cytosine
and guanine adopt tilted geometries, at angles of 12-1tb the gold surface, each
with the C=0 group pointing slightly downward.

The NCI plots in Figure 5.4.1 o er a picture consistent with theadsorption ge-
ometries, showing that the oxygen atoms interact fairly stngly with the surface,
in an analogous fashion to our results fotrans 1,4-benzenediamine. Favorable
interactions between the C=0 groups and the surface also tdsin less repul-
sion from the base functional and the total adsorption eneigs follow the trend
thymine < cytosine < adenine< guanine, though the ordering of cytosine and
adenine are reversed for copper due to a stronger interactiof the oxygen atoms
with this surface.

The calculated nucleobase adsorption energies are complavéth experimen-
tal TPD adsorption for gold surfaces in Table 5.4.6. The comyed adsorption
energies are roughly half of those reported experimentaff}2°2 This is because
the calculated energies correspond to the adsorption of agie, isolated molecule
on the surface and lack the intermolecular interactions beten adjacent nucle-
obases that are re ected in experiment, speci cally hydragn bonding. The ex-
perimental determination of single-molecule adsorptiomergies for nucleobases is
di cult because of the formation of strong intermolecular lydrogen-bonds lead-
ing to the formation of molecular lines and clusters on metaurfaces, even at
low coverageg®? Since the TPD adsorption energies are measured for higher
coverages, they contain contributions from intermolecutanteractions within the
monolayer°X?%7 that must be included in the theoretical treatment as well. Nte
that these experimental values are also expected to haverfailarge uncertainties
given the high coverage sensitivity of Redhead analy$fs.

To properly account for intermolecular hydrogen-bonding ects, periodic-

boundary DFT calculations should be performed on a completelsorbed mono-
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Table 5.4.5: Calculated nucleobase adsorption energies ttee copper, silver, and
gold surfaces, in eV/molecule. The contributions to the tothadsorption energies
from the XDM dispersion correction and the base functional aralso reported.

Molecule Total XDM Base functional
Cu Ag Au | Cu Ag Au | Cu Ag Au
Guanine | 1.07 1.03 0.94 1.22 1.14 1.0Q0 -0.15 -0.11 -0.06
Cytosine | 0.96 0.90 0.77 0.91 0.88 0.79 0.05 0.02 -0.02
Adenine | 0.83 0.86 0.81 1.08 1.04 0.91 -0.25 -0.18 -0.10
Thymine | 0.67 0.69 0.67 0.91 0.92 0.79 -0.24 -0.24 -0.12

Table 5.4.6: Comparison of calculated and experimental TPRdsorption energies
for the nucleobases on the gold surface, in eV/molecule. Thentribution of in-
termolecular hydrogen bonding is shown for both an estimateadditive correction
(Est.) and from the results of calculations on small nuclease clusters (Calc.).
The total DFT adsorption energies correspond to the sum of thgingle-molecule
adsorption energies and these hydrogen-bond corrections.

H-Bond Total
Molecule Surface Est  Calc. | Est.  Calc. Expt.
Guanine 094 | 0.86 0.84]1.80 1.78| 1.447921 5701
Cytosine  0.77 | 0.65 0.73|1.42 1.50| 1.26202 1,350
Adenine 0.81 | 0.65 0.60| 1.46 1.41|1.412°21.36%
Thymine 0.67 |0.43 0.53|1.10 1.20|1.082021,15%

55



layer. However, this presents considerable practical di clty since the cell lengths
corresponding to the monolayer and metal surface are not mssarily commensu-
rate. Thus, to approximately account for intermolecular hgrogen-bonding, it was
assumed that all possible donor and acceptor sites on the rembases would par-
ticipate in hydrogen bonding, with an average strength of @2 eV (5 kcal/mol).
Since two molecules are needed to form each hydrogen bondstresults in an
energetic contribution of 0.11 eV (2.5 kcal/mol) per hydrogn-bond per molecule.
The estimated hydrogen-bonding contributions are given ifmable 5.4.6, consider-
ing that the four nucleobases can form four (thymine), six tosine and adenine),
and eight (guanine) hydrogen bonds in total. Naturally, thisis a rough estimate,
but it serves to illustrate the origin of the missing stabilzing contribution.

As an alternative, approximate hydrogen-bond energies weedso computed
using the small nucleobase clusters whose structures arewh in Appendix A.
These structures were chosen to match previous STM/DFT stuel99:204,205,207
The calculations were performed with Gaussian®¥ using the LC{ PBE?09:210
functional, XDM dispersion!*® and the pc-2-spd basis set! The results are
given in Table 5.4.6 and show that the calculated and estimadl hydrogen-bond
contributions are in good agreement, and are generally onéhsame order as
the single-molecule adsorption energies. Adding either dfase hydrogen-bonding
corrections gives total physisorption energies that are igood agreement with the

experimental TPD values?®!:202

5.5 Summary

This chapter investigated the ability of the XDM dispersion nodel to predict
surface adsorption energies. Adsorption energies for aleotion of molecules (ben-
zene, furan, pyridine, thiophene, thiophenol, benzenedmne, and the four DNA
nucleobases) on the (111) surfaces of coinage metals wereutated using the
B86bPBE-XDM functional.

The adsorption energies are found to be dominated by dispens interactions
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and increase with molecular size. Inclusion of polarizableeteroatoms also tends
to increase the adsorption energies and leads to a prefeiahinolecular adsorp-
tion orientation (e.g. perpendicular). The non-covalentrnteraction (NCI) plot
technique was applied to probe the nature of the moleculefréace adsorption in
real space. In general, NCI reveals incipient chemisorptiaontributions in cases
where a molecular lone pair interacts with the surface and éne is an increased
adsorption contribution from the base density functional.

The calculated adsorption energies are in excellent agreemh with experi-
mental best-estimates for benzene on the various metal sacés, with a mean
absolute error (MAE) of 004 eV, which is comparable to the experimental pre-
cision. The MAE from similar dispersion-corrected functioals for benzene on
the three metal surfaces is:Q9 (PBE-D3), 0:20{0:25 (PBE-TS), 0.08{0:11 (PBE-
TS, 0:04 0:08 for MBD, and a range of @3 0:15 eV from several vdW-DF
functionals.

Our results dispel previous doubts about whether pairwiseigpersion correc-
tions can be used for the modeling of surface adsorptions. r@@ry to previous
applications of XDM and in contrast to PBE-TS", physisorption can be reliably
modeled with the canonical implementation of XDM combined wh the usual
B86bPBE base functional, which is known to give very accuratresults for inter-
molecular interactions. Hence, we conclude that BB6bPBE-XDNs an excellent
approach to reliably model chemical processes occurringmaterial surfaces, with

a cost comparable to any semilocal density functional.
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Chapter 6: Adsorption of Graphene to Nickel (111) Using the Exchange-

Hole Dipole Moment Model

Original reference: M. S. Christian, A. Otero-de-la-Roza ahE. R. Johnson, Car-

bon 118, 184 (2017).

6.1 Abstract

Graphene is a promising material for a number of technologicapplications
due to its unique electronic properties. It can be mass proded by depositing
carbon atoms on metal sca olds, such as nickel. This chapteresents a detailed
study of graphene adsorption on the nickel (111) surface ogithe exchange-hole
dipole moment (XDM) dispersion correction. XDM is shown to moel accurately
graphene-nickel interactions, providing adsorption engies in excellent agreement
with available experimental data and with RPA calculations. All six graphene-
nickel orientations studied present a physisorption eneygninimum, but only three
exhibit chemisorption. The physisorption and chemisorptin 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 interactins is found to depend
heavily on the nickel lattice constant. Thermal expansiontabilizes chemisorption
relative to physisorption. The pairwise dispersion coe ents depend strongly on
the graphene-nickel distance, and their variation is detarined by the exchange-
hole dipole moments. If this dependence of the dispersionecdients with the
environment is properly captured, a pairwise dispersion gection (like XDM) is

suitable to model surface adsorption.
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6.2 Introduction

Graphene and its potential applications have received muclitention over the
past decade. Interest in this material grew as a result of theeminal investiga-
tion by Novoselov et al., in which the authors presented an egpmental pro-
cedure, the \scotch-tape" method, to isolate high-qualitystable graphene layers
from graphite!” In the past few years, numerous papers have detailed graple&n
unique electronic structure and propertie4.®17:18.45.2122220 Thoygh the scotch-
tape method is well suited to creating laboratory samples @raphene, the pro-
cess is not applicable in the industrial scale. A promisingcalable method for
commercial graphene manufacturing involves depositingrtn atoms on metallic
sca olds,2%:22:221.222 yig processes such as chemical vapor deposition (CVD).

In the CVD method, small molecules, such as methane and ethanare
vaporized at high temperature ( 1000 K). The resulting carbon soot is de-
posited on a metal surface, producing a single monolayer afsarbed graphene.
Once the monolayer is synthesized, a polymer resin is appliéo the graphene
surface and the metal is typically removed with an acid bath.The graphene
layer can then be transferred to the desired substrate anddhpolymer resin dis-
solved??:23:223.224 Njckel is an excellent substrate for graphene synthesis besa
it is both inexpensive and its (111) surface has cell dimeonsis commensurate with
graphene>?.52.87.225.226 |t has peen shown that multi-layer graphene can be man-
ufactured similarly, although the exact mechanism as to homulti-layers form is
still under debate?18.22:223

Multiple studies of the graphene-nickel system using detsifunctional the-
ory (DFT) have been publishedf>7:49.50,53,227,.228 Thege articles show that gen-
eralized gradient approximation (GGA) functionals alone grssly fail to predict
experimental adsorption energies and geometries of the ghene-nickel system
because GGAs do not adequately describe London dispersioteractions. Even

when dispersion interactions are taken into account (e.g.ybusing one of the
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multiple available dispersion correction$:°8 60.164.165.229 " reproducing the exper-
imental graphene-nickel adsorption energies and interlay distances is a chal-
lenge36:37:49.53 The di culties arise from the competing factors that determine the
nature of the metal-graphene interaction in this system. Eperimentally, graphene
is known to chemisorb on the nickel (111) surfacg;?%° its adsorption energy and
distance depend critically on a ne balance between Pauli palsion, dispersion,
and the strength of the incipient chemical bond between graene and the metal
surface®

The random phase approximation (RPA) methoé: 23! is a signi cant improve-
ment over both the local density approximation (LDA) and GGA finctionals re-
garding the calculation of intermolecular interactions. Ulike dispersion-corrected
GGAs, RPA incorporates dispersion interactions in a non-enmical seamless fash-
ion, albeit at a much higher computational cost. Mittendorér et al.>® and Olsen
et al.?®! used RPA calculations to show that graphene not only chemidis on
nickel, but also physisorbs at larger interlayer distancegiving the adsorption
potential energy surface (PES) a characteristic double-mimum pro le, with the
chemisorption and physisorption minima being very close ianergy. Since RPA
is too expensive for large surface models, GGA-based funotiés have been pro-
posed in the past that include dispersion either via an exgit non-local correlation
contribution 133232233 or by adding a dispersion energy correctioif®8 60.61,124,140
Janthon et al.>® recently examined the ability of several of these density rfigtion-
als to predict the graphene-nickel adsorption energy. Goaatlsorption energies
and interlayer distances were obtained with optB86b-vd\#? 234 and DFT-D.%’
The latter is somewhat surprising given that both vdW-TS and BFT-D overes-
timate the strength of molecular physisorption on noble met surfaces'®® 171172
More recent developments of the same functionals (DFT-D3 arddBD) o er bet-
ter performance?®

In this work, we investigate the adsorption of graphene on ciel (111) using

GGA functionals combined with the exchange-hole dipole mant (XDM) disper-
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sion correction®®61:236 XDM has been previously shown to accurately model a
wide variety of systems where dispersion interactions play important role: small
noble gas cluster$?”-22® molecular dimerst4®1°0.23% sypramolecular systems?©
and molecular crystal absolut&! and relative lattice energie€*!:24> More relevant
to this paper, we have demonstrated previously that XDM sucssfully predicts
physisorption of molecules to surface$.243> An important point to note in these
studies is that XDM shows good performance in widely di erensystems without
any change to the formalism, implementation, or damping pameters, hence mak-
ing it an ideal candidate for studying chemistry on surfaceand the interaction
between inorganic materials and organic molecules.

In the remainder of this work, we show that XDM describes the gphene-
nickel system accurately. Our results reproduce reported RPpotential energy
surface8® 23! and agree with available experimental adsorption energiéd We
also show that the predicted mode of adsorption (chemisoipt or physisorption)
is highly sensitive to the nickel lattice constant, and thataccounting for thermal
e ects favors the chemisorption state. The results are digssed in the context of

the mechanism of bilayer graphene formation on nickel subates.

6.3 Computational Methods

Periodic-boundary DFT calculations were performed using thpseudopoten-
tial plane-wave approach and the Projector Augmented Wave MV) formal-
ism.114 Calculations were carried out using the XDM implementationri Quan-
tum ESPRESSGY1’® with the B86bPBE functional 218 known to perform
well in conjunction with XDM. 1°0:151 Calculations using the LDA*° and PBE!?®
exchange-correlation functionals were also conducted tmmparison. PAW datasets
for each functional were generated using LD1 version 4.3.8ing pslibrary 0.2.5
inputs. The datasets also included scalar relativistic e@s and non-linear core
corrections!® All datasets were checked to ensure that there was no PAW spleer

overlap for each optimized geometry. An 8 8 1 -centered k-point grid was
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used, with a plane-wave cuto of 60 Ry, a density expansion tm of 800 Ry,
and cold smearind®® with a smearing parameter of 0.01 Ry. All calculations used
an initial spin-polarization and were checked for convergee to the correct spin
state.

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

E = Epaset Exowm; (6-3-1)

X X Cpi fa(Ry).
RI

NI =

EXDM = (632)

n=6;8,10 i6j
In this equation, i andj run over atoms in the system andR; is the interatomic
distance. f,, is a damping function that attenuates the dispersion corréion at
short range, and theC,,;; are pairwise dispersion coe cients. EaclC,; is approx-
imated non-empirically via second-order perturbation thery using the multipole
moments of the electron plus exchange-hole distribution dnatom-in-molecule
polarizabilities for the interacting atoms®°

The nickel (111) surface was modeled as an in nite slab cossng of six atomic
layers. All calculations used a (1 1) surface unit cell, with a vacuum of 25A
inserted in the z-direction to separate each slab from its periodic image. Six
orientations of graphene on nickel were considered for tlagidy (see Figure 6.3.1).
The adsorption energies were calculated as the di erencetlween the graphene-
nickel system and the energies of the bare surface and isethtgraphene sheet,

whose geometries were optimized independently:

Eadsorption = (Eadsorbate Esurf Egraph) . (6-3-3)

Throughout the article, adsorption energies are reportedgp carbon atom.
Potential energy surfaces (PES) for adsorption were genézd by systemati-
cally varying the z distance between graphene and the nickel surface and penfier

ing a series of single-point energy calculations. The exprental lattice constants
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Figure 6.3.1: Six orientations of graphene on nickel. The i top layer is shown
in light gray, the second layer is blue, and the third layer sim the surface is
green. The nomenclature for the di erent graphene orientains follows previous
works 52227

o)

(a) bridge-fcc (b) bridge-hcp (c) bridge-top

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

of graphene and nickel at room temperature are similar, butat exactly equal,
and lattice vibrations cause a small, but not negligible, termal expansion. As
such, the dependence of the adsorption energy on the bulktlaé constant of the
nickel slab was analyzed. Note that this lattice constant denes the length of
the two symmetry-equivalentx;y-axes for the nickel slab, and the nickel-nickel
interlayer distances as well. Calculations were performedth the lattice constant
ranging between 2.45A and 2.50 A in 0.01 A increments. This range encom-
passes the minimum-energy interatomic distances in bulk akel (2.450A with
B86bPBE-XDM and 2.451A with PBE-XDM) and in graphene (2.462 A with
both functionals), as well as the minimum-energy lattice ctstant of a pure nickel
(111) surface (2.46%A with B86bPBE-XDM and 2.464 A with PBE-XDM). It
also encompasses the experimental interatomic distancesgraphite (2.46 A2%),
in bulk nickel (2.49 A%45), and in the nickel (111) surface (2.4%\?*"). The nal
PES, minimum-energy structures, and adsorption energiesrfall orientations were

obtained by quadratic interpolation between the results foeach discrete value of
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Table 6.4.1: Calculated B86bPBE-XDM interlayer distancesral adsorption ener-
gies for all orientations of graphene on the nickel (111) dace at the minimum-
energy nickel lattice constants. For the orientations in wich chemisorption occurs,
both the chemisorption (C) and the physisorption (P) valuesare given. Exper-
imental distance$”-24° and adsorption energies?** are shown for comparison.
Distances are inAngstrom (A) 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-hep 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

the nickel lattice constant. This was done due to the strongependence of the

XDM dispersion coe cients on both the lattice constant and gaphene-nickel sep-

aration (see Appendix B).

Finally, The nature of the graphene-nickel interaction wasnvestigated using
Bader's Quantum Theory of Atoms in Molecules (QTAIM)116:248 QTAIM atomic
charges were calculated using the Yu-Trinkle algoritht%® implemented in the
CRITIC2 program.'82 The di erences between the QTAIM charges for the isolated

nickel and graphene sheet and the adsorbate determines thegdee of charge

transfer.

6.4 Results and Discussion

6.4.1 Orientation E ects on Adsorption

The computed B86bPBE-XDM interlayer separations and adsotjpn energies
for all six graphene orientations are reported in Table 6.4. Reference distances

taken from microscopy experimentg:-24° are given for comparison. The reference
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Figure 6.4.1: Adsorption energies as a function of interlayetistance for the six
graphene-nickel orientations using the B86bPBE-XDM funatinal. At a given
graphene-nickel distance, the minimum-energy lattice cetant is used.
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| \\ X\ \ bridge-hcp —2—
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8 \\ \\e * fcc-hep —=—
Q o | \\ \"K\ \ top-fcc —e— |
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S
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L

2.0 2.5 3.0 3.5 4.0 4.5
Graphene-metal distance (A)

adsorption energy range is reported as in the work of Janthoet al.>® and is
based on the energies for graphene-nickel adsorpfitfhrelative to the interlayer
adsorption in graphite2°0-251

Figure 6.4.1 presents the calculated PES for adsorption ofaghene in all six
orientations, which clearly show the previously reportedaznpeting chemisorption
and physisorption minima®%23! The PES for all six orientations show a physisorp-
tion minimum at interlayer distances between 3.1% and 3.35A. However, only
three of the six orientations exhibit a chemisorption miniram, consistent with
previous DFT studies®>226?28 The top-fcc orientation is found to be the most
stable, in agreement with experimental observatiorf€:228 Both the chemisorption
and physisorption energies fall well within the experimenat range. The predicted
interlayer distances for the chemisorbed geometries aresalclose to experiment,
although slightly longer. The PES show that the energy barer between the
chemisorption and the physisorption regions is small, in egement with previous
RPA results*® 23! and varies depending on the orientation. Although physisorp

tion has not been experimentally observed for graphene orethickel (111) surface,
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it has been observed in rotated Moie patterng?> 252253

All orientations present essentially the same physisorptioenergy, which is in
line with Olsen et al.'s RPA results?®! Analysis of the separate base functional
and XDM dispersion contributions to the adsorption potentih energy surfaces
(Appendix B) shows that the XDM dispersion energy is e ectivel independent
of the graphene-nickel orientation. Thus, all variationsn the shape of the PES
for the various graphene orientations originate at the basinctional level, from
di erences in both exchange-repulsion and charge-transteetween the surface and
Substrate.

The ordering of the adsorption energies for the di erent oentations can be
understood by examining the interactions between the indigual carbon and nickel
atoms, as shown in Figure 6.3.1. For the physisorption miniméhe bridge-fcc and
bridge-hcp orientations show slightly stronger adsorptio than fcc-hcp because
there is slight, though signi cant, carbon-nickel overlap At shorter interlayer
distances, these three orientations (bridge-fcc, briddesp, and fcc-hcp) all show
a steep repulsive wall whereas the other three (top-fcc, tdp, and bridge-top)
show the formation of a chemisorption energy minimum. In thehemisorbed
orientations, one carbon is either directly on top of a nickeatom (top-fcc and
top-hcp) or two carbons straddle a single nickel (bridge-f), which is indicative
of a weak chemical bond between both layers. The sub-surfatiekel atoms lie
directly under the second carbon atom in the top-hcp orienteon, which provides
less stabilization than if the sub-surface nickel atoms lieelow the center of each
graphene ring, as in the top-fcc orientation. The bridge-f orientation has a
shorter interlayer separation despite its lower adsorptioenergy because the two
carbon atoms bridge two nickel atoms, allowing the grapherte approach the
surface more closely.

The small energy barrier between chemisorption and physigbion minima for
the most-stable, top-fcc orientation suggests that physisbed states may be ac-

cessible through thermal uctuations?? It also may provide insight into graphene
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Figure 6.4.2: Adsorption energies as a function of interlayelistance for the top-
fcc orientation using the B86bPBE-XDM (black), PBE-XDM (red), and LDA
(orange) functionals. The RPA results digitized from the wik by Mittendorfer

et al.>® (blue circles) and by Olseret al.?3! (green squares) are also shown. The
experimental distance and energy ranges are shown as a sliatex.>3 87244249
For B86bPBE-XDM and PBE-XDM, two results are shown: energiesging a
minimum-energy lattice constant (solid lines) and the expemental bulk nickel
lattice constant (dashed lines).
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bilayer formation mechanisms. A graphene bilayer forms fno the creation of a
new graphene layer under an existing nickel-adsorbed gragte layer?®226.:252 The

proposed mechanism is based on nickel's carbon solubiliturthg CVD. 20226252

Upon cooling, the carbon atoms exit the bulk, but are trappedédneath the existing
chemisorbed graphene monolayer. The carbon atoms must pughthe adsorbed
graphene to assemble at the nickel surface and form a secomdierlying layer of
graphene. The presence of a small energy barrier between tiemisorbed and
physisorbed minima means that it would take little energy talisplace an existing
graphene monolayer, allowing for the facile accumulatiome migration of carbon

on the surface necessary to the formation of the graphenedyér.
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6.4.2 Comparison of Selected Density Functionals

Calculated adsorption energies as a function of interlayelistance for the top-
fcc orientation using B86bPBE-XDM, PBE-XDM, and the LDA are caonpared
with reference RPA value® 2! in Figure 6.4.2. For the XDM-corrected func-
tionals, two sets of potential-energy curves are shown, ogieither the minimum-
energy nickel lattice constant (as in Figure 6.4.1) or usindhe experimental nickel
lattice constant to allow direct comparison with the RPA resilts.

Figure 6.4.2 shows remarkable agreement between the minimamergy
B86bPBE-XDM potential-energy surface and experiment; thehemisorption en-
ergy is in the experimental energy range, and the distanceasly 0.04 A higher.
Additionally, the equilibrium distances and absorption enegies at the experimen-
tal nickel lattice constant are in good agreement with the aogous RPA calcu-
lations.>%231 The B86bPBE-XDM chemisorption and physiorption energies ar
within 1 kJ/mol and 0.5 kJ/mol, respectively, of the RPA equivdents. Interlayer
distances are also in excellent agreement with RPA. PBE-XDMrpvides simi-
lar potential energy surfaces to B86bPBE-XDM, although the BE-XDM curves
are slightly higher in energy and also have higher energy lo@rs between the
chemisorbed and physisorbed minima.

It has been suggested that accurate modeling of surface aggmn can only be
achieved through use of many-body dispersion correctionacanot with \simple
pairwise" methods®3.147.148.254 A gjgni cant advantage of the XDM dispersion
model over simple pairwise methods is that the dispersione&aients are sensitive
to the chemical environment in a physically-motivated way iad this dependence
was key to the high accuracy of the method in studies of moldau physisorption
on noble metal surface& In the present study, the surface nickel-carborCg
dispersion coe cients were found to exhibit a strong deperghce on both the
interlayer separation and the lattice constant (see AppenxliB). In particular,
these Cg's decrease substantially as graphene approaches the nicaface, due

to a decrease in the exchange-hole dipole moment integralisad by compaction of

68



the interface region between the graphene and the nickel fare. This behavior is
only seen for nickel atoms at or near the surface; beyond thept two layers, there
is no longer any change in the dispersion coe cients upon gohene adsorption.
It is clear from the good agreement between the B86bPBE-XDM salts and both
RPA and experimental data that environmental e ects captued by XDM's use
of the self-consistent ground-state electron density ard &east as important as
non-pairwise many-body e ects when modeling dispersion.

Comparison with literature adsorption energies and intealyer distances for
the other orientations is included in Appendix B. B86bPBE-XDMand PBE-
XDM both predict chemisorption for the bridge-top and top-fc orientations and
physisorption at the fcc-hcp orientation. These are two ofite three criteria set by
Janthon et al.>® for accurate modeling of graphene-nickel interactions. Ehthird
criterion proposed by these authors is that graphene-nidkadsorption energies
must be greater than the exfoliation energy of graphite, wbi is also met by
B86bPBE-XDM (5.27 kJ/mol®') and PBE-XDM (4.76 kJ/mol®%!). These values
are in good agreement with RPA's graphite exfoliation energit.63 kJ/mol*°), as
well as the reference experimental value (5.07 kJ/nté?).

Finally, although the LDA predicts a chemisorption energy ad interlayer dis-
tance in good agreement with experiment, the chemisorptioenergy is less than
the calculated LDA graphite exfoliation energy (2.39 kJ/ma®), in violation of
the last of Janthon's criteria. Figure 6.4.2 shows that the LDApotential-energy
surface is quite di erent than the DFT-XDM or RPA curves. The LDA physisorp-
tion minimum is very shallow and lies much higher in energy,wt to the neglect
of long-range dispersion stabilization. Thus, while the LB predicts adequate
adsorption energies and interlayer distances for chemiption, the failure to cor-
rectly describe physisorption means that LDA cannot be recamended for any

applications involving surface chemistry.
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6.4.3 Lattice E ects on Adsorption

Our calculations reveal a strong dependence of the calciddt chemisorption
and physisorption energies on the nickel lattice constantThe optimum lattice
constant for the graphene monolayer is predicted to be 2.46 with B86bPBE-
XDM which is the same as seen in experimeft> However, there is notable
di erence between theory and experiment for the nickel laite constant. The
energy minimum for the bare nickel surface was found to occair a lattice constant
equal to 2.465A for B86bPBE-XDM (as well as PBE-XDM), which is smaller than
the experimental value of 2.49A.24" This underestimation of the nickel lattice
constant is characteristic for relatively soft materialsand occurs due to neglect
of vibrational and other thermal-expansion e ects. Thesera more signi cant in
nickel than graphene because of the more compressible natof the nickel surface.

Figure 6.4.3 illustrates how small changes in the lattice cetant a ect the
graphene-nickel potential energy surface. At the smalleststed lattice parame-
ter, there is no chemisorption and only a physisorption mimium. Increasing the
lattice constant lowers the repulsive shoulder signi cahy and the chemisorption
minimum appears. The strongest physisorption occurs for attice constant of
2.46{2.47 A, which corresponds to the graphene lattice constant. Howavehe
strongest chemisorption occurs when the lattice constans iequal to 2.48A. At
this lattice constant, the C-C bonds are slightly stretchedrom 1.421A to 1.432A,
but the energy penalty incurred in this process is o set by tB much stronger C-Ni
interactions. Thus, the physisorption minimum is destabited and the chemisorp-
tion minimum stabilized as the lattice-constant approachethe experimental nickel
lattice constant of 2.49A.247

Figure 6.4.4 is a two dimensional potential energy surfaceahshows how the
top-fcc adsorption energy changes as a function of latticertstant and interlayer
distance. The chemisorption minimum begins to stabilize &.46A and is compet-
itive with the physisorption minimum near 2.47A. At 2.48 A, the physisorption

minimum is destabilized and the chemisorption minimum becoes the more stable
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Figure 6.4.3: The B86bPBE-XDM potential energy surface for # top-fcc
graphene-nickel orientation for lattice constants rangip from 2.45A to 2.49 A.
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region of the potential. Above 2.50A, the entire system destabilizes due to the
highly stretched C-C bonds. Generally, the physisorbed cauration is preferred
when the lattice constant is closer to the experimental grdqgne lattice constant
and the chemisorption con guration is preferred as the latte constant approaches
the experimental nickel lattice constant.

The important result coming from Figures 6.4.3 and 6.4.4 is #, for all lattice
constants above a given threshold value (ca. 2.49, the chemisorption minimum
is more stable than the physisorption minimum. The simple dureasonable as-
sumption can be made that the adsorption free energy is givdly Figure 6.4.4,
after adjusting the geometry for the e ects of thermal expasion. This approxi-
mation is equivalent to a combination of a quasi-harmonic ggpoach and a neglect
of the di erences in the free-energy contributions as a fution of temperature,
which we expect to be smaller than the di erences in electran energies. Un-
der this assumption, our data predicts that chemisorptionsi favored compared to
physisorption at the experimental geometry, in agreementith the experimental

observations. We therefore expect chemisorption to be sowteat preferred over
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Figure 6.4.4: Two-dimensional BS6bPBE-XDM potential energy surface, illus-
trating the dependence of the adsorption energy for the top-fcc graphene-nickel
orientation on the lattice constant.
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physisorption if thermal expansion of the nickel surface were taken into account
in our calculations. 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.

6.4.4 Charge Transfer

Analysis of the charge transfer between nickel and graphene is presented in
Table 6.4.2. This table reports the atomic charges for the three chemisorbed
geometries at the experimental lattice constant for nickel (2.49 A). 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,
leading to the shortest interlayer separation. The top-fcc and top-hep orientations
have similar interlayer distances, but the top-fcc has a stronger adsorption energy
and higher charge transfer.

Table 6.4.2 also shows that charge transfer from the graphene to the nickel
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Table 6.4.2: Charge of the two unique carbon atoms in the (1 1) cell and the
surface nickel atom obtained from QTAIM analysis of the B86bBE electron densi-
ties. Results are shown for the three chemisorbed orientaiis at a lattice constant
of 2.49A and for the top-fcc orientation with lattice constants rarging from 2.46

to 2.49A. In all cases except bridge-top, , 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

surface increases as lattice constant increases for the ffop orientation. The
charge transfer from nickel to graphene correlates with theptimum graphene-
nickel distance for the chemisorption minimum of the PES sk in Figure 6.4.1.
Experimentally, it has been con rmed that graphene carbomrarbon bonds ex-
pand upon chemisorption, distorting the structure such thiathe graphene lattice
constant becomes commensurate with that of nick81.2%6:247 Spectroscopic mea-
surements have shown that graphene's band structure is stigly perturbed upon
adsorption255257  Taken together with our results, this provides evidence tha

charge transfer is related to the stabilization of the defomed graphene layef?®

6.5 Summary

This chapter presented a detailed density-functional stydof graphene adsorp-
tion on the nickel (111) surface. Our results show that bothhie B86bPBE-XDM
and PBE-XDM methods predict optimum interlayer distances ad adsorption en-
ergies in excellent agreement with previously reported eence RPA resultg® 23!
and available experimental data> 87244249 Thus, surface adsorption can be ac-
curately modeled by a pairwise atomic dispersion correctioprovided that the

dispersion coe cients have an appropriate dependence ondlchemical environ-
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ment.

Graphene was found to physisorb to the nickel surface in alixsgraphene
orientations considered (see Figure 6.3.1), at a distancetlween 3.15 and 3.3%.
The physisorption energies increase slightly with the nunds of close carbon-nickel
atomic contacts. In this state, there is no signi cant chendal bond between
graphene and nickel, and the adsorption is determined by gisrsion plus closed-
shell repulsion between both surfaces.

Three of the studied orientations (bridge-top, top-fcc andop-hcp) have chemi-
sorption minima with optimum graphene-metal distances bateen 2.00 and 2.25.
The top-fcc orientation was found to be the most stable, in agement with previ-
ous theoretical studie$?87:226{228.249 The potential energy as a function of inter-
layer distance for these orientations is a double-minimunucve, with the barrier
between the physisorption and chemisorption minima being$s than 1 kJ/mol
per carbon. This suggests that physisorbed states may be assible through ther-
mal uctuations, 22 and o ers insight into the double-layer graphene formatiorin
CVD experiments?2%:226:252 Both the chemisorption and physisorption energies are
higher than the calculated graphite exfoliation energies.

The B86bPBE-XDM chemisorption energies are in the experime& energy
range®24* and they also agree with RPA result?® to within 1 kJ/mol (chemisorp-
tion) and 0.5 kJ/mol (physisorption) per carbon when the saméattice constant is
used. We note, however, that the precision of the experimexitdata is 4 kJ/mol,
and the two previously reported RPA potential energy surfaes are somewhat in
disagreement with each other (up to about 2 kJ/mol), speci cdy regarding the
presence of a double minimum in the energy pro le. Hence, highquality ref-
erence data is required before the accuracy of BB6bPBE-XDMrtée precisely
quanti ed.

In the chemisorbed state, there is signi cant charge tranef between graphene
and nickel, which increases with the lattice constant. Thigs indicative of the for-

mation of a weak chemical bond and the disruption of the nickand graphene band
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structures, as previously observedf:2°557 The di erences in the chemisorption
behavior between orientations are determined by whether ¢ie is a direct carbon-
nickel contact that facilitates the approach between bothgfaces. Therefore, it
is the base functional contribution, and not the dispersiomorrection, that deter-
mines the behavior in the chemisorption distance range, httugh the dispersion
correction is a major component of the adsorption energy iflarientations.

It was also found that the graphene-nickel adsorption is singly dependent
on the lattice geometry, which somewhat hinders the compann to experimen-
tal results. At the electronic-energy minimum (lattice costant around 2.46A),
physisorption is preferred over chemisorption. However, dke lattice constant
increases, chemisorption becomes the preferred state atuaface lattice constant
equal to 2.48A. Thermal expansion pushes the lattice constant over this tkeshold
(the experimental lattice constant is 2.49A for the nickel (111) surface), resulting

in a stabilization of the experimentally observed chemisption state.
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Chapter 7: Adsorption of Graphene to Metal (111) Surfaces using the

Exchange-Hole Dipole Moment Model

Original reference: M. S. Christian, A. Otero-de-la-Roza ahE. R. Johnson, Car-

bon 124, 531 (2017).

7.1 Abstract

Graphene has a unique electronic structure and excelleniliplogical proper-
ties. A promising method for graphene production involvesepositing vaporized
carbon on metal substrates, which can also be used to modifyaghene’'s elec-
tronic structure through charge transfer. In this work, gr@hene adsorption on
the (111) surface of seven metals (Al, Cu, Ag, Au, Ni, Pd, and Pt) isnves-
tigated computationally using density-functional theorywith the exchange-hole
dipole moment (XDM) dispersion correction. Two distinct gr@hene-metal orien-
tations, corresponding to 0 and 30 relative rotation of the graphene layer, are
considered to investigate how lattice mismatch a ects adsption. Our results re-
produce reference data from the random phase approximatiomore closely than
any other dispersion-corrected density functional, conming that XDM is an ex-
cellent method for surface chemistry. The rotational origation of graphene is
found to strongly a ect its interaction with the substrate. There is an energetic
drive for graphene to align with the metal lattice, particubrly for Pd and Pt, which
causes the formation of multiple Moie patterns, in agreemnt with experimental

observations.
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7.2 Introduction

Graphene is a material that holds the potential to revolutiaize the semicon-
ductor industry. Various applications have been proposedat utilize graphene's
unique two-dimensional electronic structuré:®17:18:45.212220  Graphene has also
been shown to be an excellent solid lubricaht®®2>° that can reduce friction
and wear in mechanical devices either through direct suriaadeposition or as
an additive to petroleum-based lubricant$#> While the original scotch-tape
method for graphene isolatiot easily produces laboratory samples, it is not scal-
able for mass production. Lack of a suitable mass-produatianethod has hin-
dered commercialization of graphene-based technologi&$? but several methods
have showed promising results. One such method is chemicapuer deposition
(CVD), 222,221,222 where a carbon feedstock is vaporized to produce pure carbon
that is deposited onto a metal surface. Additionally, chargdéransfer from the
underlying metal substraté® provides a mechanism to tune graphene's electronic
structure through the alteration of its valence band®®

Graphene-metal systems have been investigated experimadhyt?3 28(34.88,89,261{266
to understand electronic and tribological properties as Weas monolayer growth
mechanisms. These investigations have shown that grapheran either chemisorb,
physisorb, or form a carbide phase on the surfaé&3® Metals on which graphene
chemisorbs or physisorbs are of the most practical intereBecause the adsorbed
graphene will retain its unique electronic structure.

The most promising substrates for graphene mass productiare Cu and
Ni. Not only are these metals inexpensive, but their surface ttece constant
is close to that of graphene. This excellent lattice match selts in a limited
number of observed Moie patterns and reliable formation folarge continuous
graphene monolayers on the surfaée>287.225.226 |n particular, a CVD method
using Cu has shown promising results for graphene mass protion.?! Metals

such as Pcf}®34.261 pt 28,32,88,262{265 gng A28 31.89.266 have also been investigated
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for graphene synthesis, but their lattice mismatch resultén multiple Moie pat-
terns on single surface samples. Indeed, experiments ssjdkat there exist an
in nite number of Moie patterns for Pt and Pd. 3388261263 |n the early stages of
graphene patterning on Pd and Pt, local graphene domains Wilind strongly to
the surface, but as the monolayer size increases, the ovesalface-substrate inter-
action weakens because of the lattice mismatch. Light emitig electron di raction
(LEED) experiments have shown that strong surface-substi@ interactions occur
on Pd and Pt but depend on the rotational alignmen£* 26> which has resulted in
con icting reports as to the nature of graphene-Pd/Pt intelactions.

Many previous publications have used density-functional #ory (DFT) to
investigate graphene adsorption on metal surfacés3”39.50.53.267 Most studies
employed the local density approximation (LDA) because it mdicts reasonable
chemisorption geometrigg? 3°38,54.88,268,269 Hagwever, the LDA is known to over-
estimate chemisorption energies and under-estimate physiption because it does
not include the physics of London dispersion. This results inarrow potential
energy surfaces (PES) at chemisorption distances, with gnshallow adsorption
at typical physisorption distances, in disagreement with igher levels of theory,
such as the random phase approximation (RPA¥

Generalized-gradient-approximation (GGA) type function& combined with a
dispersion correction are quite accurate for van der Waalemplexes>®: 58.60,164,165,229
However, the majority of these dispersion corrections areske reliable for metal
surfaces due to the empirical nature of the dispersion coeients®4 168 169,171,172,235
and it has been argued that many-body e ects may be importantor accurate
modeling of surface adsorptiof*® Non-local van der Waals density functionals
(vdW-DF) 133:184,232,233 gre typically more reliable for molecular physisorption on
metal surfaces* 173 Several group¥® 3’53 have studied adsorption of graphene on
multiple metals using vdW-DF functionals; however, there & massive di erences
between the results depending on the base GGA functional useFor example,

vdW-DF218 (which uses revPBE"’) predicts weak physisorption on Cu and Ni,
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while vdW-DF-C09*"! predicts stronger chemisorptior¥! The best available the-
oretical reference data for graphene adsorption is a studging the random phase
approximation (RPA) by Olsen and Thygeser?® Though the RPA agrees with
most experimental observations, the scope of this investigon was limited to a
single Moie pattern on each studied metal that minimized attice strain,3® which
precludes prediction of the orientation dependenc&®

This chapter is the second part of a serié investigating graphene-metal ad-
sorption using DFT paired with the exchange-hole dipole mome (XDM) disper-
sion correction®%-61:273 The XDM model is a non-empirical dispersion correction
that uses the electron density to generate environment-depdent dispersion coe -
cients. As a result, XDM is uniquely suited to model dispersiomteractions across
a wide range of chemically diverse systems, such as molecdianers £ °° supra-
molecular systemg?° organic crystalst®!24! and most closely related to this work,
molecular physisorption®* The rst part of this series was limited to graphene
adsorption on nickel, for which XDM was found to provide exclnt agreement
with both RPA reference calculations and the experimentaldsorption energy?’?
However, this is no guarantee that the high accuracy of XDM wilbbe transferable
to modeling graphene adsorption on other metals.

In the present work, we have broadened our study to includexsadditional met-
als: Al, Cu, Ag, Au, Pd, and Pt. The XDM results are found to more cleely repro-
duce RPA interlayer distances and adsorption energi@sthan other, previously-
applied density functionals. Additionally, this is the rst dispersion-corrected
DFT study to investigate graphene adsorption in two rotatioml orientations, cor-
responding to 0 and 30 Moie patterns. It is shown that the graphene-substrate
interaction strength is highly dependent on rotational oentation. The XDM cal-
culations predict particularly strong graphene-surfacenteractions in the 0 orien-
tation for Pd and Pt, which explain the experimental observion of multiple Moie
patterns with locally-ordered graphene domains. Finally,wr results suggest that

larger units cells (impractical for DFT calculations) are neded to properly model
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graphene-metal interactions for substrates with large sface-lattice mismatches.

7.3 Computational Methods

The computational methods used here are consistent with oprevious work on
Ni(111)-graphene?’2 All DFT calculations were performed using periodic bound-
ary conditions with the projector augmented wave (PAW) forméism*!* as imple-
mented in Quantum ESPRESSG 17 The exchange-correlation functional chosen
was B86bPBE?5:180 a5 it provides the best accuracy when paired with the XDM
dispersion modef*15! PAW datasets were generated using LD1 version 4.3.2 us-
ing pslibrary 0.2.5 inputs. The datasets also included sealrelativistic e ects and
non-linear core corrections®! All datasets were checked to ensure that there was
no PAW sphere overlap for each optimized geometry. An 88 1 -centered
k-point grid was used, with a plane-wave cuto of 60 Ry, a dengi expansion
cuto of 800 Ry, and cold smearing®® with a smearing parameter of 0.01 Ry.

The XDM dispersion energy is a post-SCF correction to the B8BIBE (base)
energy:

E = Ebase* Exom; (7.3.1)

1 X X Cuj fn(Ry)

7.3.2
R (7.3.2)

Exom =
n=6,8;10 i6j

In this equation, i and j run over atoms in the system,R; is the interatomic
distance, f, is a damping function that attenuates the dispersion corréion at
short range, and theC,; are pairwise atomic dispersion coe cients. EaclCy;
is evaluated using the multipole moments for the interactigp atoms arising from a
reference electron together with its corresponding exchgerhole distribution, as
well as atom-in-molecule polarizabilitie§%273

In this work, calculations were performed for graphene adsion on six metal
surfaces: aluminum, copper, silver, gold, palladium, andgiinum. Additionally,
our previous results for nickel> are reported again here for comparative pur-

poses. All calculations for the Ni-group metals used an initisspin-polarization
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and checked for convergence to the correct spin state, whileose for Al and the
Cu-group metals did not. All metals considered have a facertered cubic (fcc)
crystal structure and adsorption of graphene on the (111) gHace was studied.
Two di erent orientations, or Moie patterns, were modelal to compare how rota-
tional orientation a ects graphene-substrate interactios. These were constructed
using the (1 1) surface unit cell for the 0 orientation, where the lattice vec-
tors of graphene's primitive cell align with the (111) metabkurface's primitive cell
(Figure 7.3.1(b,c)). The Fﬁ p:_%) surface unit cell was obtained by rotating
the metal substrate by 30 relative to the graphene sheet (Figure 7.3.1(a)). Both
of these orientations have been established in previous wef® 3739287 with the
(3 1) cell commonly used for Ni and Cu and thep(§ p§) cell used for the
remaining metals to minimize lattice strain.

Geometries for graphene adsorbed in the 30rientation and two of the possible
structures (top-fcc and fcc-hep, using the common nomentliae36:37:39.50.272) for
the O orientation are illustrated in Figure 7.3.1. Calculations wre also performed
for the four remaining structures in the O orientation (bridge-fcc, bridge-hcp,
bridge-top, and top-hcp). The larger ? 3 P 3) cell for the 30 orientation results
in a periodic graphene layer with eight carbon atoms per celis the graphene unit
cell is 2 times longer in each direction compared to the @rientation. The carbon
atoms are equally split over void and on-top sites, such thahe interactions are
degenerate uporx-y translation, and only the structure shown in Figure 7.3.1(a)
need be considered. In the following sections, the geomesrifor each of these cells
will be discussed using the cell lengths represented in Figur.3.1. The relations
between these quantitiesarea; ;= r, a5 P35 = rp 3, Acubic = rp 2, wherer is the
nearest-neighbor metal-metal distance.c is the cell length of the conventional
(cubic) cell for the bulk metal (fcc), anda; 1 and aP3 P 5 are the cell lengths of
the (1 1) and (p:_% p§) cells, respectively, as depicted in Figure 7.3.1. The
primitive cell length of graphene is matched to the (1 1) cell on the metal surface,

R

and a2 2 graphene supercell matches the metal surface'sJ P 3) cell.
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and graphene energies are calculated independently. Reddx not constrained,
adsorption energies were reported in our previous study ofaghene adsorption
on nickel?”?> The lattice strain energy is de ned as the di erence betweerthe

constrained and the relaxed adsorption energies:

E¥™" = [Equi(a’)  Eour(@)] + [Eqapn(a')  Egrapn ()] (7.35)

The strain energy is always positive, and it is low comparedtthe constrained
adsorption energy only when graphene and metal surface hamatching lattices in
the selected orientation. Positive adsorption energiesditate favorable adsorption
relative to the separated surfaces.

Due to current limitations regarding the calculation of XDM brces for the
particular case of metal surface$§’? the minimum-energy structures were deter-
mined by calculating multiple adsorption potential energysurfaces, varying the
surface lattice constants in 0.0A intervals. Minimum-energy PES were obtained
by performing quadratic ts to the energy as a function of suilce lattice con-
stant at every graphene-metal distance. This procedure deinines the minimum-
energy surface lattice constant, graphene-metal distancand adsorption energy.
Throughout the article, adsorption energies are reportechikJ/mol per carbon
atom.

Finally, the extent of charge transfer between metal and grdggne was inves-
tigated using Bader's Quantum Theory of Atoms in Molecules@TAIM). 116,248
QTAIM atomic charges were calculated using the Yu-Trinkle gorithm?!® (YT)
implemented in the CRITIC2 program® The QTAIM charges for the carbon

atoms of the adsorbed graphene sheet determine the degreelairge transfer.
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Table 7.4.1: Comparison of calculated and experimental budnd (111) surface lattice constants for the considered médaand graphene.
,%I_me&lls have a face-centered cubic (fcc) structure. The lkaulated surface lattice constants are reported for both #h (1 1) and
(3 3) unit cells. The metal surfaces that minimize the strain egrgy, as de ned in Eqg. 7.3.5, are indicated in bold. Latticeanstants
are also given for the combined graphene+metal system forthahe minimum-energy adsorbed con guration §2%) and for the in nitely

separated constrained systemat , Eq. 7.3.4). For Ni and Pt, chemisorption and physisorption mmima are present. All lengths are inA
and all energies are in kJ/mol per carbon atom.

Bulk Clean surface Graphene + metal
ubic Beubic arl  a. @3 P ai™y ar , Ef" aSe; abg ey EFTR,
Al 4.050 4.001 2.86*% 2.855 4.946 2.721 2722 756 4931 4930 0.1
Cu 3.615 3.576 2.56° 2555 4.425 2.520 2.520 4.1 { 4.671 {
Ag 4.086 4.081 2.89°5 2944 5.100 2.818 2.817 116.1 5.030 5.023 4.8
Au 4.078 4.136 288 2956 5.120 2.858 2.858 128.4 5.045 5.049 4.9
Ni 3.524 3.462 2487 2477 4.291 2.481, 2.466 2.464 0.0 { 4.574 {
Pd 3.800 3.933 2.7 2.806 4.856 2.751 2726 669 4865 4.868 1.8
Pt 3.923 3.968 2.787 2.822 4.887 2.787,2.760 2.760 78.1 4.878 4.881 1.1
Graphene (calc.) 2474  4.948
Graphene (expt) 246 492




7.4 Results and Discussion

7.4.1 Lattice Constants and Adsorption Energies

The computed lattice constants for graphene, the bulk mets| and adsorbed
graphene are compared to the available experimental valuesTable 7.4.1.
B86bPBE-XDM performs quite well for the lattice constants otthe bulk metals,
with errors for the conventional (cubic) cell length of 0.0& or less. Similarly, the
errors are 0.08A or less for the (1 1) surface lattice constants.

For the (1 1) cell, the lattice constants for the graphene-metal syste are
typically below the optimum values for the clean metal surige to reduce the
lattice strain from stretching the graphene C-C bonds. Theaktice mismatch
between graphene and the metal surface results in highly stched C-C bonds
for Al, Ag, Au, Pd, and Pt in this orientation, which results in extremely high
strain energies for these metals. As a result, previous DFT sties have all used a
rotated (p 3 P 3) unit-cell, corresponding to the 30 Moie pattern, for all metals
except Cu and Ni36:37:39.267 For this cell, the strain within the graphene sheet is
minimized, with the C-C bonds stretched no more than 0.0A relative to their
equilibrium values. In the Fé p§) orientation, the lattice constants for the
graphene-metal system are quite close to the optimum valu&s the clean metal
surfaces and the strain energies are low (5 kJ/mol or less) coarpd to their (1 1)
counterparts. However, consideration of only thep(§ P 3) precludes prediction
of interaction energies for an adsorbed layer with direct daon-metal contacts,
as occur for several orientations of the (1 1) cell. Graphene adsorption on Cu
or Ni was not studied with the rotated (pl_% pl_%) unit cell due to the lack of
experimental evidence of its existence and the highly congssed C-C bonds that
would result from this geometry.

Table 7.4.2 shows the calculated constrained and relaxedsadption energies
for all metals and orientations. The results for Ni are repragced from our previous

study and are included for comparison, while all other redsl are original to the
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Table 7.4.2: Constrained ES32°, Eq. 7.3.4) and relaxed E.qs, EQ. 7.3.3) adsorption energies for all metals and orienians in this work.
The \Type" column indicates whether the entry is a physisorpion (P) or chemisorption (C) minimum. Negative energies re ddhat the
orientation is not energetically stable. The maximum conséiined and relaxed adsorption energies for each metal are icated in bold.

The units are kJ/mol per carbon atom.

Al Cu Ag Au
Orientation Type EZS° Eads S90S Eads 995 Eads 905 Eads

1 1 bridge-fcc P 42 -714 6.8 2.6 9.1 -107v.0 7.2 -121.2
1 1bridge-hcp P 43 -71.3 6.7 2.6 91 -1071 7.2 -121.3
1 1 bridge-top P 44 -71.3 7.0 2.8 96 -106.5 7.5 -120.9
1 1 fce-hep P 41 -716 6.5 2.3 84 -107.8 6.7 -121.7
1 1 top-fcc P 42 -7114 71 29 99 -106.3 7.7 -120.7
1p1toB-hcp P 46 -71.0 7.0 29 9.7 -1064 7.6 -120.8
3 P 3.2 3.2 | | 6.9 2.1 6.4 15
Orientation Type Ni Pd Pt
Egggs Eads Egggs Eads Egggs Eads
1 1 bridge-fcc C | | 10.2 -56.7 | |
P 8.0 8.0 | | 69 -71.3
1 1bridge-hcp C | | 98 -57.1 | |
P 8.0 8.0 | | 6.8 -714
1 1 bridge-top C 7.3 7.3 205 -465 146 -63.5
P 8.3 8.3 | | 73 -70.9
1 1 fcc-hep P 7.5 7.5 6.7 -60.2 6.4 -71.8
1 1 top-fcc C 78 78 163 -50.7 78 -70.3
P 85 85 | | 76 -70.6
1 1 top-hcp C 6.5 6.5 149 -520 59 -723
P p_ P 8.4 8.4 | | 7.2 -71.0
3 3 P | | 6.3 4.5 6.8 5.7




present work. In agreement with the lattice constants and &tin energies in Ta-
ble 7.4.1, the (1 1) orientation is stable for Ni and Cu only, and the I? 3 P 3)

is favorable for the rest of the metals. Importantly, only nckel and platinum
present adsorption energies higher than the exfoliation ergy of graphite3 6%.272
(experimental value = 5.1 kJ/moP®). The group 11 metals all show relatively
low stabilization relative to the graphite exfoliation enegy (Cu, 2:9 kJ/mol; Ag,
2:1 kJ/mol; Au, 1:5 kJ/mol). However, for a real surface, the graphene can adopt
rotational orientations with much longer periodicity, or the surface can undergo re-
construction, to further reduce the lattice strain. Unfortunately, such orientations
cannot be modeled practically with DFT methods due to the veryarge unit-cell
dimensions required. As is common practice in DFT studies, themainder of
this work will focus on the constrained adsorption energiewhich should provide
a more representative view of the local graphene-metal imgetions.

Table 7.4.2 shows striking di erences in the graphene-meétateraction strengths
between metals in group 10 and 11. Whereas Ni and Cu have simi@nstrained
adsorption energies (slightly larger for Ni), Pt and particlarly Pd show a strong
tendency towards chemisorption that is absent in their grqu11 counterparts (Au
and Ag, respectively). Despite this, the lack of a suitable @mntation makes Pt
and Pd unable to bind graphene strongly, due to the very hightrain energy.
These results serve to reconcile some of the experimentasetvations*2° where
Pt and Pd show either weak or strong adsorption, depending dhe orientation
(see Section 7.4.6). It should also be noted that both the grhene and the Pd
and Pt surfaces are severely distorted in the 11 orientation, which may increase

their reactivity (although the same e ect is not observed orAg and Au).

7.4.2 Potential Energy Surfaces

Computed B86bPBE-XDM PES for adsorption of graphene on all gen metals
are shown in Figure 7.4.1 for all six orientations of the (11) cell and for the F 3

P . . , . :
3) cell. To compare the behavior of all orientations in the $ae plot, constrained
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adsorption energies are used. The dotted lines correspora drientations with

signi cant lattice strain (which would otherwise appear atmuch higher energies).
As shown in Appendix C, the dispersion contribution to the PESsi e ectively

independent of the orientation. Hence, the di erences in th®ES between the
various orientations are primarily due to di erences in thalirect C-metal contacts
and the extent ofd-band hybridization and charge transfer (Section 7.4.4) eing

at the base-functional level.

For the (1 1) cell, the PES in Figure 7.4.1 show local chemisorption mma
for all three Ni-group metals in the top-fcc, top-hcp and bride-top orientations.
For Pd, there is also chemisorption in the bridge-fcc and lmge-hcp orientations,
although it is signi cantly weaker. As noted in our previous tidy on the Ni
surface?’? chemisorption is made possible by the direct C-metal atomiontacts,
as are present for top-fcc, top-hcp and bridge-top. Howevesnly physisorption is
seen for the fcc-hep orientation, in which graphene C atomseaall above surface
voids. Chemisorption similarly does not occur for thep(f_s P 3) unit cell, for
which the adsorption PES are nearly equivalent to the fcc-lpccurves for Pd and
Pt. Therefore, it is the graphene-carbon interaction, or kk thereof, that results
in the presence of a chemisorption minima for the Ni-group megs, likely arising
from the hybridization between the graphene orbitals and the d band of the
metal surface. Although the chemisorption minima are relately much deeper for
Pd and Pt than for Ni, the lattice mismatches prevent clean moolayer formation
on these metals.

For Al and the Cu-group metals, the PES in Figure 7.4.1 show no emisorption
minima. Compared to the Ni-group metals, thed bands of the Cu-group are
lower in energy relative to the Fermi level, which precludehybridization with
graphene'sp orbitals. Therefore, the di erences between the six possé(1 1)
orientations are much smaller than for the Ni-group, with thenet adsorption
energies varying by 0.5-0.6 kJ/mol C between the various ontion for Al and

Cu. These di erences increase somewhat for the other two mbers of the group,
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Figure 7.4.1: Compuyjed EB36bPBE-XDM PES for adsorption of grdpgene on se-

lected metals in the ( 3

3) cell and all six possible orientations of the (1 1)

cell. The left column shows results for the Ni-group metals,hile the right column
shows results for Al and the Cu-group metals. Constrained aaption energies
are used in this plot (i.e. metal and graphene are forced to Yethe same surface
lattice constant at in nite separation). The orientations with signi cant lattice
mismatch, which would be much higher in energy if the relaxeatisorption energies
were used, are shown as dotted curves.
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with a spread between the most- and least-stable orientatis of 1.0 kJ/mol C for
Au and 1.5 kJ/mol C for Ag. It is more energetically favorable forthe carbon
atoms to lie directly above the surface atoms rather than theoid sites, resulting
in deeper PES for the top-fcc, top-hcp and bridge-top orieations than for the
fcc-hep orientation, in which there are no direct C-metal adacts (Figure 7.3.1).
The (IO 3 P 3) PES are signi cantly more shallow than the (1 1) PES for Al
and Ag. As will be shown in Section 7.4.4, this is due to the sigoant surface-
substrate charge transfer that occurs in the (1 1) cell for Al and Ag at the
physisorption minima. Al and Ag have the lowest work function®f the series of

metals considered.

7.4.3 Dispersion and Periodic Trends

Optimal B86bPBE-XDM graphene-metal interlayer distancesrad metal-carbon
Cs dispersion coe cients are reported in Table 7.4.3. TheCg dispersion coe -
cients are the main factor that determines the equilibrium dtances and adsorp-
tion energies at the physisorption minima. The optimum intdayer distances for
the physisorption minima are nearly degenerate for each pedic row, due to
the similar atomic sizes. Al has the lowesCq coe cient, resulting in the lowest
physisorption energy and the largest interlayer distanceThe Cg's, optimum in-
terlayer distances, and adsorption energies generally irase down the periodic
groups, with the exception of Au and Pt, for which the C-metalCqs and graphene
adsorption energy are lower than for Ag and Pd, respectivelylhis is due to rel-
ativistic e ects, which cause Au/Pt to be signi cantly more electronegative than
Ag/Pd, resulting in a lower polarizability and weaker dispesion attraction.5*14°

Ni and Pt display both chemisorption and physisorption minina, while graphene
only chemisorbs on Pd. This occurs because of a combinatiohaohigher base-
functional contribution to the adsoprtion PES due tod-band hybridization and
charge transfer and a lower dispersion contribution to thedsorption energy due

to a smaller C-metal Cg coe cient for Pd (Table 7.4.3). For metals with both
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Table 7.4.3: Calculated B86bPBE-XDM carbon-metalCs dispersion coe cients
(in a.u.), minimum-energy interlayer distanﬁe_s (iBA_), and constrained adsorption
energies (in kJ/mol C) forboth (1 1)and ( 3 = 3) surface unit cells of selected
metals. Chemisorption states are denoted with a C and physigption states are
denoted with a P.

Metal Orientation Type GCs(a.u) d(A) E (kJ/mol C)

ads

Al 1 D E toB-P_]cp P 34.7 3.48 4.6
3 P 36.4 3.75 3.2

Cu 1 1 top-fcc P 42.8 3.22 7.1
Ag 1 D _1 toB-jcc P 61.2 3.06 9.9
3 3 P 59.4 3.31 6.9

Au 1 D _1 toB-jcc P 60.3 3.22 7.7
3 3 P 56.5 3.41 6.4

Ni 1 1 top-fcc C 39.3 2.22 7.8
1 1 top-fcc P 441 3.15 8.5

Pd 1 &_brid&g-top C 38.6 2.12 20.5
3 3 P 43.1 3.24 6.3

Pt 1 1bridge-top C 459 2.10 14.6
1 D _1 torg-jcc P 54.3 3.22 7.6

3 3 P 51.5 3.44 6.8

chemisorbed and physisorbed minima, th€g's are typically smaller for the for-
mer, because of the partial positive charge on the surfaceoats that result from
metal-graphene charge transfer. Lastly, the carbon-metalispersion coe cients
are slightly larger for physisorbed minima in the (1 1) cell than for the (p 3 P 3)
cell due to the larger lattice constants in the former, whichesult in stretched C-C

bonds.

7.4.4 Charge Transfer

QTAIM results for the extent of metal-to-graphene charge trasfer are pre-
sented in Table 7.4.4. Generally the extent of charge traresfis inversely related
to the graphene-surface distance, with the 1 1 bridge-top orientation giving the
largest charge transfer, followed by 1 1 top-fcc. In our previous work on Ni,
only the chemisorbed orientations showed signi cant chaegtransfef’? and the
present results indicate negligible charge transfer forlgdhysisorption minima in

the (p 3 P 3) cell. However, considerable charge transfer is seen fovesal ph-

91



Table 7.4.4: Charge transfer from the metal to the graphenayer (per C) obtained
from QTAIM analysis of the B86bPBE electron densities.

D @]

Metal bridge-fcc  bridge-hcp bridge-top fcc-hcp  top-fcc whep ~ 3 3
Al P 0.019 0.020 0.022 0.018 0.020 0.024 0.008
Cu P 0.003 0.003 0.004 0.003  0.005 0.004 {
Ag P 0.021 0.021 0.022 0.023 0.023 0.021 0.008
Au P 0.008 0.008 0.009 0.007 0.010 0.010 0.000
Ni C { { 0.054 { 0.047 0.042 {

P 0.003 0.003 0.003 0.003  0.004 0.003 {
Pd C 0.044 0.043 0.051 { 0.043 0.040 {

P { { { 0.004 { { 0.000
Pt C { { 0.049 { 0.028 0.024 {

P 0.000 0.000 0.000 0.001 0.001 0.000 -0.006

ysisorption minima in the (1 1) unit cell of metals other than Ni, particularly for
Al and Ag (which have the lowest work functions), indicating tlat the stretched
C-C bonds make charge transfer more favorable. This resukpains why the PES
in Figure 7.4.1 show signi cantly less adsorption for Al and Agni the (p 3 P 3)
con guration as compared to (1 1) fcc-hep.

Pd has the largest charge transfer of all metals; taken todedr with its rel-

atively low dispersion coe cient (Table 7.4.3) and its readthess to form covalent

bonds to graphene'sy orbitals, this explains the presence of only a single deep

chemisorption minimum for most (1 1) orientations. Generally, charge transfer
from the metal is proportional to the interlayer distances ad adsorption energies,
with Pd> Pt> Ni. LEED studies have previously shown evidence of strong amac-
tions between graphene and these metals in commensurateeatations 34 262:265
Additionally, a tribology experiment?®® involving graphene on platinum has shown
graphene interacts more strongly with the metal substratender stress, suggesting

that greater charge-transfer is achievable with even clasgraphene-metal contacts.

7.4.5 Comparison with Previous Theory

Previous density-functional studies of graphene adsorpti limited their scope

to the (1 1) cell for Cu and Ni and the F§ P 3) cell for other metals in order
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Table 7.4.5: Constrained adsorption energie€£32° in kd/mol C) and interlayer
distances @ in A) for graphene on selected metal surfaces. Data for Cu and Ni is
%ven B)r the top-fcc orientation of the (1 1) cell while all other metals use the

3) cell. The B86bPBE-XDM results are from the present work, eept for
N|, where the values are correspond to the chemisorbed minimdrom Chapter 6;
all other results are from the literature. Two sets of LDA reglts are given, using
either relaxed® or experimental lattice parameters’®

LDA3  vdW-DF2%" vdW-DF-C09” RPA® B86bPBE-XDM
A O | 344,346 { { 3.51 3.75
Eags | 2.41, 2.80 { { 5.02 3.25
oy O | 221,321 3.73 2.94 3.09 3.22
Eags | 3.38, 6.95 4.44 5.98 6.56 7.05
pg O | 322,332 3.73 3.23 3.31 3.31
Eags | 2.89, 4.34 4.05 5.11 7.53 6.90
Ay O | 332,335 3.69 3.29 3.22 3.41
Eags | 2.99, 3.28 4.73 5.69 9.17 6.40
N d | 200,208 3.68 2.07 2.19 2.22
Eags | 11.87, 18.14 4.25 13.60 6.75 7.79
og U | 233,300 3.59 2.92 3.34 3.24
Eags | 4.15, 7.62 5.02 6.95 8.68 6.34
o 0 | 325335 3.71 3.24 3.42 3.44
Eags | 3.18, 3.47 5.21 6.56 8.10 6.81

to minimize C-C bond distortion. Our B86bPBE-XDM results forthe minimum-
energy graphene-metal separations and constrained adg@p energies are com-
pared with selected results from previous theoretical stigk in Table 7.4.5. Litera-
ture data is reported for the RPA2 two vdW-DF functionals®” and the LDA.36:3°

Table 7.4.5 shows that BE6bPBE-XDM is in the closest agreentemith RPA 3°
for both interlayer distances and adsorption energies. Thiadds to our previous
results showing excellent agreement between B86bPBE-XDM dirthe RPA for
graphene adsorption on N{? and for graphite exfoliation5%272

The LDA tends to under-estimate the adsorption energies wive to both
B86bPBE-XDM and the RPA for physisorption, as expected due tthe neglect of
dispersion. Additionally, the LDA predicts chemisorption nnima for Cu and Pd,
which are not present with either BB6bPBE-XDM or the RPA, and tle chemisorp-

tion energy on Ni is signi cantly over-estimated. The two set of LDA results di er
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signi cantly depending on whether relaxed lattice parametrs®® or experimental
lattice parameters® were used in the calculations.

While several authorg®37:3% have performed calculations on these systems with
the original vdw-DF method,'3® we focus on the more-recent vdw-DF8* and
vdW-DF-C09,2’* which are typically more accurate¢?’® The vdW-DF2 results
appear to systematically under-bind, predicting longer terlayer distances and
lower adsorption energies than B86bPBE-XDM or the RPA. Convsely, vdW-
DF-CO09 signi cantly under-estimates the interlayer distaes and, like the LDA,

drastically overestimates the energy for graphene chemigtion on Ni.

7.4.6 Connection with Experiment

Our calculations along with previous experimental resulf&:3+88.261{265 gng
one LDA study,?®® suggest that the interaction between graphene and both Pd
and Pt is strongly dependent on the graphene-metal orientain. Our calculated
adsorption energies in Table 7.4.2 explain con icting expienental observations
that graphene forms both strond® and weak®! interactions with the Pd surface.
Notably, Murata et al.3* observed a strong dependence on rotational orientation;
the 30 orientation interacts weakly with the surface and the inteaction strength
is proportional to the alignment between the substrate andusface lattice con-
stants. Similarly, it has been found that the lattice mismath results in formation
of graphene ripples on Pt surfaces, leading to strong locatéractions 32-262.263,265
but weak interactions overall®®264 While our results predict strong chemisorp-
tion of graphene in the bridge-top orientation of the (1 1) cell, the energy
penalty due to C-C bond strain is prohibitive for graphene toadopt this ori-
entation globally, in agreement with experiment®® However, our results suggest
that strong chemisorption behavior is possible locally beeen individual carbon
and Pd/Pt atoms, or between small domains with favorable atmic alignment. For
physisorbed orientations of graphene on Pt, the global a\age interlayer distance

was found to be 3.304,2% which is intermediate between the distances of 3.21
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A and 3.44A for the (1 1) and (p 3 P 3) cells predicted by B86bPBE-XDM
(Table 7.4.3).

In contrast to the Ni-group, the constrained results in Table7.4.2 show that
graphene physisorbs on each of the coinage metals regasligsthe rotational ori-
entation on the surface. This is consistent with LEED and STMexperiments that
have shown that graphene interacts with copper and gold welgik8®:266.275,279,280
Also, the (1 1) constrained adsorption energies are generally greatdrah for
the (p:_% P 3) cell (Table 7.4.2). This is in agreement with experimentshow-
ing that graphene prefers the strained Oorientation instead of the less-strained
30 -rotated Moie pattern on Au. To minimize the C-C bond strain, the graphene
sheet is observed to fold into a herringbone orientatiofif.26¢

Our results suggest that there is a signi cant energetic dve for graphene to
adopt an aligned on-top orientation on a substrate's surfac This interaction
drives the initial Moie structure formation until the gra phene sheet grows large
enough so that either the surface or graphene reconstrucoghlly to minimize the

C-C bond strain, as occurs on Pd, Pt, and Au.

7.5 Summary

This chapter studied graphene adsorption on seven di ereit11) face-centered
cubic metal surfaces (Al, Ni, Pd, Pt, Cu, Ag, and Au). The 0 orientation, corre-
sponding to a (1 1) surface unit cell was studied for all seven metals, usinixs
di erent graphene-metal geometries (top-fcc, top-hcp, tchep, bridge-top, bridge-
hcp, and bridge-fcc, in the usual nomenclatufe 37:3%:50.272) " |n addition, the 30
orientation, corresponding to a I[() 3 P 3) surface unit cell, was also studied for all
metals except Ni and Cu. The exchange-hole dipole moment (XDMiispersion
correction combined with the B86bPBE functional was used,na our calculations
were compared to previous theoretical and experimental asations. In partic-
ular, excellent agreement is found between B86bPBE-XDM anceported RPA

adsorption energies and graphene-metal distances.

95



Our results show that graphene-substrate interactions depd both on rota-
tional orientation and lattice commensurability. Ni and Cu have lattices that
match graphene in the (1 1) surface unit cell, whereas the remaining metals
match with graphene in the FL_% p:_%) cell. Surface adsorption is strongly un-
favorable in the incommensurate orientations due to the hiiglattice strain. Ex-
perimentally, graphene can adopt rotational orientationsith longer periodicity
to reduce this lattice strain. However, to obtain proper engy rankings of Moie
patterns on these substrates, much larger unit cells than ede e ciently modeled
with DFT are required.

To quantify physisorption and chemisorption e ects as a fuction of graphene-
metal distance, the lattice strain energy was eliminated &m the adsorption energy
by taking the graphene and metal contributions to correspahto an in nitely
separated graphene sheet and metal surface, constrainedhave equal lattice
constants. This \constrained" adsorption energy is largésn the (1 1) unit
cell, which maximizes direct on-top contacts between the gphene carbon atoms
and underlying surface metal atoms. The results for the (1 1) cell showed that
Pt displays both physisorption and chemisorption minima fothe top-fcc, top-
hcp, and bridge-top orientations. This behavior is similato Ni, although the
chemisorption interaction is stronger on Pt. Only chemis@tion minima occur for
Pd in the on-top orientations due to greater charge transfeand weaker dispersion
interactions relative to Pt. Conversely, only physisorptin is observed for the
noble metals and Al, where there are only small energy di erees on the order of

1 kJ/mol C between the various (1 1) orientations. In the rotated (p§ P 3)
cell, only physisorption minima are present for all metalsansidered. Because
half of the graphene carbon atoms reside over voids, thgi P 3) adsorption
PES resemble those for the fcc-hcp orientation of the (11) cell. The dispersion
coe cients and adsorption-energy contributions are neayl invariant with respect
to both graphene rotation and lateral translation, indicaing that the changes in

PES arise due to the presence or absence of direct C-metal tats.
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Our results indicate that there is a strong driving force fographene to align
with the surface, particularly for the Ni-group metals. Thisexplains the observa-
tion that the O Moie pattern is dominant on gold despite the high degree of-C
bond strain. Experimentally, it appears that the graphene lattice strain is re-
duced by adoption of a herringbone orientation on the surfaé®2%¢ The energetic
drive for local surface-substrate alignment, along with commensurate graphene-
metal lattice constants is the likely cause for formation afnultiple Moie patterns
on metal surfaces. In particular, the combination of the sang chemisorption seen
on Pd and Pt in the incommensurate (1 1) cell and weak physisorption in the
commensurate ? 3 P 3) cell explains experimental observations that graphene
has multiple Moie patterns on Pd and Pt, forming strong interactions locally, but

weak interactions globally?® 34.261,263,264
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Chapter 8: E ect of the Metal Substrate on Interlayer Interactions in

Bilayer Graphene

Original reference: M. S. Christian and E. R. Johnson, J. PhysChem. C (2018)
doi:10.1021/acs.jpcc.7b12743.

8.1 Abstract

Bilayer graphene (BLG) has been shown to have advantageousatronic and
physical properties relative to single-layer graphene (&) and is a model system
for probing the tribology of graphene-based lubricants. Haver, few studies have
investigated how metal substrates a ect interlayer interations, as quanti ed by
the exfoliation energy and the sliding barrier of the upperrgphene layer. In this
work, we present a study of adsorbed BLG on several transitianetal surfaces
using density-functional theory (DFT) incorporating the exchange-hole dipole mo-
ment (XDM) dispersion model. Our results show that physisoton of BLG on
a surface does not signi cantly perturb the interlayer inteactions, exfoliation, or
sliding. Conversely, chemisorption of BLG increases thefekation energy and de-
creases the sliding barriers due to stronger dispersion taputions from the metal
substrate. Changes in translational and rotational orienttons massively impact
the sliding friction for Ni-group metals that can facilitate both chemisorption and

physisorption.

8.2 Introduction

Due to its unique two-dimensional electronic structure, gphene has attracted

a great deal of recent attention for its wide range of of potéial device applica-
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tions. A common route to graphene synthesis involves cheralcvapor deposi-
tion on metal substrates, which can result in formation of agbrbed single-layer
graphene (SLG) or bilayer graphene (BLG}%22:223,224,226.252 Fayy-|layer graphene
is an excellent friction modi er for metal contacts as its poperties lead to a high
lubricity, reducing the sliding barrier relative to that of the unadorned bimetallic
interface 3219220

The interaction of graphene with metal surfaces varies witbubstrate type and
lattice commensurability?®3° Graphene can either physisorb, bound by weak dis-
persion interactions®®:8%281 or chemisorb, bound by a combination of electrostatic
and dispersion interaction$’:2’> Physisorption is characterized by SLG{metal in-
terlayer distances of> 3A and e ectively 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 signi cant charge transfer?®2

Tribologists have studied substrate e ects on bilayer slidg,*!: 4246, 95,96,283,284
demonstrating that the energy barriers are dependent on theumber of graphene
layers and on the strength of their surface adhesion. In geag the friction tends
to decrease with increasing numbers of layets#? as this increases the smooth-
ness of the graphene. Similarly, strong interactions withhe substrate result in
smoother graphene layers and decrease the sliding barriamile weak interac-
tions lead to increased roughness or corrugation and causeager friction.4 4696
However, relatively little is known regarding how an underlypng metal substrate
can a ect the adsorption and frictional properties of the uper graphene layer in
adsorbed BLG beyond such changes in roughness.

Investigations of friction on highly-planar graphene suates can be conducted
using a quartz crystal microbalance (QCM), rather than by abmic force mi-
croscopy (AFM) where the tip causes graphene wrinkling. QCM wstlies have
examined adsorption and friction of noble-gas atoms on gragne/Ni(111) sur-

faced®? and found the e ect of the underlying substrate to be neglitple.1°* How-
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ever, this is at odds with combined DFT and Raman-spectrospp results that a
hexagonal boron nitride substrate strengthens the adsoiiph of molecular bromine
on graphen&?® Additionally, a further QCM study found a signi cantly greater
interaction strength between gold nanocrystals a graphitsubstrate compared to
SLG graphene?®®

Several previous computational studies investigated BLGdaorbed on various
metal surfaces, but either concentrated on carbon-metal slances and energies
rather than interactions between the graphene layef$;?8” or used the local den-
sity approximation,?®® which lacks a treatment of dispersion interactions needed
to describe these systems. A study of BLG adsorbed on the Cudaii (111)
surfaces using PBE function&f® and the D2 dispersion correctiot! found that
the interlayer interaction is signi cantly stronger on Ni, relative to freestanding
BLG.?®® Another PBE-D2 study found that a Ni(111) substrate both incrases
interlayer adhesion and decreases the lateral sliding feréor trilayer graphene?!®

Use of a density-dependent dispersion correction has beemwh to yield far
more accurate graphene-metal distances and energetié€®? than the empirical
dispersion corrections used in previous BLG studi€&>?8° The exchange-hole
dipole moment (XDM) model®®27 is a non-empirical dispersion correction that
uses the electron density to generat&s (and higher-order) dispersion coe cients.
These dispersion coe cients are used to evaluate the disséon energy between
all pairs of atoms,i and j:

X X Chij Ta(Rj) .

1
EXDM = E n , (821)
ij

n=6,8;10 i6j
whereR; is the interatomic distance and ,, is a damping function that attenuates
the dispersion correction at short range. Each pairwise-@nic dispersion coe -
cient, Cy;; , is determined from integrals involving the exchange-holeultipole
moments for the interacting atoms, as well as the atom-in-necule polarizabili-

ties. The XDM dispersion energy is added to the base DFT energg a post-SCF
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correction:

E = Ebase"' EXDM . (822)

The non-empirical and environment-dependent nature of thagpersion coe cients
allows XDM to model dispersion interactions accurately foriderse systems rang-
ing from molecular dimers to supra-molecular systems to agic crystals?’® Most
relevant to this paper, XDM has been shown to accurately modehysisorption
of molecule$* and of SLG'2282 on metal surfaces.

This article is the rst to systematically consider substrde e ects on bilayer
graphene for the late transition metals with state-of-theart dispersion-corrected
DFT methods. It represents the third part of an investigativeseries on graphene-
metal interactions using DFT paired with the XDM dispersion cearection.??282
In this work, we investigate if and how metal substrates a ecBLG interfacial
distances and interaction energies, as well as energy barsi for interlayer sliding.
In the rst section, we compare properties of BLG with graphie as a reference
to gauge how the graphite substrate a ects BLG energies andstiances. In the
remainder of the article, we consider BLG adsorbed on the (I)ilsurface for seven
metals in two rotational orientations. The second sectionssesses how the metal
substrates a ect exfoliation energies for the upper graphe layer, while the third
section investigates how the substrates a ect the energy b&rs for interlayer
sliding of the adsorbed BLG. Our results show that the substte does signi cantly
a ect the energetics and interlayer distances of BLG for cas where the lower
graphene layer is chemisorbed on the metal due to strongesplersion attraction

between the substrate surface and the upper graphene layer.

8.3 Computational Methods

As in our previous publications on graphene-metal interactns?’2282 all DFT
calculations were carried out using periodic boundary cortithns with the projector

augmented wave (PAW) formalism'# as implemented in Quantum ESPRESS®’®
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The B86bPBE!"? exchange-correlation functional was used as it providesetlibest
accuracy when paired with the XDM dispersion modél: 15! PAW datasets were
generated using LD1 version 4.3.2 using pslibrary 0.2.5 uig. The datasets also
included scalar relativistic e ects and non-linear core ecections8! All datasets
were checked to ensure that there was no PAW sphere overlap &ach optimized
geometry. An8 8 1 -centered k-point grid was used, with a plane-wave cuto
of 60 Ry and a density expansion cuto of 800 Ry. Cold smearitf§ was employed
with a smearing parameter of 0.01 Ry.

The metal substrates considered here are the same as in ougyious papere?
aluminum, copper, silver, gold, nickel, palladium, and planum. Calculations
for the Ni-group metals used an initial spin-polarization ad were checked for
convergence to the correct spin state. All metals have a facentered cubic (fcc)
crystal structure and we consider only the (111) surface. B0 and 30 rotational
orientations, or Moie patterns, are considered for all cges except for Cu and Ni,
where only the O orientation is considered due to the excessive compressajrihe
adsorbed graphene that would occur in the 3®rientation.?®? The (1 1) surface
unit cell is used for the O orientation, where the lattice vector of graphene and
the metal are aligned, and the? 3 P 3) unit cell is used for the 30 orientation,
where the graphene surface vector is rotated about the metattice vector by this
angle. Adsorption of graphene in the 30orientation is more stable for Al, Ag,
Au, Pd, and Pt due to better lattice commensurability. Howeveyr this orientation
does not allow for chemisorption, which occurs in the Ccase for Pd and P2
While many other Moie patterns are possible experimentaji they would require
much larger units cells in the DFT modeling and hence are not osidered.

Forthe (1 1) cell, six unique translational orientations of SLG grapéne layer,
with respect to the metal, are possiblé® In this work, only the minimum-energy
of these orientations are considered and were used to de rgetcon guration of
the lower graphene layer in contact with the surface. Theseetop-hcp for Al;

top-fcc for Ni, Cu, Ag, and Au; and bridge-top for Pd and Pt®? For nickel, we
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consider the chemisorption minimum favored after inclusioof thermal-expansion
e ects.?’? Additionally, we also studied the chemisorbed top-fcc ori¢gations of
graphene for Pd and Pt in the (1 1) cell for consistency with the other metals
and because graphene has been seen to have a combination ef lihidge-top
and top-fcc orientations experimentally?® 261.262.264 Finglly, calculations were also
performed for freestanding BLG and for BLG adsorbed on a grhjte surface.

Each surface is modeled as a slab containing six layers of aledtoms, or six
layers of carbon atoms for the graphite substrate. A su cietly large vacuum
region was inserted between the slabs to separate the peidnages, yielding
unit-cells 70 Bohr in length. BLG is adsorbed on the surfaceyith the lower
layer in the orientations described above. The carbon-métdistances for this
layer were set to the optimum values from our previous pap@&t and were held
xed in all subsequent calculations to simplify computatio of the exfoliation and
sliding potential-energy surfaces (PES). For each combuhéBLG-metal system,
the (x;y)-unit-cell dimensions, which control the surface latticeconstants, were
systematically varied in 0.01A increments and the minimum-energy geometry ob-
tained from quadratic interpolation. These optimum valuesf the lattice constants
are given in Table 8.3.1 and were also held xed in all subsesput PES calculations.
Alternatively, instead of optimizing the lattice constant for the combined BLG-
metal system, PES were also generated using substrate la#ticonstants xed to
the experimental values (see Table 7.4.1); the results aredively identical and
are presented for comparison in Appendix D.

Table 8.3.1 shows a comparison of the optimum lattice constiz for the com-
bined BLG-metal system with those of freestanding BLG, whit demonstrates
the magnitude of the lattice strain. The strain energies resting from this lattice

distortion for a single graphene layer, also reported in Tdd 8.3.1, are

Estrain = Esic (asurf) Esie; (831)

where the latter value corresponds to the minimum energy f&LG. The values of
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Table 8.3.1: Comparison of calculated surface lattice cdasts (agys in Aﬁf_or Bﬁfj

adsorbed on the (111) surface of selected metals for the (11) and ( 3 3)
unit cells. Also shown are the di erences in lattice constantrelative to graphite
( asuf in A), and the strain energies resulting from the changes in latte constant
for a single-layer grapheneBEgy,in in kd/mol per C).

P—pP—
Metal S (3 3)
Asurf Asuf  Estrain  Asurf Asurt  Estrain
Al 2.66 0.19 33.9 495 0.00 0.1
Cu 2.51 0.04 1.8 | | |
Ag 2.76 0.29 68.0 498 0.03 1.2
Au 2.80 0.33 88.0 5.02 0.07 2.2
Ni 2.47 0.00 0.1 | | |
278 0248 47.7

Pd 270 02% 46.0 4.88 -0.07 0.7
273 0.28 64.1
SLG 247 4.95

The lower graphene layer is®chemisorbed, bridge-top°chemisorbed, top-fcc.

the strain energy are quite high for Al, Ag, Au, Pd, and Pt in the (1 1) cell (or
0 Moie pattern), where there is a large lattice mismatch. Howver, these aligned
orientations are still considered as they facilitate grapime chemisorptioff? and
are seen experimentally for Au, Pd, and Pt, where the graphewkstorts over large
length scales to reduce the lattice straif?{34 89,262,263,265,266

Potential energy curves for adsorption/exfoliation of theupper graphene layer
were computed to assess the strength of the BLG interlayert@raction for all sub-
strates. The exfoliation PES were generated by translatinthe upper graphene
layer in the z-direction, with respect to the surface, while xing all otrer geo-
metric parameters. The adsorption energy of the upper graphe layer is de ned
relative to the in nitely-separated, strained componentsas in our previous pa-
per282 Potential energy surfaces for interlayer sliding of BLG weralso computed
for all substrates and orientations. Starting from the minnum-energy structures,
the top graphene layer was translated diagonally across thmit cell to generate
the PES. This allows for the entire sliding PES to be sampledhite minimizing

the number of calculations by exploiting graphene's symmmgt For each point,
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the z-position of the upper graphene layer was varied in 0.05 increments and
the minimum-energy PES obtained from quadratic interpolabn. Because we are
interested in the relative energies along the sliding PES, wie ne the energies

with respect to the most stable geometry for each substrate.

8.4 Results and Discussion

8.4.1 Comparison of Bilayer Graphene versus Graphite

We begin by considering the di erences between BLG and grajpé as a refer-
ence to understand basic substrate e ects. Figure 8.4.1(ah@vs a comparison of
the potential energy surfaces for exfoliation of the upperrgphene layer in BLG
and in graphite, while Figure 8.4.1(b) shows a decompositiarf these PES into
base-functional and dispersion contributions. The basesictional contribution is
entirely repulsive along the PES, as expected from analogythe benzene dimet®
The base-functional contribution can be thought of as desbing the Pauli repul-
sion between the graphene sheets and is o -set by dispersitangive adsorption
in the overall PES. From Figure 8.4.1(a), the magnitude of thexfoliation energy
for BLG is 0.5 kJ/mol C less than for the graphite slab, demonsating that the
graphite support causes stronger interlayer binding. Figer8.4.1(b) reveals that
the increased binding is due to additional dispersion intecsions with the underly-
ing substrate in the graphite case. This is in agreement witlhcombined QCM and
molecular-dynamics study that found that a reduced Lennardones interaction
strength was needed to reproduce experimental results forggaphene substrate,
relative to graphite.?® The stronger binding also a ects the equilibrium interlaye
distance; the distance between the top two layers of the griage slab is 3.37A,
intermediate between the values of 3.38 in BLG and 3.35 A in bulk graphite.

Figure 8.4.1(c) shows a comparison of the potential energyriaces for sliding
of the upper graphene layer in BLG and on the graphite surfaceBoth of the

PES show two minima, which are equivalent for BLG and nearly ejenerate for

105



Figure 8.4.1: Comparison of the potential energy surfaces f@) exfoliation and

(c) sliding of the upper graphene layer in BLG and on a graphet surface.

In

(b) and (d), the PES are decomposed in to the XDM-dispersiondid lines) and
base-functional (dashed lines) contributions.
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Figure 8.4.2: Geometries of three extrema on the sliding PE& fgraphite. The top
two graphene layers are shown in the \tube" representatiorhlack is the upper
layer and grey the lower layer. The underlying substrate isepresented by the
\ball" motif. The green atoms constitute the third carbon layer, or the top of the
graphite substrate. The purple atoms are the fourth carboraler, or the second
layer of the graphite substrate.

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

graphite. The global minimum-energy con guration, shownn Figure 8.4.2(a),
corresponds to the zero of energy for the interlayer-slidinPES. For graphite,
this is the \ABA" Bernal stacking seen experimentally?®>2%! The local minimum
corresponds to \ABC" stacking, shown in Figure 8.4.2(b), andacurs one third of
the way along the fractional sliding coordinate. ABC stackig is marginally higher
in energy than ABA stacking due to slightly weaker dispersiostabilization. The
maximum-energy point on the sliding PES occurs two thirds dhe way along the
fractional sliding coordinate. As shown in Figure 8.4.2(c) his transition state has
\AA" stacking, where the top two graphene layers are exactly aned.

The sliding PES are decomposed into base-functional and pléssion contribu-
tions in Figure 8.4.1(d). Note that this plot shows the variousnergy terms at
the B86bPBE-XDM optimized geometries and will not match the leding potential
for an uncorrected generalized-gradient functional in thabsence of a dispersion
correction. The gure reveals that the sliding barrier is pimarily controlled by
the XDM dispersion contribution. The AA orientation, where the carbon atoms
in the two graphene sheets lie directly above each other (as Figure 8.4.2(c)),
gives rise to less dispersion attraction than when they ardaggered, as in the
AB orientations shown in Figure 8.4.2(a,b). The dispersionaty barrier is even
somewhat higher than the overall barrier because the basenfiional contribution

favors the stacked AA orientation. To understand the reasorof this behavior,
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recall from Figure 8.4.1(b) that the base-functional contbution to the adsorption
energy is purely repulsive at all points along the PES, whildne dispersion contri-
bution is purely attractive. At the local minima (AB orientat ions) on the sliding
PES, there is greater dispersion binding, leading to a shertinterlayer distance
(3.37A for graphite and 3.3& for BLG), and this is o set by greater repulsion
from the base functional. Conversely, at the maximum (AA origation), there is
less dispersion binding, leading to a longer interlayer dance (3.5A for graphite
and 3.58 for BLG), so this results in less repulsion from the base fational.
From Figure 8.4.1(c,d), the graphite substrate does not sigoantly a ect the

sliding PES. The upper graphene layer is far enough from theilsstrate that
the additional dispersion attraction from interaction with the support is largely
invariant with respect to its translation. This result is expected since it is well
established that graphene rippling, and not other electroae ects, is the dominant
factor that causes the observed reduction in interlayer fition with increasing

numbers of graphene layer&. 42 %

8.4.2 Exfoliation

The previous section showed that a graphite base increashs BLG exfoliation
energy. In this section, we investigate the exfoliation engy of the upper graphene
layer of BLG adsorbed on the various metal surfaces. The rdisg interlayer
distances and exfoliation energies are reported in Table48l and the exfoliation
PES are illustrated in the rst column of Figure 8.4.3. Resuk for graphite are
also included as a reference to gauge how each metal a ecte #xfoliation energy.
The dispersion energies along the PES for interactions beten the upper graphene
layer and the metal are shown in the second column of Figure 84 These results
are expressed relative to analogous energies for graphitdere only the interaction
between the upper layer and the substrate base are included the dispersion
energy. As such, the curves represent the additional dispens stabilization gained

by replacing the graphite substrate with a given metal surfze.
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Table 8.4.1: Optimum BLG interlayer distancesdg ¢ ), distances between the top
graphene layer and the upper layer of the metal surfacelf wp), and graphene
adsorption energiesk ,4s). Relative values, with respect to results for the graphite
surface, are also shown. All distances are givenAnand all energies in kJ/mol C.

dBLG dBLG dM top top Eads Eads
Al ?)_ 1 Epg-hcp 3.39 0.02 6.87 0.38 5.1 -0.2
3 3 3.37 0.00 7.12 0.63 5.0 -0.3
Cu 1 1 top-fcc 3.38 0.01 6.60 0.11 5.3 0.0
Ag E’— 1 H)E-fcc 3.39 0.02 6.45 -0.04 54 0.1
3 3 3.37 -0.01 6.68 0.19 5.3 0.0
Au ilJ_ 1 B)B-fcc 3.40 0.03 6.62 0.13 54 0.1
3 3 3.38 0.01 6.79 0.30 5.5 0.2
Ni 1 1 top-fcc 3.29 -0.08 5.51 -098 6.2 0.9
Pd 1 1 bridge-top 3.33 -0.04 5.45 -1.04 5.9 0.6
E,_ 1 B)E-fcc 3.32 -0.05 5.57 -092 5.9 0.6
3 3 3.36 -0.01 6.60 0.11 5.5 0.2
Pt 1 1 bridge-top 3.30 -0.07 5.40 -1.09 6.3 1.0
EJ— 1 B)E-fcc 3.30 -0.07 5.70 -0.79 6.0 0.7
3 3 3.36 -0.01 6.80 031 54 0.1
BLG 3.39 0.02 | | 4.8 -0.5
Graphite 3.37 | 6.49 | 5.3 |

The results in Table 8.4.1 show that the interlayer distanceand energies are

nearly equivalent for all metals in the I(O 3 P 3) cell. All BLG distances are within

0.01 A of graphite and most exfoliation energies are similar to gphite, di ering

by no more than 0.3 kJ/mol C. The dispersion contributions fron the substrate

are also quite similar to graphite, except for Al, which has th lowest dispersion

coe cient of the metals considered heré82

The results for physisorbed BLG in the (1 1) cell are similar to those for the

"3

P

3) cell; the exfoliation energies and distances, again, vdittle from those

seen for graphite. The dispersion contributions follow theame ordering as the

Cs dispersion coe cients for the metals?®2 namely Al < Cu < Au < Ag. The Cg

coe cients increase down the periodic group, except for gl where relativistic

e ects increase the electronegativity and reduce the dismon coe cient. *® The

slight increases in the surface dispersion contributionslative to graphite (between

0.2-0.4 kJ/mol per C) are o set by the increased graphene stirain this cell,
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Figure 8.4.3: PES for exfoliation of graphene from a grapheneetal or graphite

base (left column). Also shown are dispersion energies foteraction between

the exfoliated graphene layer and the metal slab, relativeotanalogous values for
graphite (right column).
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resulting in negligible overall changes in the exfoliatioPES. Thus, our results
show that rotational orientation and lattice commensurality have little a ect on
BLG exfoliation energies when the BLG is physisorbed on Cuaup metals.
Graphene chemisorbs on Ni, Pd and Pt in the (1 1) cell and, therefore, the
graphene-metal interlayer distances are much shorter foheése metal$’? Fig-
ure 8.4.3 and Table 8.4.1 show that the exfoliation energi@ese somewhat higher

when BLG is adsorbed on these metals, by up to 1 kJ/mol C for Pt wén the
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lower graphene layer is chemisorbed in the bridge-top ortation. The stronger
interlayer interactions also manifest in the BLG interlaye distances, which are up
to 0.08 A shorter than in graphite. The additional binding can be attibuted to
a higher dispersion contribution from the substrate, due téthe much shorter dis-
tances between the top graphene layer and the surface (0.8-A in Table 8.4.1).
Thus, dispersion contributions from the underlying subsate can signi cantly af-
fect the strength of the interlayer interactions in BLG whernit is chemisorbed on a
metal surface; such substrates should not be neglected imgautational modeling.
Finally, we compare our results with those of Wangt al.?®® obtained using
PBE-D2,°"1%6 who reported exfoliation energies of 5.8, 4.8, and 8.2 kJ/m@l for
freestanding BLG and BLG adsorbed on Cu and Ni substrates, ggsctively. Their
result for freestanding BLG is counter-intuitive as it is nophysical to have a weak-
ening of the BLG interlayer interaction when it is adsorbed v a substrate. In the
limit of extremely weak adsorption, the substrate would haw no e ect, and the
lower bound for the interlayer interaction energy would math that of freestanding
BLG. For stronger adsorption, the substrate will contribue additional dispersion
interactions to the interlayer binding, so the interlayer nteraction energy must
increase. To test their prediction, we calculated the exfialtion energy of free-
standing BLG with PBE-D2 and obtained a value of 4.8 kJ/mol C, m agreement
with our B86bPBE-XDM value in Table 8.4.1, as well with the reslt of Ref. 289
for BLG on Cu. We conjecture that the reported values in Ref.&0 for freestanding
BLG and for BLG adsorbed on the Cu surface may have been swisghacciden-
tally. If this were indeed the case, the PBE-D2 exfoliationreergy for BLG on Cu
would be slightly higher than the corresponding XDM result, Wwich is reasonable
given the tendency of the D2 method to overestimate dispeosi interactions for
metals® For BLG adsorbed on Ni, our calculated interlayer interactin energy
is 2 kd/mol C lower than that obtained in Ref. 289. This is expded due to the
tendency of the empirical D2 method to overestimate dispeos interactions with

Ni due to an overestimated Ni-CCg dispersion coe cient (75.4 a.u. with D2’
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versus 39.3 a.u. with XDM?®2), This overestimation of Cg will cause the \extra"
dispersion contribution from the substrate to be overestiated, explaining the

di erence between the two sets of results.

8.4.3 Graphene Sliding

Graphene sliding PES are reported on the left side of Figure484; the pan-
els on the right show only the XDM dispersion contribution to he sliding PES.
Figure 8.4.4(a) shows the PES for interlayer sliding of BLG abrbed on metal
substrates in the F:_% P 3) cell. The computed sliding barrier is highest for gold,
which has the largest lattice mismatch with BLG, as shown in dble 8.3.1.

To investigate the e ect of lattice mismatch on the sliding farriers, additional
calculations were performed on freestanding BLG with a ses of lattice con-
stants spanning the full range ofa g, values listed in Table 8.3.1. The results
are illustrated by a 2D representation of the sliding PES as fanction of the lat-
tice constant in Figure 8.4.5(a). The gure shows that stretising of the graphene
lattice constant beyond the equilibrium value of 2.47A serves to increase the
sliding barrier (from 0.8 kJ/mol C to 1.1 kJ/mol C over the rangeconsidered).
Figures 8.4.5(b,c) present the decomposition of the 2D PEStanbase-functional
and dispersion contributions. The dispersion contributio to the barrier is largely
constant and the increase in sliding barrier with lattice cestant is shown to origi-
nate from changes in the base-functional repulsion betwe#re layers. Stretching
the lattice constant beyond the BLG equilibrium value decrases base-functional
repulsion between the graphene layers for the minimum-eggrAB con guration,
but increases base-functional repulsion for the maximummergy AA con guration.
The net result is a higher sliding barrier due this change inhe base-functional
contribution.

As shown in Figure 8.4.4(c), the sliding PES for the (1 1) cell exhibit a
larger spread between the various metals than for thgé P 3) cell. This occurs

because of the greater range of lattice constants and incsaay strain for BLG
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Figure 8.4.4: PES for sliding of the upper graphene layer overxed graphene-
metal or graphite base, along the long diagonal of the unit kewith the z-position
of the translated layer allowed to relax. The left column shes the total sliding
PES and the right column shows the XDM dispersion contributio only; both are
relative to the lowest-energy orientation.
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on the (1 1) surfaces (see Table 8.3.1). Physisorption on the (11) Ag and
Au surfaces causes the greatest lattice mismatch and hencee thighest sliding
barriers. Conversely, for Cu in the (1 1) cell, there is almost no lattice mismatch
and, consequently, the sliding barrier for BLG on this surfee is almost identical
to that for graphite. Al has an intermediate lattice mismatch but the increase

in barrier from the base functional is o set by a lower dispesion contribution, as

113



Figure 8.4.5: 2D PES Illustrating the dependence of BLG int&yer sliding on
the lattice constant. The total BLG interaction energy (a),as well as the XDM-
dispersion (b), and base-functional (c) contributions arehown.
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shown in Figure 8.4.4(d) and as expected due to the reduced ghission binding
for BLG on Al compared to the other metals.

The PES shown in Figure 8.4.4(e), for cases where BLG is cheonsed on the
metal substrate in the top-fcc orientation, are signi canly di erent than those
discussed above. The global and local minima, shown in FiguBe4.6(a,b), are
no longer nearly degenerate. Rather, the local minimum, inhich the upper
graphene layer is translated one third of the way across thenu cell, is signi -
cantly higher in energy. At the local minimum, the carbon atms of the upper
graphene layer lie directly above the surface metal atoms.hig can be contrasted
with the global minimum, where the carbons of the upper layelie between the
surface metal atoms. The latter arrangement results in morelose carbon-metal
contacts and consequently greater dispersion stabilizati. However, it is only for
the chemisorbed cases where the upper graphene layer is sently close to the
surface (see Table 8.4.1) for this di erence to be signi can The destabilization

of the local minimum is not seen for the bridge-top orientatins as this breaks
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Figure 8.4.6: Geometries of the extrema on the sliding PES fBLG adsorbed on
Cu in the top-fcc orientation (top row) or Pt in the bridge-top orientation (bottom
row). The top two graphene layers are shown in the \tube" rem@sentation; black is
the upper layer and grey the lower layer. The underlying subste is represented
by the \ball" motif.

(a) top-fcc, global min (b) top-fcc, min (c) top-fcc, max

(d) bridge-top, global min (e) bridge-top, local min (f) bridge-top, max

the symmetry between the lower graphene layer and the suréacThe global and
local minima, shown in Figure 8.4.6(d,e), are nearly degem¢e. In the rst case
the C-C bonds lie above metal atoms of the second surface laggyan) resulting
in greater stabilization from dispersion interactions, wite in the second case, the
C-C bonds lie above the metal atoms of the third surface row &k blue).

For the chemisorbed cases (Figure 8.4.4(e)) the sliding eggrbarriers are
much lower than for the physisorbed cases and this arisesrfrahe dispersion
contribution (Figure 8.4.4(f)). The additional dispersionfrom the substrate causes
a reduction in the graphene interlayer distance, by 0.08 or less at the minimum-
energy con guration. At the maximum-energy con guration, the contraction in
the interlayer distance is as much as 0.18. This reduction in the interlayer
distance serves to preferentially increase the dispersiatiraction between the
two graphene layers at the maximum-energy con guration, leering the barrier.
The nding that chemisorption of BLG on a metal surface simuneously increases
the interlayer adhesion and decreases the sliding frictios a generalization of the

previous PBE-D2 results for Ni(111) in Ref. 219.
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The sliding barriers for chemisorbed BLG are also particutly sensitive to the
translational orientation of the lower graphene layer withrespect to the surface.
Relative to the top-fcc orientation discussed above, theiding barriers are further
reduced for the bridge-top orientation, due to more prefebde dispersion inter-
actions between the top graphene layer and the metal surfaeé the transition
state. For the top-fcc orientation, the transition state ha an all-aligned AAA
con guration for the BLG and top layer of surface atoms, as irFigure 8.4.4(c).
This can be contrasted with the transition state for the bridje-top orientation in
Figure 8.4.4(f), in which the carbon atoms lie between the atos of the top metal
layer, resulting in more favorable dispersion interaction

The results for the sliding barriers are qualitatively simar to exfoliation en-
ergies, in that physisorption e ects are negligible, whilehemisorption can sig-
ni cantly perturb the interlayer interactions. While the substrate contributes
additional dispersion interactions not present in free BLGthe added dispersion is
relatively constant with respect to translation for physisrbed BLG and thus will
have little e ect on the sliding barrier. The variations betveen substrates are in-
stead due to changes in the surface lattice constant, whictretches the BLG and
consequently a ects the base functional repulsion betwedhe layers. However,
this is an artifact of the highly-strained unit cells emplogd in the calculations
(to ensure commensurate lattice constants) and will be meaded in real systems
by the adoption of di erent rotational orientations by the graphene to minimize
lattice strain. Thus, sliding of physisorbed BLG is e ectiely independent of the
choice of substrate. However, for chemisorbed BLG, the e edf the substrate
is much more signi cant and can lower the dispersion contriiion to the barrier
by as much as 40%. Moreover, the translational orientationsf the chemisorbed

BLG strongly a ect the frictional behavior.
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8.5 Summary

This chapter investigated the e ects of substrates on BLG ierlayer inter-
actions, as quanti ed by exfoliation energies and slidingnergy barriers. The
substrates studied were face-centered cubic metal (111)faices of Al, Cu, Ag,
Au, Ni, Pd, and Pt; a graphite substrate and freestanding BLG we also con-
sidered as reference systems for comparison. Potentiabagy surfaces for exfolia-
tion and translation of the top graphene layer were calculatl using the B86bPBE
exchange-correlation functional and the exchange-holgpdie moment (XDM) dis-
persion correction.

In the rst section, we showed how the exfoliation energieand sliding barriers
di er between graphite and BLG. The addition of a graphite spport increases
the exfoliation energy by 0.5 kd/mol C, due to the added dispsion interactions
between the top graphene layer and the substrate. However etlsliding PES for
the two systems are almost equivalent, as this additional sfpersion is e ectively
constant with respect to translation of the upper grapheneayer.

Physisorption of BLG on metal substrates results in similaexfoliation energies
and sliding barriers to graphite. The BLG sliding barriers ee sensitive to the
surface lattice constant, with greater lattice strain resiting in higher friction.
However, this is an artifact of enforcing commensurate lattes in our calculations,
resulting in highly strained graphene in some cases. In ptae, the graphene can
adopt di ering rotational orientations to minimise lattic e strain.

Chemisorption of BLG occurs for di ering rotational orientations on Ni-group
metals and results in shorter interlayer distances and ineased dispersion attrac-
tion between the top graphene layer and the metal surface. €hcloser prox-
imity to the substrate increases the BLG exfoliation energyppy  20% relative
to graphite. Dispersion attraction to the substrate prefegntially stabilizes the
maximum-energy \AA" stacked orientation of BLG, reducing slding barriers by

up to  30%. Additionally, when BLG is chemisorbed on a metal substia,
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changes in the translational orientations of the BLG with repect to the surface
can alter the sliding barriers by as much as 50%. These results demonstrate
the need to explicitly include dispersion contributions fsm the substrate in com-

putational studies of chemisorbed BLG.
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Chapter 9: Atomic-scale Frictional Properties of Graphene

Multilayers on a Cu(111) Substrate

The work presented in this chapter is currently unpublished

9.1 Abstract

Few-layered graphene (FLG) has been shown to be a robust solitbricant
due to the weak van der Waals interactions between layers. @gequently, it has
been reasonable to assume that the sliding interface for FLG& @ metal substrate
would lie between the graphene layers and not at the grapheneetal interface.
However, few studies have investigated the energetics of thrious sliding mo-
tifs. In this work, we present a study of monolayer, bilayerand trilayer graphene
sliding over a Cu (111) surface using density-functional gory (DFT) incorpo-
rating the exchange-hole dipole moment (XDM) dispersion metl Our results
demonstrate that the preferred sliding interface is betweethe graphene and the
metal surface for all graphene multilayers, even when subjed to compression.
Pressure increases the sliding barrier, but the e ect is reded with additional
graphene layers, as the compression can be ameliorated tigb smaller changes

in all interlayer distances.

9.2 Introduction

Two-dimensional materials have been actively researcheeldause of their unique
electronic propertiest 17?12 However, their characteristic weak interlayer interac-
tions also make them ideal solid lubricant€.?'® Graphene, like its bulk allotrope

graphite, is an excellent lubricant. It can be applied direity to a surface through
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depositiort®? or mixed into a solvent#* 293294 where graphene akes adsorb to a
substrate through turbulence. The strong carbon-carbon Imals provide a resilient
surface during frictional contact that reduces wear at theligling interface *®

Tribologists have studied the frictional modi cation of meal surfaces by
graphene using atomic-force microscopy (AFMY.42:46.95,96,283,.284 |n these stud-
ies, an AFM tip is dragged across the surface to measure the cagent of fric-
tion. Layer-dependent friction has been investigated syastatically via AFM tech-
niques. The addition of a single layer of graphene (SLG) gtdareduces the slid-
ing friction relative to a bare metal surface. Additional lagrs of graphene further
decrease the surface friction, until the friction coe cien converges to the same
value as for bulk graphite. This typically occurs after the ddition of four or ve
graphene layerg!%? The lubricity also depends on the degree of graphene corruga
tion. Corrugation is reduced when graphene interacts strgfy with the substrate,
which in turn reduces the surface roughness and the slidingction.*%46:% How-
ever, AFM results do not translate to shear sliding of the grapne layers, which
is more relevant to understanding its lubricating properts at the interface of two
metal surfaces, termed metal junctures.

The lubrication properties of few-layered graphene (FLG) foshear sliding at
metal junctures has been studied experimentally for many gfications.4 45 284,293{295
Generally, there is a dramatic reduction of surface wear ahé sliding interface
upon graphene depositiod?329:2% |t js typically assumed that the shear-sliding
interface for these systems is between the graphene shéetsyhich is reason-
able given that the weak van der Waals interlayer interactio is signi cantly less
than the adsorption energy of graphene on transition-metalurfaces®* 53:265.272,282
However, a strong static interaction with the metal surface @es not necessarily
re ect the sliding barrier, as it is de ned as the di erence letween the highest-
and lowest-energy conformations along the sliding path. Ehpossibility that FLG
sliding may preferentially occur across a substrate, ingtid of between graphene

sheets, was veri ed by Kitt et al.?®* for an SiO, surface. However, graphene is
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known to interact weakly with SiO,, so this may not be the case for substrates
like transition metals that interact more strongly with graphene.

Computational investigations of graphene on metal substr@s have largely
focused on the interlayer distances and SLG exfoliation engges36:37:39.50.53 Con-
versely, several molecular-dynamics simulations have @stigated interlayer sliding
of bilayer graphene (BLGY%2°7:2%8 for a variety of experimental designs, but did
not consider metal substrates. This was also the case for pi@us DFT calcula-
tions on shear sliding of the middle layer in trilayer graphee (TLG).2°° Neglecting
a substrate inherently limits a computational study of frition because it removes
a possible sliding interface. We previously assessed how atah substrate a ects
the interlayer interactions and sliding barriers of BLG:® However, we did not
consider coherent sliding of BLG over the metal surface. Twaur knowledge, a
systematic study of the coherent sliding motifs of multi-lgered graphene on a
substrate has not been conducted.

This article investigates the various sliding motifs of SLGBLG and TLG on the
copper (111) surface. The rst section compares the slidifzarriers of SLG across
copper and nickel surfaces, as it is established that grapteestrongly chemisorbs
to Ni, but physisorbs on Cu. The weaker interactions with the G surface cause
the various translational orientations to be nearly enerdieally degenerate. This
results in a lower sliding barrier for graphene over coppehan over a graphite
substrate. Consequently, for BLG and TLG on Cu, the graphenmetal sliding in-
terface is consistently the most energetically favorabl&.he sliding barrier for this
interface is also found to be independent of the number of giaene layers. Addi-
tionally, we compare the energetics of the various slidingatifs while constraining
the distance between the top graphene layer and the surface mimic the e ect
of an applied normal force. As for unconstrained sliding, thELG systems pre-
fer to slide uniformly across the copper substrate, but adwbnal graphene layers
are found to decrease the sliding barrier by ameliorating éhe ect of the applied

compression.
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work:282 2 461A for graphite, 2.482A for SLG on Ni, 2.521A for SLG on Cu, and

2.509A for BLG on Cu. The slight increase between the latter two vailes serves
to reduce graphene lattice strain. The TLG calculations usethe same lattice

constant as obtained for BLG on Cu.

To generate the sliding PES, one, two, or three graphene lagavere translated
with respect to the surface, as shown in Figure 9.3.1. At eacloipt along the PES,
the graphene-metal and all graphene-graphene interlayersthnces were system-
atically varied in 0.05 A increments. The energy at each point was minimized
by quadratic interpolation. Additionally, sliding PES with applied compression
normal to the surface were also investigated. In these casélse energies were
minimized after constraining the total distance between th uppermost graphene
layer and the surface.

All DFT calculations were carried out using periodic boundaryanditions with
the projector augmented wave (PAW3Y'“4 formalism as implemented in Quan-
tum ESPRESSO!® The same methodology was employed as in our previous
publications on graphene-metal interactions’?282:3%0 Speci cally, the B86bPBE
exchange-correlation functionaf® 18 was combined with the exchange-hole dipole
moment (XDM) dispersion correction®® 1273 B86bPBE-XDM has been shown to
be highly accurate for prediction of graphene-metal adsdipn energies and in-
terlayer distances’®? PAW datasets were generated using LD1 version 4.3.2 using
pslibrary 0.2.5 inputs. The datasets also included scalaelativistic e ects and
non-linear core corrections®' All datasets were checked to ensure that there was
no PAW sphere overlap for each optimized geometry. All calations used an
8 8 1 -centered k-point grid, a plane-wave cuto of 60 Ry, a density expan-
sion cuto of 800 Ry, and a cold smearintf® parameter of 0.01 Ry. Ni calculations
were carried out using an initial spin-polarization and cheked for convergence to

the correcet spin state.
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Figure 9.4.1: Exfoliation (left) and sliding (right) potential energy surfaces for a
graphene monolayer on either Ni or Cu (111) substrates. The BHor sliding of
a single graphene layer on a graphite substrate is includear fcomparison.
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9.4 Results and Discussion

9.4.1 Comparison of Monolayer Graphene Sliding on Ni and Cu

Substrates

In this section we contrast the potential-energy surface®if exfoliation and
sliding of SLG over Ni and Cu substrates. It is well establisldethat graphene
chemisorbs on Ni when the carbons are centered over a surfacetah atom,
and physisorbs when the carbons are centered over surfacédvsites®’:228:272
There is signi cant charge transfer between the nickel metand graphene in the
chemisorbed orientations, and negligible charge transfer the physisorbed ori-
entations. In contrast, graphene physisorbs on Cu regargk of the translational
0rientation.89' 266,275,279, 280, 282

The computed exfoliation PES for graphene on Ni and Cu are shovin Fig-
ure 9.4.1(a) for the three translational orientations degied in Figure 9.4.2. For Ni,
the top-fcc and top-hcp PES display both chemisorption andhysisorption min-
ima, while fcc-hcp permits only physisorption as all the ggghene carbon atoms lie
directly over void sites on the surface. Experimentally, & chemisorption minima
is favoured and is characterised by an interlayer distancd 2.04{2.18A8%":24% and
adsorption energy of 7.2{11.2 kJ/mol C324 These values are reproduced closely

by our DFT-XDM calculations, which give an interlayer distane of 2.20A and
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Figure 9.4.2: Geometries of three extrema on the sliding PE&rfgraphene on the
Cu(111) substrate. These structures correspond to fractial sliding coordinates
of zero (top-fcc), one-third (fcc-hcp) and two-thirds (tophcp). The graphene is
shown in the \tube" representation, while the underlying sbstrate is represented
by the \ball" motif and coloured according to the depth from the surface.

(a) top-fcc, global minimum (b) fcc-hep, maximum (c) top-hcp, local minimum

adsorption energy of 8.80 kJ/mol C, using a xed lattice consint for the isolated
slab calculations. In contrast to Ni, graphene physisorbs t€u, having a much
longer interlayer distance of 3.21A and weaker adsorption energy of 7.06 kJ/mol
C, as calculated with DFT-XDM using a xed lattice constant. These di erences
between chemisorption and physisorption binding result isigni cantly di erent
frictional behavior at the graphene-metal interface.

Figure 9.4.1(b) shows the PES for interlayer sliding acros$¢ long diagonal
of the unit cell for these same systems. The top-fcc orientah corresponds to the
global minimum in both cases, while top-hcp corresponds tdé local minimum
two-thirds of the way along the fractional sliding coordinge. The fcc-hcp orien-
tation is the global maximum, one-third of the way along the Igding coordinate.
The sliding barrier corresponds to the energy di erence beten the minimum-
energy top-fcc and maximum-energy fcc-hcp orientations,hich is 1.27 kJ/mol C
for Ni and 0.59 kJ/mol C for Cu. The near degeneracy of the varisguranslational
orientations for graphene on copper results in a signi calyt lower sliding energy
barrier.

For Ni, the strong interaction between the graphene and the siace results in a
higher sliding barrier than that of graphite. The \Ni phys" curve in Figure 9.4.1(b)
is for sliding between the theoretical physisorbed minimalhis PES is a signi cant

underestimation of the true graphene-Ni sliding barrier asrgphene preferentially
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chemisorbs for the top-fcc orientation. Adding the energyi@rence between the
chemisorbed and physisorbed minima shifts the PES higher anergy (by 0.24
kJ/mol C) to give the \Ni chem" curve in Figure 9.4.1(b). However, molecular-
dynamics simulations are required to capture the true slidg behavior here due to
the complicated nature of the PES. Nonetheless, the slidingtyier for graphene
on Ni is higher than that of graphite, (by 0:4 kJ/mol per C), and this is
consistent with literature involving graphene multilayes sandwiched between two
Ni(111) surfaces’!® This chapter found that the graphene sheets strongly adhere
to the Ni surfaces and that the sliding interface lies betweegraphene layers, in
agreement with the results of Figure 9.4.1. Indeed in most aswhere graphene
acts as a coating on metal surfaces it is thought to stronglydaere to the surface
and that the frictional interface will be between graphenealyers?4 45 294,295

For Cu, evaluation of the sliding PES is straightforward as my a single ph-
ysisorption minimum is present for all translational orietations, as shown in Fig-
ure 9.4.1(a). The near degeneracy of these various transtetal orientations results
in a very low sliding barrier, even lower than that of graphieé (by 0:3 kJ/mol
C), as seen in Figure 9.4.1(b). This result implies the posdity that a graphene-
metal frictional interface may be preferable to graphenergphene shear for FLG

on copper.

9.4.2 Few-Layer Graphene Sliding on Cu

The sliding PES for the various monolayer, bilayer, and trdyer sliding motifs
of graphene on Cu(111) are presented in Figure 9.4.3. TheseJkre expressed
relative to the lowest energy orientation for each system dndue to the increas-
ing numbers of graphene layers, are expressed per unit celt €quivalently unit
area) rather than per carbon atom. We should note that becaaghe energies are
expressed relative to the most-stable con guration, thesglots do not re ect the
di ering adsorption energies of the multiple layers to the ratal surface. Addition-

ally, they do not represent the energy required to slide a tipver the surface, but
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Figure 9.4.3: Potential energy surfaces for various slidingotifs of monolayer,
bilayer, and trilayer graphene on Cu (111). The PES for slidg of a single graphene
layer on a graphite surface is included for comparison.
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rather the energy di erence required to slide 1-3 graphenaylers, as depicted in
Figure 9.3.1.

The results in Figure 9.4.3 show that the favored sliding intéace is between
the graphene and the copper surface. The sliding energy bars for the graphene-
graphene interfaces are all higher than for the graphenepger interface and
this di erence relates to the graphene stacking orientatiss during sliding. For
graphene-copper sliding, the graphene layers remain in thenost stable orienta-
tion, AB (bilayer) and ABA (trilayer), as they are translated in unison with respect
to the copper surface. In contrast, a graphene-graphenedstig interface results in
high-energy AA (bilayer-second), AAB (trilayer-second), andBB (trilayer-third)
stacking con gurations. The increased non-bonded reputsi in these AA (or BB)
stacks results in a greater energy penalty than for translemn from the top-fcc to
the hcp-fcc orientation of the bottom graphene layer on theubstrate.

Figure 9.4.3 also shows that the graphene-copper sliding PESindependent
of the number of graphene layers. As argued in our previous paEpdetailing

substrate a ects on BLG 3 this is because the second and third graphene layers
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are su ciently distant from the substrate that the dispersion attraction between

them has a negligible contribution to the PES. The bilayerecond and trilayer-

third motifs result in a slightly higher barrier than for sliding of the top graphene
layer over a graphite substrate, which is due to the di ereres in lattice constants.
We have shown previously that the BLG sliding barrier increses with the lattice

constant, as this destabilizes the maximum-energy AA orieation relative to the

minimum-energy AB orientation3% Lastly, the trilayer-second motif has a slightly
higher barrier than for sliding of the top layer alone due to dnges in the dispersion
interactions between the rst and third graphene layers alag the PES.

The current results may be compared with the experimental dings of Kitt
et al.?8* for FLG on SiO,, as graphene also physisorbs on this substrate. In that
work, a graphene-substrate sliding interface was observed TLG, in agreement
with our prediction for Cu. However, a graphene-graphene ietface was seen for
BLG on SiO,. They reasoned that the di erence was because the additiori the
third graphene layer reduced the FLG-metal sliding barrier mough to make the
graphene-metal interface more energetically favoraB# and this was con rmed
by molecular dynamic simulations. In the present study, th&arrier for graphene-
Cu sliding is consistently lower than for graphene-graptetsliding and is therefore

the preferred interface for all graphene multilayers.

9.4.3 \Variation of Interlayer Distances

We next consider how the graphene-metal and graphene-graple interlayer
distances change along the PES for each sliding motif. Theasfges in interlayer
distances at the graphene-copper interfaces in Figure 9.@¥ mirror the shape
of the PES, with the shortest interlayer distances occurrifor the most strongly
bound top-fcc orientation and the longest distances occumng for the most weakly
bound fcc-hcp orientation.

Similarly, for a graphene-graphene interface, the changesnterlayer distances

in Figure 9.4.4(b,c) again mirror the shape of the PES, with th AA stacked orien-
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Figure 9.4.4: Changes in interlayer distances along the PE& ach sliding motif.
Results are shown for the distance between the copper sudand rst graphene
layer (left), the rst and second graphene layers (middle)and the second and
third graphene layers (right). The key is identical to Figure9.4.3.
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Figure 9.4.5: Exfoliation PES for graphene on either a gragei or copper sur-
face. Curves are shown for both the minimum-energy (AB-stael or top-fcc) and
maximum-energy (AA-stacked or fcc-hcp) orientations. All disnces and energies
are expressed relative to the respective potential-energyinima.
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tations having much larger interlayer separations than AB sicking. Conversely,
distances between AB stacked graphene layers that do not forime sliding inter-
face are e ectively constant along the PES. The distance beéen the rst and
second graphene layers is shorter by 0.@2in trilayer graphene than in bilayer
graphene due to added dispersion interactions between thest and third layer,
which result in greater interlayer adhesion. This is analays to the shorter in-
terlayer distances in bulk graphite (3.35A) relative to the upper two layers on a
graphite surface (3.37A) and bilayer graphene (3.39).3%

For a graphene-graphene sliding interface, the rst grapine layer is always

in the top-fcc orientation with respect to the surface for tie entirety of the PES.
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Despite this, Figure 9.4.4(a) shows that the graphene-metdistances also vary
for these sliding motifs. To understand these ndings, we el to consider the
relative compressibility of the various sliding interfacg, as shown in Figure 9.4.5.
This gure presents exfoliation PES for two orientations ofgraphene on either a
copper or graphite surface, expressed relative to the minimm of each potential to
allow comparison of the steepness of the repulsive walls. &tesults indicate that
the graphene-copper interface, particularly for the topett arrangement, is more
easily compressible than the graphene-graphene interface

The sliding PES for the rst and second graphene layers are AAacked (or
AAB stacked) at the maximum-energy points for the bilayer-semd and trilayer-
second motifs. Figure 9.4.5 showed that the top-fcc copperaghene interface is
highly compressible and experiences less repulsion thae thA-stacked graphene-
graphene interface. Thus, to minimize repulsion between ¢hAA stacked layers,
the lower layer moves down towards the surface. This resulis a contraction
of the graphene-metal distance at the maxima, one-third ofhe way along the
sliding coordinate, as seen in Figure 9.4.4(a). This contriéan is less signi cant
for the trilayer-third motif, in which the graphene layers ae ABB stacked at
the maximum-energy con guration, due the additional attration between the

consistently AB stacked rst and second graphene layers.

9.4.4 Sliding Under Applied Pressure

The constrained sliding PES for monolayer, bilayer, and tiayer graphene on
copper are illustrated in Figure 9.4.6. These PES display thelative energetics of
the sliding motifs under an applied normal force, by impos@ma constrained upper
bound to the distance between the top graphene layer and thergace. As for
the optimized sliding PES, the energies are shown relative the minimum-energy
con guration for each system. All of the sliding motifs behae as expected, with
the sliding barrier increasing with applied pressure. As theonstrained distance

is shortened, the graphene sheets approach both the surfarel each other more
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Figure 9.4.6: PES for the various sliding motifs, with the disnce between the
top graphene layer and the metal (given irA) constrained, to mimic an applied
normal force.
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closely, such that the sliding barrier increases due to th@dreased non-bonded
repulsion.

The relative increases in the barrier for each system anddihg interface can be
explained by the results in Figure 9.4.5. With the exception dhe monolayer- rst
motif, the constrained PES predict that the sliding barrierincreases more rapidly
with pressure for the graphene-graphene than for the grapmemetal interfaces.
This is because of the slightly steeper repulsive wall forropression of AA-stacked
graphene sheets compared to fcc-hcp graphene-copper.

Finally, for the graphene-metal interface, identical comm@ssion of the total
distance between the surface and top graphene sheet resiftsmaller changes in
the sliding barriers, going from the monolayer to the bilayeand trilayer. This
is because it is more favorable to apply a fraction of the totacompression to
each of the interlayer distances. As such, for FLG on copper,dlsystem can be
signi cantly compressed by an applied force normal to theigling interface, while

still maintaining a low sliding barrier, and hence low fricion.
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9.5 Summary

This chapter investigated the sliding energy barriers of Bpossible sliding mo-
tifs for SLG, BLG, and TLG on Cu (111) under equilibrium and costrained con-
ditions using dispersion-corrected DFT. In contrast to whabccurs for Ni (111)
surfacesz!® but in agreement with resultg®* for FLG on SiO,, the sliding interface
between the lowermost graphene sheet and metal surface isrgetically preferred
over any of the graphene-graphene sliding interfaces. Thesbecause the various
translational orientations of graphene on the Cu (111) suate are nearly degener-
ate.

Constraining the total distance between the surface and uppmost graphene
layer was considered to predict the evolution of the slidingarriers under applied
pressure. The top-fcc graphene-copper interface was foutad be more readily
compressible than fcc-hcp, or for either AB- or AA-stacked BLGWhile the equi-
librium graphene-copper sliding barrier is independent @ahe number of graphene
layers, the increases in sliding barrier under applied loagere found to be smaller
when additional graphene sheets are present. This is becauke total compres-
sion can be divided between the various interlayer distangeresulting in reduced
repulsion. Consequently, FLG-copper interfaces should nm&in low friction un-
der applied pressure. These theoretical predictions coybidtentially be tested by
experiments performed for junctions consisting of FLG coned between two cop-
per surfaces. The results presented here complement expmmtal observations
by providing new mechanistic insights into the atomic-scalfrictional behavior of
graphene on metal surfaces and suggest that determinatiofitbe preferred sliding

interface is more nuanced than previously assumed.
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Chapter 10: Conclusion

This thesis modeled various motifs of graphene on metal sacks using the
exchange-hole dipole moment (XDM) dispersion correction. X was shown to
include the proper physics to accurately model physisorpin energies of aromatic
molecules on surfaces in Chapter 5. This demonstration walseh extended to
the adsorption of graphene on the Ni (111) surface in Chapter &d the (111)
surface for six additional transition metals in Chapter 7. Tie results of this study
prompted us to investigate substrate e ects on bilayer gragene in Chapter 8.
The results showed that metal substrates a ect graphene iatlayer interactions
only when it chemisorbs on the surface. Finally, Chapter 9 psented an extensive
investigation of graphene sliding motifs on the Cu (111) stace. It showed that
multilayered graphene prefers to slide uniformly over a mek surface, rather than
having the sliding interface located between the graphenaykrs.

At the start of this thesis, it was believed that pairwise desity-functional dis-
persion corrections could not properly model van der Waalsteractions between
a metal surface and an adsorbed molecule or materfal!?4148.171.172 Thjs was
because the pairwise methods implemented at the time useded semi-empirical
dispersion coe cients that overestimated the dispersiomieractions involving sur-
face or bulk metal atoms. It was shown in Chapter 5 that the adsption energies
determined by XDM are accurate when compared to experimentdhta and that
accurate surface interactions can be modeled by a varialdee cient pairwise
dispersion model such as XDM?*

The ability of XDM to properly describe dispersion interactbons at metal sur-

faces was further benchmarked for graphene adsorption orethi (111) surface in
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Chapter 6. This particular case had been di cult for DFT3>37.53.227.228 hecause
electrostatic base-functional contributions and the disgrsion contribution must
be balanced. Our result§? were able to reproduce potential energy surfaces in
agreement with those reported by the RPA method and with expenmental adsorp-
tion energies. It was also shown that the potential energy gace of graphene on
Ni (111) is sensitive to the surface lattice constant, indid¢ang that thermal e ects
play an important role in graphene-nickel interactions. Anlysis of the XDM con-
tribution also showed that the dispersion coe cients chang with graphene-metal
distances and this is primarily because of variations in thexchange-hole multi-
pole moments, not in the atomic polarizabilities that are otained from atomic
volumes. This result illustrated why DFT dispersion corregbns that are based on
atomic volume change¥ do not properly model surface dispersion interactions.

Graphene adsorption was subsequently modeled for severdbiional (111)
transition metal surfaces in Chapter 7. Previous computathal investigations
only modeled graphene-metal orientations that reduced dawn-carbon bond strain
in the periodic cell®®3” However, experimental literature had indicated that
graphene-metal interactions vary with orientation on someetal surfaces, forming
a wide range of Moie patterns3388.261{263 \we compared the energetics for the 0
and 30 orientations of graphene on the metal surfaces. Our resuffté showed
that there is a signi cant energetic preference for graphento have an aligned
orientation with respect to the substrate-surface latticevector because it maxi-
mizes both the electrostatic and dispersion interactionsdtween the substrate and
the graphene layer. These results agree with LEED obsenatis of graphene on
several metal surfaces.

The e ect of substrates on interlayer graphene interactian were investigated
with DFT in Chapter 8. The substrates chosen were the same méturfaces asin
our graphene-metal study. Adsorption energies of physisath bilayer-graphene{
metal systems showed that the addition of a substrate givemrslar bilayer-graphene

exfoliation energies and interlayer distances as for a gtafe substrate. However,
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chemisorbed bilayer-graphene{metal systems were shownsigni cantly decrease
interlayer distances and increase exfoliation energieshi§ was primarily because
of the closer proximity of the metal to the second grapheneyer that results in
greater dispersion stabilization.

The results of Chapter 7 and Chapter 8 showed that graphene $iaimilar
adsorption energies on copper as on graphite. This promptes to investigate
various sliding motifs of monolayer, bilayer and trilayer taphene on the Cu (111)
surface. The preferred sliding interface for few-layeredaphene on copper was
shown to be between the graphene and metal surface. In additi this sliding
interface remains preferred when the sliding is constraidedue to the greater
repulsive wall for adsorption of two graphene layers than fdhe graphene metal
contact. These results are in agreement with experimental sérvations of various
graphene tribological experimentg* 294

There remain several questions to be further investigatedlt was shown in
Chapter 6 that the dispersion coe cients rapidly change forshort graphene-metal
distances?’? This has resulted in an issue with the current XDM force imple-
mentation, which assumes constant dispersion coe cientsithh respect to atomic
distances?! This issue was side-stepped in the studies presented here dy-
timizing interlayer distances through quadratic interpoation of the single-point
energies. However, this method is insu cient for moleculesranaterials where
the forces are highly anisotropic. Therefore, a method foalculating the forces
using varying dispersion coe cients is required. However,aing so requires ana-
lytical derivatives of the exchange-hole multipole momenwith respect to atomic
distances, which have not yet been formulated or implemente

One patrticular experimental observation that was not reprduced in our graphene-
metal studies is the change in friction with additional grapene layers established
by AFM studies.**42% This has been widely attributed to the corrugation of
graphene on real metal surfaces, which is not replicated imrostudies*!4?> How-

ever, ndings from Chapter 8 imply that an additional contribution could be dis-
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persion interactions between an AFM tip and the metal substrat, which would
decrease with additional graphene layers. This hypothesisuld easily be tested
by building upon the calculations carried out in Chapter 9. istead of sliding var-
ious numbers of graphene layers over the metal surface, a aletlab would be slid
across the graphene-metal surface, while varying the numtb&f graphene layers.
The dispersion interactions between the two metal slabs wloube analyzed with
the same approach outlined in Chapter 8. The exfoliation andliding PESs will
match the graphene-metal results only in the non-interaatg limit.

Additionally, the role of thermal e ects on the adsorption piocesses presented
in this thesis could be investigated. All adsorption energsepresented here are the
electronic molecule-surface or graphene-surface intdran energies, as determined
by DFT-XDM, and do not include zero-point or thermal vibrational energy con-
tributions. Previous theoretical investigations of physiorbed molecules, such as
those presented in Chapter 5, found that the vibrational engy contributions to
be negligible (between 0.1 and 1.5 kJ/mof®* However, experiments have shown
that thermal vibrational energy contributions play a signicant role in surface ad-
sorption of graphene, particularly with respect to its fritional properties 392304
Additionally, molecular dynamics simulations have shown i the sliding energy
barrier for multilayer graphene decreases with increasintgmperature 3957 |t
is therefore expected that including thermal e ects would educe the adsorption
energy for graphene on metals, but to what extent is unknown.

Thermal e ects play a greater role in modeling graphene filonal properties
at larger length scales than the unit-cells of the systems meled in this thesis.
For instance, higher temperatures increase graphene ripyg, which increases the
sliding energy barrier’®%3%  Additionally, multi-layered graphene has a low ro-
tational energy barrier, such that the layers can slide inecomensurately30307
Modeling these e ects is beyond the scope of the calculat®rarried out in this
thesis because of the very large unit-cells required to résm graphene rotational

domains and to model graphene rippling. However, these e ectan, and have
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been, quanti ed using classical molecular dynamics simtians.3°>G% The results
presented for bilayer graphene physisorption in Chapter & gport that molecular
dynamics modeling of free-standing bilayer graphene, wiht explicitly including

a substrate, is adequate for studying thermal e ects on intéayer sliding mecha-
nisms.

Though this thesis concentrated on graphene-metal interagns, the methods
described here could be extended to other 2D materials, sueh TMDs. As stated
earlier, TMDs have a wide variety of applications, rangingrébm electronic sen-
sors to catalysts®'212 TMDs have been shown to be very promising catalysts
for the hydrogen evolution reaction (HER)?* The structure's catalytic e ciency
depends on the defect density and crystal stacking, whichrcde di cult to con-
trol in commercial manufacturing. A TMD's catalytic activity increases if coupled
to a suitable second TMD to form a van der Waals heterostructe > 2440.309.310
Charge transfer from a second suitable TMD creates a metaliike surface state
that enhances hydrogen a nity, making stacking orientatio irrelevant and defect
density less important. This makes the van der Waals heteroacture a more
e cient HER catalyst than a single TMD layer. 5 24 40,309,310

A promising TMD heterostructure is MoS stacked on WS.4° The alignment of
the electronic bands of Mogand WS, form a type Il heterojunction with e cient
charge transfer’!! The experimental success of MeBVS , make it a benchmark
system to which hypothetical TMD heterostructures could beompared to screen
for promising HER catalysts. Hydrogen a nities for each heteostructure can be
evaluated by calculating the structural stability and hydiogen a nity for each
heterostructure and comparing them to Mo8WS ,.

The NIST JARVIS-DFT 2D materials databasé'? contains 60 examples of
TMDs.32 Evaluating all possible TMD heterostructures is beyond thecope of
what can be e ciently fabricated and experimentally evaluaged. Computational
methods can e ciently calculate hydrogen a nities and stabilities for the thou-

sands of possible structures for HER catalysis. Through megttls proposed in this
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thesis, it would be possible to reduce the thousands of pddsi TMD heterostruc-

tures to a few promising candidates for HER catalysis.
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Appendix A:  Supporting Information for Chapter 5

Table A.0.1: Calculated molecule-surface distances,A) measured as the distance
from the heteroatom (or carbon in the case of benzene) to theirface. The
angles between the surface and the molecular aromatic mgigh degrees, are also
indicated.

Molecule Distances Angles
Cu Ag Au |Cu Ag Au

Benzene 271 303 31509 43 32
Furan 299 327 33352 6.6 6.8
Furan perp. 3.06 3.16 3.28 58.4 68.3 68.0
Thiophene 299 304 29522 22 46
Thiophene perp. 238 2.77 3.23 820 575 855
Thiophenol 243 281 27551 38 6.6
Thiophenol perp. 278 297 3.0279.4 779 77.1
Pyridine 217 268 3.04 245 131 8.6
Pyridine Perp. 208 240 238821 77.3 659
1,4-Benzenediamine (cis) | 2.94 3.16 3.261.0 1.7 0.1
1,4-Benzenediamine (trans) 2.22 2.52 2.52 8.0 6.8 8.4
Guanine 226 254 265160 134 1138
Cytosine 215 251 264213 17.1 14.2
Adenine 3.02 309 31808 20 14
Thymine 282 293 32173 6.9 40

Table A.0.2: Comparison of calculated cubic lattice paramets for the three met-
als, in A, with experimental results from R. Wycko , Crystal structures (Inter-
science publishers, New York, 1963).

Calc  Exp.

Cu | 3.573 3.615
Ag | 4.080 4.086
Au | 4.145 4.078

139



Table A.0.3: Convergence of the calculated adsorption engrgof 1,4-
benzenediamine (in the trans orientation) on the copper siace, with respect
to changes in plane-wave cut-o Ey) and k-point grid. All results are for the
4-layer surface. For comparison, the adsorption energy onSaayer surface with
a4 4 1k-point grid and a 60 Ry cut-o is 1.2579 eV/molecule.

Ect (Ry) Kk-points E,gs (eV/molec)

50 4 41 1.2422
60 4 41 1.2429
70 4 4 1 1.2428
80 4 4 1 1.2420
60 331 1.2935
60 4 4 1 1.2429
60 551 1.2385
60 661 1.2401

Table A.0.4: Comparison of adsorption energies, in eV/moleley for the cases
where the isolated-molecule calculations were performesding the same cell as in
the physisorbed complexes or in a supercell surrounded it @rections by a large
vacuum (\Vac.").

Molecule Cu Vac. Ag Vac. Au Vac.
Benzene 059 0.60 0.68 0.68 0.64 0.64
Furan 0.53 053 052 052 051 0.51
Furan perp 0.24 0.24 0.25 0.25 0.22 0.22
Thiophene 0.66 0.64 0.67 0.64 0.62 0.60
Thiophene perp. 0.40 0.38 0.40 037 0.25 0.23
Thiophenol 1.00 1.00 0.90 0.90 0.91 o0.91
Thiophenol perp. 035 0.35 0.36 0.36 0.33 0.33
Pyridine 0.69 0.68 0.58 0.56 0.60 0.58
Pyridine perp. 0.86 0.86 0.66 0.66 0.64 0.64

1,4-Benzenediamine (cis) 1.17 114 1.04 1.03 1.10 1.09
1,4-Benzenediamine (trans) 1.24 1.24 1.09 109 112 1.12

Guanine 1.07 117 1.03 1.09 0.94 0.99
Cytosine 096 1.03 090 094 0.77 0.81
Adenine 0.83 086 0.86 0.86 0.81 0.82
Thymine 0.67 0.72 0.69 0.72 0.67 0.70
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Figure A.0.1: Nucleobase clusters used to estimate the intertaoular hydrogen-
bonding energies

(a) adenine (b) guanine

(c) cytosine (d) thymine
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Appendix B: Supporting Information for Chapter 6

A drawback of using dispersion coe cients that depend on thelectron den-
sity and its derivatives is that the evaluation of the interruclear forces becomes
more complex. In the Quantum ESPRESSO implementation of XD it was
assumed that the dispersion forces are dominated by the clggs in the internu-
clear distances and the contribution from changes in the glisrsion coe cients is
negligible. While this assumption has proved valid for all @vious applications of
XDM, it was found to break down in the present case, due to the rsing depen-
dence of the dispersion coe cients on the graphene-nickeiterlayer separation,
as shown in Figure B.0.1. The resulting mismatch between the XD dispersion
forces and energies meant that we were not able to obtain edlie results from ge-
ometry optimizations on the graphene-nickel system. Rathesuch optimizations
resulted in underestimation of the interlayer distances ahadsorption energies
when compared to the results of the full PES scans. This prah means that full
geometry optimization of graphene-metal interfaces mushélude derivatives of
the dispersion coe cients in evaluation of the dispersiondrces. This issue should

be addressed in a future implementation of XDM.
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Figure B.0.1: E ects of the XDM dispersion correction on the giphene-nickel
PES. The total energies are decomposed into the base DFT (jeéind XDM dis-
persion (middle) contributions. The values of the Ni-GCg dispersion coe cients
are shown on the right. The upper row plots PES for all six orrgations using
the experimental nickel lattice constant (2.494), while the lower row plots PES
for the top-fcc orientation for ve di erent lattice constants.

48

o 12
3 \ k '\ bridge-fcc —+— —~ bridge-fcc —+—
g 5 N bridge-hcp —— o 2 bridge-hcp —— ' 5
> n bridge-top I bridge-top
£ \ fcc-hep —=— 5 fcc-hep —m— - —
3 8 top-fcc —+— g 4 top-fcc —+— . 3 44
N \\ top-hcp —e— i top-hcp —e— e

6 = -6 42
5 feerna N 5 9
G a4 A ° 8 e = 40
4 N E -

s .

% 2 3 Q 10 38
8 o 12 36
2.0 25 3.0 35 4.0 45 2.0 25 3.0 35 4.0 4.5

Graphene-metal distance (A) Graphene-metal distance (A)

o 12 M\\ 245 PR YT p—— 48
g 10 246 —a— O 21246 —— .
< M N 2.47 g 2.47 o =

! N 2.48 —n— 2 48 e ¥ 1 3
E 8 N S =
3 ‘*\\\ 249 —e— 2 5| 249 —— ‘;J/ ;{W S 4
5 ° \‘ RN < g LS R
2 SN > Ly ©
g 4 % 3 o
c N = 10 ()
w 2 k T 2 P9 oo r'lr l o 40
u =3 d .12 poree =
& o Tl 2 4k et 38
3 4 a S
o -2 -16 36

2.0 25 3.0 35 4.0 4.5 2.0 25 3.0 35 4.0 4.5

Graphene-metal distance (A)

Graphene-metal distance (A)

-~

bridge-fcc —+—

bridge-hcp —+— 4
bridge-top
fcc-hep —=— |

top-fcc —e—
top-hcp —e—

2.0

25 3.0 35 4.0 4.5
Graphene-metal distance (A)

P iiiis
peves

2ol

BN

o
/ 245 ——

il

% —_—
P4 e~ |

248 —=—
249 —e—

2.0

25 3.0 35 4.0 4.5
Graphene-metal distance (A)

Figure B.0.2: Exchange-hole dipole moment integrals and abic volumes for
carbon and nickel as a function of interlayer distance usintpe B86bPBE base
functional. The at lines in the nickel plots correspond to he atoms within the
interior of the slab, while the curves correspond to the swate atoms.

~ 3.75 -
=] 5
8 8
E phesess st
(=] _‘/_F,-p/*’ (=]
@ 350 S ko
k= A =
£ 4 £
£ 4 £
g 325 # 245 —— | 2
) / 246 —— @
IS) 2.47 ©
= 248 —w— | &
S 249 —e— | 2
© 3.00 : z
2.0 2.5 3.0 3.5 4.0 4.5
Graphene-metal distance (A)
34.5

3

2.45 ——
2.46 —a
2.47

34.0

249 —o—

33.5

248 —m—

C Volume (a.u.)

%‘Rb‘

33.0

]

Ni Volume (a.u.)

32.5

2.0

25 3.0 35 4.0 4.5

Graphene-metal distance (A)

143

7.0

6.0

5.0

2.0 25
Graphene-metal distance (&)

96

95

94

93

92

91

90

3.0

35 4.0 4.5

2.0 25
Graphene-metal distance (A)

3.0

3.5 4.0 4.5



Figure B.0.3: B86bPBE-XDM potential energy surfaces for thexsgraphene-nickel
orientations with lattice constants ranging from 2.45A to 2.49 A
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Figure B.0.4: PBE-XDM potential energy surfaces for the six gphene-nickel
orientations with lattice constants ranging from 2.45A to 2.49 A
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Figure B.0.5: LDA potential energy surfaces for the six gragme-nickel orienta-

tions with lattice constants ranging from 2.45A to 2.49 A
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LYT

Table B.0.1: Calculated interlayer distancesA) and adsorption energies (kJ/mol per C) for both chemisorbedQd) and physisorbed (P)
con gurations of graphene on nickel (111) using the LDA, PBEXDM and B86bPBE-XDM functionals. Two sets of results are given
the distances and energies at the minimum-energy surfacétilze constant, and at the experimental nickel lattice consint (2.49 A). The
latter are comparable to the reported RPA results in the liteature.® 23! The experimental values are also given.

bridge-fcc  bridge-hcp bridge-top ~ fcc-hep top-fcc top-hcp
MethOd d Eads d Eads d Eads d Eads d Eads d Eads
Minimum-energy structures

LDA C 205 1.13 205 0.76 2.01 9.03 3.33 182 2.07 8.45 2.0897.0
P 321 229 322 228 3.08 2.69 298 2.89 3.05 2.79

PBE-XDM C 2.12 5.05 2.19 539 224 4.07
P 338 6.61 339 6.60 3.33 6.83 345 6.28 3.30 6.94 3.32 6.89

B86bPBE-XDM C 214 7.31 222 7.79 2.28 6.48
P 325 800 326 7.97 3.18 833 334 754 3.15 850 3.17 8.40

Experimental nickel surface lattice constant (2.4%\)

PBE-XDM C 2.14 493 2.15 491 224 3.53
P 338 400 338 399 331 424 346 3.65 327 437 330 4.31

B86bPBE-XDM C 2.16 7.29 224 7.33 2.26 6.10
P 324 563 325 560 3.14 6.01 334 512 3.08 6.20 3.12 6.09

RPA>© C 217 6.46 2.17 5.02
P 3.30 579 3.30 5.79

Experiment d=2.04{2.18 AB72®  E_, = 7.20{11.20 kJ/mol*®2%




Appendix C: Supporting Information for Chapter 7

Table C.0.1: Computed minimum-energy interlayer distansg in A, for all orien-

tations and all metals.

Orientation | Al Cu Ag Au Ni Pd Pt
P P P P C P C P C P
bridge-fcc | 3.64| 3.29 3.17 334 { 325 223 { { 3.40
bridge-hcp | 3.61| 3.29 3.18 334 { 326 225 { { 3.42
bridge-top | 3.56| 3.24 3.10 3.26 2.14 3.18 212 { 210 3.29
fcc-hep | 3.69/335 327 344 { 334 { 326 { 350
top-fcc 3.61| 322 3.06 322222 315 225 { 240 3.22
6o_p-h5p_ 3.48|3.23 3.09 3.25228 317 228 { 245 332
3 3 |375] { 331 341 { { { 324 { 344

148



Figure C.0.1: Base functional contributions to the computedPES for graphene
adsorption on selected metals.
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Figure C.0.2: XDM dispersion contributions to the computed PE for graphene
adsorption on selected metals.
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Appendix D:  Supporting Information for Chapter 8

Figure D.0.1: PES for exfoliation of graphene from a graphemeetal or graphite
base using experimental lattice constants.

_
2

Relative energy (kJ/mol C)

Graé)hité + ® 0 Graphite +
Al ( %sz(?gl/z A \ Al 1X1 top-hcp A
Ag (3)2x(3)2 ~ -1+ \ Cu 1x1 top-fcc u
Al (3)Y5x(3)v2 u @) Ag 1x1 top-fcc *
Pd (3)¥5x(3)Y> * S AU 1x1 top-fcc °
Pt(3)2x(3)"2 d E 2
2
> -3
<
g 4
g
g -5
[4]
£
L L L -7 L L L
3.0 35 4.0 4.5 3.0 35 4.0 4.5
Graphene-graphene distance (A) Graphene-graphene distance (A)
© o Graphite £
Ni 1x1 top-fcc A
—~ -1 Pd 1x1 bnd?e—top
¢ Pd 1x1 top-fcc n
B ! Pt 1x1 bnd?e-top *
g -2 Pt 1x1 top-fcc °
2
> -3
>
g
'E -5
5]
r 6
-7

3.0 35

4.0 4.5

Graphene-graphene distance (A)

151



Appendix E: Statement of Contribution

The preceding thesis consists of papers that have been weitt during my
graduate tenure. | carried out the primary calculations andnvestigations for
these papers, as well as wrote the primary draft of the pubhed manuscripts,

while my co-authors primarily functioned in advisory and ettiorial roles.
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