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The important thing is not to stop questioning.
Cluriosity has its own reason for existence. One
cannot help but be in awe when he contemplates
the mysteries of eternity, of life, of the marvelous
structure of reality. It is enough if one tries merely

to comprehend a little of this mystery each day.

Albert Einstein
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Abstract

Friction and wear occur when two surfaces are in contact and relative motion, and are considered
responsible for approximately 23% of all energy consumed. The types of materials in contact and
environmental conditions, such as temperature and humidity, are highly correlated with friction and
wear. Introducing a lubricant into the sliding contact can help reduce (or even eliminate) friction,
wear, and associated processes — a technique dating as far back as Ancient Egypt. Common everyday
classical wet lubricants are either oil- or water-based. However, increasingly strict sustainability
standards and rising demands of our modern industrial society have surpassed the application of
these wet lubricants in severe operating conditions, such as extremely high/low contact pressures
and working temperatures or when used in nanoscale devices.

Starting from the 1940s, solid lubricants, which are layered crystalline materials, have received
substantial attention due to their excellent frictional properties. To date, they have mainly been
used as additives to impart improved lubrication properties to lubricants. Transition metal dichalco-
genides are some of the best-known examples of solid lubricants, of which molybdenum disulfide
(MoS2) is considered prototypical. When applied as a coating (as opposed to an additive), they
have the potential to overcome a vast number of problems encountered by wet lubricants. Despite
the considerable scientific effort, large-scale industrial implementation of MoS2, and solid lubricants
in general, has not been achieved. A combination of problems lies at the origin of this. We do not
possess a fundamental understanding of the actual frictional mechanisms of layered systems, both at
the nanoscale and macroscale. Moreover, solid lubricants are highly sensitive to deterioration result-
ing from interactions with their environments, limiting the exploitation of their promising potential
in a wide range of applications.

In this thesis, we make an effort towards elucidating the mechanisms that determine the fric-
tional properties of MoSsy at the nanoscale by employing computational modeling. This is done by
investigating the intrinsic frictional aspects of MoS2, for example, by studying frictional anisotropy,
and considering the effect of external conditions such as water contamination, which is commonly
known to deteriorate the frictional properties of MoSs. The use of prototypical materials allowed
us to provide new understandings in the application and design of solid lubricants in general. Novel
insights were obtained on the principles of achieving superlubricity in homostructures, where the
relevance of the interlayer potential energy surface topology was once more confirmed. Additionally,
the results on water contamination highlight the effect of interlayer intercalation of water on the
frictional properties of solid lubricants and thus guide the design of nanoscale devices in ambient
conditions.

Since 2004 single-layer solid lubricants have been readily available, which has opened the door to
a new class of materials, so-called heterostructures. These are layered structures that combine several
different types of solid lubricants. Although heterostructures create the potential for tuning the
properties of solid lubricants, the actual stability of these structures is often left out of consideration.
Therefore, in this work, the twist angle energetic stability of a prototypical heterostructure built from
MoSs and graphene is extensively explored through epitaxy theory. Our study on heterostructures
reveals new insights into the observations made in experiments and the stability of twistronic devices.
In conclusion, this thesis has actively contributed to making the next step for large-scale industrial

implementation of solid lubricants feasible.

Key Words

friction, tribology, solid lubricants, transition metal dichalcogenides,

molybdenum disulfide, heterostructures, molecular dynamics simulations
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Abstrakt

Tteni a opotfebeni nastava, kdyz jsou dva povrchy v kontaktu a relativnim pohybu, a predstavuji
pfiblizné 23 % veskeré spotiebované energie. Pouzit{ maziva v kontaktu muze snizit (nebo dokonce
témér eliminovat) tfeni, opotfebeni a souvisejici procesy. Jednd se o techniku sahajici az do
starovékého Egypta. Béznd kazdodenni klasickd maziva jsou na bézi oleje nebo vody. Stéle prisnéjsi
ekologické standardy v8ak omezuji dalsi pouzivani oleju, a v ndroénych provoznich podminkéch, jako
jsou extrémné vysoké/nizké kontaktni tlaky a pracovni teploty, tekutd maziva nemuzeme pouzivat.
Od 40. let 20. stoleti se tuhym maziviim, coz jsou vrstvené krystalické materidly, vénuje znacnd po-
zornost. Dnes se pouzivaji hlavné jako piisady, které tekutym mazivim zlepsuji vlastnosti. Dichalko-
genidy prechodovych kovu jsou nékteré z nejznaméjsich piikladu tuhych maziv, z nichz je disulfid
molybdenu (MoSz2) hlavni reprezentant. Tyto materidly maji potencidl nahradit tekutd maziva v
mnoha aplikacich, a to formou tenké vrstvy. Navzdory znacnému védeckému usili vsak zatim nebylo
dosazeno prumyslové implementace MoS2 a pevnych maziv obecné. Duvodem je mald znalost tfecich
mechanismu vrstevnatych systému, a to jak v nanoméfitku, tak v makroméritku. Kromé toho jsou
tuhd maziva vysoce citlivd na poskozeni zpusobend interakcemi s jejich prostiedim, coz omezuje
vyuziti jejich slibného potencidlu v Siroké skéle aplikaci.

V této praci se pomoci vypocetniho modelovani snazime objasnit mechanismy urcujici tieci
vlastnosti MoSo v nanoméfitku. To se provadi zkoumdanim tfecich aspekti MoSsz, napiiklad studiem
frikéni anizotropie a zvazenim vlivu vnéjsich podminek, jako je kontaminace vodou, o niz je obecné
znamo, ze zhorsuje tieci vlastnosti MoSa. Byly ziskdny nové poznatky o principech dosazeni super-
lubricity v homostrukturédch, a byla potvrzena relevantnost povrchové energie mezivrstvy. Studium
interakce s vodou prokazalo interkalaci vody na tfeci vlastnosti tuhych maziv.

V tomto tisicilet{ jsou dostupnd i jednovrstva tuhd maziva, které oteviely dvere nové tiidé
materiali, takzvanym heterostrukturdm. Jednd se o vrstvené struktury, které kombinuji nékolik
ruznych typu tuhych maziv. Ackoli heterostruktury maji potencidl dalstho vylepSeni vlastnosti
tuhych maziv, skute¢na stabilita téchto struktur je ¢asto vynechdna. V této prici je proto pomoci
teorie epitaxe rozsihle prozkoumana energeticka stabilita ihlu natoceni prototypové heterostruktury
postavené z MoS2 a grafenu. NaSe studie o heterostrukturdch odhaluje nové poznatky o stabilité

téchto struktur a pomohla vysvétlit experimentalné namérené vlastnosti.

Klicova Slova

tfeni, tribologie, pevna maziva, dichalkogenidy pfechodovych kov,

disulfid molybdenu, heterostruktury, simulace molekuldrni dynamiky

Page v



V.C.

Page vi



V.C. CONTENTS
Contents

1__Introduction| 1
M TFrictionl . . . . v v v v 2
(1.1  Friction Laws| . . . . . . . ... ... oL 3

(1.1.2  Nanotribology|. . . . . . . ... .. ... .. ... .... 4

[L1.3  Nanoscale Friction Lawsl . . . . .. ... ... ... ... 7

(1.1.4  Friction Force Microscopy| . . . . . . . . ... ... ... 9

(1.1.5  Stick-Slip Dynamiesf . . . . ... ... ... .. ... .. 10
(L.1.6_The Prandtl-Tomlinson Modell . . . . . .. ... ... .. 11

(1.2 lLubricantsl . . . . .. .o o 14
(L.2.1 Solid Lubricantsl. . . . . . ... ... o000 16

(1.2.2  'Transition Metal Dichalcogenides| . . . . . . . . .. ... 17

(1.2.3  Graphite and Graphene| . . . . . . . . ... ... .... 20

(.24 Van der Waals Heterostructuresl . . . . . ... . ... .. 22

(1.3 Superlubricity| . . . . . . ... 24

Page vii



CONTENTS V.C.

[1.3.1  Structural Superlubricity| . . . . . ... ... .. ... .. 26

(L4 Amms & Outlinel . . . . . . . ... oo 30

2 Computational Methods| 33
2.1  Quantum Mechanics| . . . . .. ... ... ... .00 35
[2.1.1  Density Functional Theory|. . . . . . . .. ... ... .. 36

2.2 Molecular Mechaniesl . . . . . .. ... o000 39
221 ForceFields . . .. ... ..o 39

[2.2.2  Molecular Dynamics| . . . . ... ... .. ... ... .. 45

R3 Tnbriefl. . . ... 52

13 Pure MoS,| 53
(3.1 Introductionl. . . . . . . . .. ..o 53
[3.2  Approaches and Problems| . . . . . . ... ... ... ... ... 55
3.3 Results and Outlookl . . . . . ... ... ... ... ... ... 57

[4 MoS, & Graphene] 67
4.1 Introductionl . . . . . . . . ..o 67
[4.2  Approaches and Problems| . . . . . . ... ... ... ... ... 69
4.3  Results and Outlookl . . . .. . ... .. ... ... 0. 75

5 MoS, & Water| 85
.1 Introductionl . . . . . . . . ..o 85
[>.2  Approaches and Problems| . . . . . .. ... ... ... ... .. 87

Page viii



V.C. CONTENTS

(.3 Results and Outlookl . . . . . . . ... ... ... ... .. 89

6 MoS, & Diamond| 111
6.1 Tntroductionl . . . . . . . . .. ... 111
[6.2  Approaches and Problems| . . . . . .. ... ... .. ... 112
6.3 Results and Outlook . . . . . . . ... ... ... ... ..... 114
(7__Conclusions 119
8 List of Publications| 123
[8.1 Published Works within the Scope ...| . . . . . . ... ... ... 124
(8.2 Submitted Works within the Scope ...| . . . . . ... .. .. ... 124
[8.3  Published Works outside the Scope ...|. . . . . . ... ... ... 125
[Bibliography| 126
A SI. Pure MoS,| 143
(B SI. MoS, & Graphene| 149
0SS, ater 173

(D Viewpoint | 177
[E Joint Study AFM & MD)| 221

Page ix



CONTENTS V.C.

Page x



V.C.

Introduction

Estimates indicate that friction and wear are responsible for approximately
23% of the worlds’ total energy consumption [1]. The related financial cost and
everyday increasing sustainability standards demand a solution. To this end,
lubricants can be used to reduce the amount of energy that is lost in processes
where friction and wear occur. Historical evidence has shown that lubricants
were already used in Ancient Egypt [2, 3]. Generally speaking, we can distin-
guish between two main classes of lubricants, namely classical wet lubricants
and novel dry solid lubricants. Common everyday classical wet lubricants are
either oil- or water-based. Despite their success in the past, the criteria of our
modern industrial society have reached their limits of efficient and practical
implementation. All sorts of demanding operating conditions present an array
of problems to liquid lubricants, e.g., low temperatures resulting in freezing,
high temperatures resulting in evaporation, ultra-high vacuum resulting in

boiling, ultra-high pressures, or strict confinement in small devices resulting in
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CHAPTER 1. INTRODUCTION V.C.

solidification. Dry solid lubricants, not to be mistaken with greases, are mate-
rials that have exceptional lubricating properties despite being solid. Among
others, the most commonly known solid lubricants are graphite and transition
metal dichalcogenides (TMDs), of which molybdenum disulfide (MoS,) can
be considered prototypical. They have been studied since the 1940s [4] and
their frictional properties are most commonly attributed to their characteris-
tic layered crystal structure. In general, solid lubricants are used as particles
dispersed into a liquid, in which the liquid itself can be acting as a lubricant,
a ‘carrier’, or both. More recently, solid lubricants have received substantial
attention when used as a lubricating coating, rather than as an additive. As a
coating, solid lubricants have the potential to overcome a vast number of prob-
lems encountered by wet lubricants. However, despite their enormous potential
[5, 6], a large-scale industrial implementation remains elusive. Although this
cannot be pinpointed to a single problem, two aspects play a critical role. On
the one hand, there is a lack of fundamental understanding of the actual fric-
tional mechanisms of layered systems, both at the nanoscale and macroscale.
On the other hand, solid lubricants are highly sensitive to deterioration due to
interactions with their environments, limiting the exploitation of their promis-

ing potential in a wide range of applications.

The research presented herein elucidates key aspects of the lubrication
mechanisms that determine the frictional properties of MoSsy at the nanoscale
through computational modeling. We apply a bottom-up approach, using
nanoscale friction as a starting point, from which conclusions may (possibly)
be drawn at the macroscale. In this chapter, an overview of the current state of
the art will be provided, with an aim of answering two crucial questions: ‘what
is nanoscale friction?’ and ‘how can we reduce friction with solid lubricants at

the nanoscale?’

1.1 Friction

Plainly said, the goal of this thesis is to study friction. Therefore, let us first

define friction. From a scientific point of view, friction, and to be more specific,
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V.C. 1.1. FRICTION

dry friction, is a force that thwarts (effectively opposes) the relative motion
between two solid surfaces in contact. We distinguish two types of friction,
namely static friction and kinetic friction. One speaks of static friction before
an actual motion occurs and of kinetic friction once the two surfaces are in
relative motion. Here, the focus will mainly be on kinetic friction, and ‘kinetic
friction” and ‘friction’ are used interchangeably. Friction belongs to the wider
field of tribology, i.e., the study of ‘rubbing’ — or more specifically, surfaces
that are in contact and relative motion — as defined by Jost et al. [7]. To
illustrate these phenomena, consider the macroscopic example of riding a bike.
To stop for a red light, you press the brakes of your bike, causing the rim of the
wheel and the brake pad to be in ‘contact with” and ‘relative motion to’ each
other, reducing your velocity. In this case, the rim and the brake pad together
form a so-called tribological contact. Most likely, one has an idea of why one
slows down, ‘simply’ because of the ‘friction” between the rim and the brake
pad. From this macroscopic point of view, the point where friction occurs can
be readily located. However, it does not tell us anything about the origin of
this phenomenon. Incisive questions that could now be asked are: Why is the
velocity lost when the rim and the brake pad are in contact? Why does the
type of materials used influence the velocity decrease? Why is the velocity
decrease greater when the brakes are pressed harder? To help to understand
and to answer such questions, several laws and models have been derived, of

which the most relevant ones for the works presented here will be discussed.

1.1.1 Friction Laws

In the macroscopic world, one way to estimate friction is by the Amontons-
Coulomb (AC) law [8, 9, 10], the foundations of which were established in 1699
— albeit many years after Da Vinci had first recorded similar observations and
relations [11]. The AC law combines three empirical laws:

1. The frictional force and the normal force are proportional,

2. The frictional force is independent of the apparent contact area,

3. The frictional force is independent of the sliding velocity.

Page 3



CHAPTER 1. INTRODUCTION V.C.

In all the works presented here, the normal force is defined as a force acting on
the system perpendicularly to the sliding interface; in our reference systems,
it acts in the z-direction. The normal force (in Newtons, 1 N =1 kg-m s 2)
is related to the load (in Pascals, 1 Pa = 1 kg-m™' - s72) by the area it is
acting on:

Force / Area = Load. (1.1)

These laws can be visualized by considering a book lying flat on a table. The
friction that is experienced while moving the book over the table is proportional
to the weight of the book. The friction is, however, independent of whether
the book is lying flat on the table or positioned on its edge. The same accounts
for the velocity at which the book is moved. The AC law now states that:

F, = p. F,, (1.2)

with F, the frictional force, p, the coefficient of friction (COF), and F;, the
normal force [12]. Here, the subscript x can either relate to static friction or ki-
netic friction. The COF, a dimensionless parameter, contains all details about
the tribological contact, internal properties, such as the type of materials, and
the external conditions, such as temperature. Despite some exceptions, the
static COF is, in general, larger than the kinetic one |11, [12]. One of the
implications of Eq. is that when the normal force is zero, frictional forces
should be absent. Therefore, in the case of adhering surfaces, an adapted

equation should be used [13]:
Fx :FO,x+Mana (13)

where Fj, is the frictional force at zero normal force as a result of adhesion.

1.1.2 Nanotribology

As was stated before, in this thesis, a bottom-up approach is used. This
means that instead of considering the macroscopic world (length scales on
the order of meters, as observed in daily life), the nanoscale (length scales on
the order of angstroms — 107° m — at which we can distinguish atoms) is

considered. This approach allows us to decompose frictional phenomena into
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V.C. 1.1. FRICTION

well-defined, readily calculable quantities that can be concatenated to produce
a more complex ‘macro’-sized system. For instance, in the earlier example
with the rim and the brake pad, one might think of these surfaces as being
flat, at least upon visual inspection at the macroscale, resulting in a single
contact. However, they are almost certainly not flat, and will appear ‘rough’
when observed at the nanoscale . As a result, instead of a single contact, it
becomes clear that there is a multi-contact interface, where individual contacts

or asperities interact with one another, as described in Fig. [I.1]

>
mechanical loads @ thermal, °C /2<>< environment “‘ electric |—'|7
SRR

— AR
hase transformations uantum - T A
P oxidation 4 friction lubrication contamination
. effects
2 Smiehn adhesion . wetting

y-A

3rd body  electric current / WeAr - cracking / pla§ticily frictional heat production /
Joule heating fretting  jhduced heat transfer
roughness (diffusive/balistic, convective

and radiative)

Figure 1.1: Schematic of the phenomena that can take place at the nanoscale

when two rough surfaces are put into contact and brought into relative motion.

Figure adapted from Ref. .

We started this introduction by relating friction to a ‘cost’, namely, a
loss of energy, here this relation will be clarified in more detail. Consider
an elementary example where two surfaces are in contact. Next, an external
driving force is applied to one of the surfaces, causing a displacement. As a

result, this driving force performs mechanical work (in Joule, 1 J =1 kg-m?-

s72):

Work = Force x Displacement. (1.4)

Whenever friction is present, only part of the external driving force (and thus
work) is converted into actual motion (kinetic energy) of the surface. The other
part is used to overcome the frictional force that acts in the opposite direction

due to the interaction with the other surface and possibly its surroundings. In
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CHAPTER 1. INTRODUCTION V.C.

this case, the work consists of two components, Weyx, = AFyinetic + Pdissipated-
Here, Egissipated Tepresents the irreversible loss of energy. In other words, fric-
tional force is a dissipative force that performs work when the surfaces are in
relative motion. If there is no dissipation, all external work is transformed
into kinetic energy, and no friction is present. This automatically clarifies a
big difference between static and kinetic friction. In the case of static friction,
by definition, no motion occurs, and thus the static frictional force does not

perform work, and no energy dissipation arises.

To transform a frictional force into dissipated energy, a so-called channel
of energy dissipation needs to be present. Various examples are depicted in Fig.
[I.1} For example, frictional force can be transferred to heat, phonon excitation,
and plastic deformation. A somewhat counterintuitive observation is that not
all channels increase friction. Consider, for example, a scenario where the
system is thermally activated, either by its surroundings or by (prior) local
heating within the tribological contact. Although the frictional properties
might be influenced by this, in some instances, the thermal activation of the
atoms might induce a decrease in friction during sliding [14]. That said, this
observation is very system-specific, and opposite results have been published
[15].

It becomes clear that the field of tribology is very complex due to the
wide variety of possible physical phenomena that are taking place simultane-
ously. Whereas some processes occur on a short timescale, such as quantum
effects, others require longer timescales, such as wear. Moreover, most of these
phenomena are out-of-equilibrium processes, which are more challenging to
study because standard thermodynamics no longer always applies [16]. If we
consider the rim and brake pad contact at the nanoscale, practically, it is still
impossible to directly correlate any observation with one or several of these
physical phenomena. One way to circumvent this problem is to zoom in even
further and consider only a single asperity, thereby entering the field of nano-
tribology. Using this approach, a single asperity can be considered as two
atomically flat surfaces in contact. In practice, this means that system sizes
are limited to tens of nanometres. This approximation underpins the approach

of all studies carried out within this thesis, all of which aim to improve the
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V.C. 1.1. FRICTION

understanding of the mechanisms that determine dry friction at an atomistic

level.

1.1.3 Nanoscale Friction Laws

While the AC law is widely used, a word of caution is necessary. Owing to its
simplicity, it assumes that p is constant, i.e., ; appears to be invariant with
contact time or sliding velocity, which has already been proven to be false |11,
12, |17]. For static friction, p increases with the time that the layers have been
in contact before applying an external sliding force |18|. For kinetic friction,
{1t can increase or decrease with increasing sliding velocity, depending on the
type of system and the length scale considered |11, |12]. Both phenomena are
likely related to the fact that there exists a finite (instead of an instantaneous)
formation time of the multi-asperity contact, forming the contact area 11}, |12].
Several corrections can account for the issues, as reported above, resulting in

the so-called rate-and-state friction laws, reported in the literature [12].

One might wonder if the AC law is also applicable at the nanoscale.
The general consensus is that the AC relation does not hold on an atomistic
level |11} |13} [19]. It is thought that the responses of the system to external
factors, such as temperature, sliding velocity, and normal load, are closely
related to the length scales at which they are considered. Conversely, some
have argued or observed that the AC law might hold at the nanoscale |20,
21}, 22]. According to AC, the frictional force should be independent of the
macroscopic contact area. However, among others [19] |20], Bowden and Tabor
[23] showed that there is a relation to the ‘real’ contact area. They found that
if one considers the total area of the asperities instead of the total apparent
contact area, the frictional force is proportional to, rather than independent
of, the area. In other words, the frictional force seems to depend linearly on
the true contact area (sum of the areas of the individual asperities), accord-
ing to Fhic = 7, Aasperity, Where 7 is the material-dependent shear Strengthm

[20, 23]. As previously mentioned, due to the wide variety and complex na-

"'Whereas shear stress is the deformation of a material due to external forces, the shear

strength of a material defines its ability to resist deformation due to these external forces.
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CHAPTER 1. INTRODUCTION V.C.

ture of the processes taking place at nanoscale multi-asperity contacts, the
studies presented herein consider only single asperity contacts. However, at
this length scale and only considering a single asperity, the AC relation no
longer holds 20], i.e., Fiic # TAasperity- In a theoretical contribution, Mo
et al. showed that the linear AC relation might be valid at the nanoscale,
given a correct definition of the area of contact. Their approach is similar
to what was done at the macroscale. Instead of considering the total area of
the asperity, they consider the sum of the contact areas per atom within the
asperity, resulting in the following relation: Fgic = 7 Aatom (see Fig. [1.2)).
Moreover, their simulations show
that > Agiom is proportional to the
load, and they therefore recover the
original AC relation. One remark,
however, is the fact that in the deriva-
tions described above, adhesive forces
were not considered. If these are
included, a sublinear AC relation is
found. The authors explain this be-
havior by the fact that the van der

Waals interactions scale nonlinearly.

However, for high loads or two flat

@ Atoms in contact

surfaces where all interlayer distances @ Surface area per atom

Contact edge

are comparable, the AC relation is
expected to hold again . This  Figure 1.2: Schematic representa-
conclusion is confirmed by one of our  tion of the difference between the as-
studies [21], in which we report that ~ perity contact area and the sum of
for a flat commensurate bilayer of contact areas of the individual atoms.
MoS,, a linear behavior exists be-  Tigure adapted from Ref. [20].

tween the normal load and the fric-

tional force. Typical examples where adhesive forces might pose a problem

include atomic force microscopy experiments, which are explained in the next

section.
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Figure 1.3: Schematic representation of an atomic force microscope, as pro-

posed by Binnig et al. from which this figure is also adapted [24].

1.1.4 Friction Force Microscopy

So far, friction has been discussed mainly from a theoretical point of view.
Next, one of the main experimental techniques to study friction will be con-
sidered. In 1986, Binnig et al. [24] developed a novel experimental technique
based on the scanning tunneling microscope (STM): the atomic force micro-
scope (AFM). Their goal was to measure ultrasmall interatomic lateral forces
(forces that are parallel to the plane of the system) of non-conductive surfaces
for single contact asperities. The general idea of the STM is to measure the
topography of a surface by scanning the substrate with a sharp (atomic-scale)
tip. The interaction between the tip and the surface of the substrate allows
for local tunneling of electrons, causing a characteristic current. To keep this
tunneling current constant, the tip moves up and down, creating a 2D image.
One of the downsides of the STM is the fact that it requires a conducting sub-
strate and tip. Binnig et al. used the following simple yet creative approach
to circumvent this problem: they placed a cantilever with a diamond tip be-
tween the sample and the STM tip resulting in the AFM, as shown in Fig.
[24]. This way, the cantilever displacement due to electromagnetic forces
is recorded via STM, producing an image of the surface topography. However,
this approach does not require a conductive substrate, and also produces a 3D
image of the surface [24]. Since then, the working principle of the AFM has
been updated, where nowadays the most commonly used technique is based

on a laser beam deflection system for tracing the movement of the cantilever.
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Modern AFMs are no longer only used for topographic imaging and elemental
force measurements, but also for manipulating materials and measuring vis-
coelasticity, conductivity, and electric and magnetic forces. In 1987, Mate et
al. [25] used a modified AFM to study frictional properties. Later, this work
would turn out to be the start of atomic-scale friction studies, nowadays called
friction force microscopy (FFM) [11]. In such experiments, the lateral force is
measured as the substrate moves underneath the tip [26]. Here, the frictional
force can be obtained by taking the average of the instantaneous lateral forces.
Typical scanning areas and common tip sizes are in the range of a few to hun-
dreds of nanometres, whereas the scanning velocity is in the order of 1 um/s

[16]. Finally, the precision of measuring forces is at the sub-nanonewton scale
[26].

1.1.5 Stick-Slip Dynamics

One of the observations dur-

. ing the earlier mentioned

FFM experiment by Mate et

a
8
[PN]
»
8

g
& L . .
g, g o] al. |25] was a distinct type of
E: 3 i
g 2 dynamics. They found that
—1-400 —1-400
— as the tip was scanning the
800 T T -800 T
0 1 2 3 0 1 2 3 ]
Support position X [nm] Support position X [nm] gra’phlte SubStra’te’ Sudden’

instantaneous slips of the tip

Fi 1.4: E les of the ch isti
igure xamples of the characteristic occurred. The frequency of
saw-tooth shaped lateral forces for a graphite ) .
these slips was matching the
system, exhibiting stick-slip dynamics. On the

) ) structural periodicity of the
left, the lateral forces are obtained via FFM

25). Duri h
while sliding once back and forth along a sin- substrate [25] uring these

gle line. On the right, similar results are ob- slips, a drop in the lateral
tained via the theoretical 1D PT model. Fig- force was observed. In be-
ure adapted from Ref. [11]. tween the slips, the tip moved
according to the substrate,

and an increase of the lateral force appeared. As a result, these noncontinu-

ous and nonlinear stick-slip dynamics express themselves via a characteristic
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saw-tooth pattern for the lateral forces. As can be seen in Fig. [1.4] the pe-
riodicity of the substrate is easily recognizable [11]. In this figure, half of the
area within the friction loop represents the dissipated energy. It turns out that
the stick-slip dynamics represent an essential channel of energy dissipation for
friction at the nanoscale. One noteworthy observation is that the stick-slip
dynamics are not unique to the nanoscale. They are observed at all length
scales, from earthquakes to creaking doors, and from violins being played to

nanoscale machinery.

1.1.6 The Prandtl-Tomlinson Model

One might wonder, what is the origin of nanoscale stick-slip dynamics? One
way to gain insight into this is the use of numerical applications that use sim-
plified assumptions to simulate complex systems. Several modeling techniques
exist that are closely related to FFM experiments. In the so-called minimalis-
tic models, the tip-substrate system is represented using only a limited number
of degrees of freedom [16]. The best known of these models is the mechan-
ical Prandtl-Tomlinson model (PT)P [28, [29], wherein stick-slip is a natural
outcome [11]. Tts success stems from the fact that it provides a fundamental
explanation of some of the experimental friction results at the nanoscale, de-
spite being a very simplistic model |16]. Both Krylov et al. |11] and Vanossi
et al. [16] provide excellent overviews detailing the PT model, of which a

summary will be given below.

In the 1-dimensional PT model, a point mass m is dragged over a periodic
potential [16] (see Fig. [1.5). The mass is connected to a driver via a spring.
When the driver is moving, the mass indirectly follows because of the spring.
Here, the mass represents the tip, the spring represents the cantilever and
the tip, and the potential represents the interaction between the tip and the
substrate. The spring has a force constant K, and the driver of the spring

moves with a constant velocity v. The interaction potential of the PT model

2In fact the model is more commonly known as the Tomlinson model and refers to a 1929
paper by Tomlinson. However, this paper describes a different kind of model and it was

Prandtl in 1928 who came up with the current model [27].
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consists of two components: i) the elastic interaction between the tip and the
driver, represented by the harmonic potential of the spring, and ii) the static
periodic interaction between the tip and the substrate, often represented by a

sinusoidal function [11]. Consider for example:
K 2
UEHet) = o= o+ U cos (2 ) (15)
a

Here, x is the position of the tip on the static potential, ¢ is the simulation
time, and the sinusoidal function is characterized by an amplitude U, and

the periodicity a |16]. The lateral force can now be obtained by taking the

derivative of this function with respect to the position (F = —9%):
2 2
mi = —K(x — vt) + Uy sin (—Wx) . (1.6)
a a

However, this equation represents a conservative system because of the lack of
a dissipative force, i.e., no energy dissipation occurs, and thus, no friction is

present.

To include friction in the model, a dissipative force is added to Eq. [1.6]
represented by F' = —m~, where 7 represents the damping coefficient [16].

The equation of motion of the point mass now reads:

2 2
mi = —K(z — vt) + Uy T sin (—WI) — myi. (1.7)
a a

Although this dissipation has a physical meaning, it does not represent a spe-
cific channel of dissipation observed in experiments [16]. The frictional force is

now defined as the time average of the lateral forces acting on the point mass

(Eq. [16].

The PT model predicts two types of sliding dynamics, namely smooth
and stick-slip dynamics. The parameter v = 472U,/ K a? can distinguish them,
which is the ratio between the stiffness of the spring and the stiffness of the
substrate-tip interaction potential [16]. Whenever v < 1, the energy well of
the harmonic potential strongly dominates over that of the corrugation of the

sinusoidal function, and UFT

is therefore characterized by one minimum and
the resulting dynamics are smooth. Whereas whenever v > 1, the harmonic

potential and the sinusoidal are of the same order and compete, and thus
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UPT contains several local minima, resulting in stick-slip dynamics; this is
illustrated in the bottom part of Fig. [I.5]

The PT model now pro-
vides a very intuitive way of un-
derstanding stick-slip dynamics.
Consider a point mass residing in
a local energy minimum of the
static potential. In the case of a
very stiff spring (i.e., K — 0),
the point mass will follow the
motion of the driver, irrespective
of the corrugation of the static
potential. This is confirmed by
looking at v, which will vanish as
K approaches co. In other words,
smooth sliding is observed. In
case a soft spring is considered,
the point mass will initially re-
main at rest (the stick phase),

and the spring will stretch as the

(b) sean

(@) —

spring

corrugation 4
NN AN
{ ’
ey —

Figure 1.5: The upper panel (a)
represents a schematic of the Prandtl-
Tomlinson model in 1D. The lower panel
(b) represents a schematic of the poten-
tial interaction surface resulting in stick-
slip dynamics. Figure adapted from Ref.

[16].

driver moves forward. In other

words, potential energy builds up in the spring, a phenomenon also known
as ‘charging’ of the spring. Keep in mind that one can also charge a spring
through compression. As a result, the spring exerts a positive force on the
point mass. When this force exceeds the maximum energy gradient resulting
from the static potential, the point mass starts to accelerate, in accordance
with Eq. [1.6]

minimum. The slip ends once the point mass has reached the next local mini-

This point marks the start of the slip towards the next local

mum, its vibrations have significantly dropped, and is practically at rest again.
From Eq. [1.7] it becomes clear that while the point mass is moving during the
slip, energy dissipation occurs. This process repeats, resulting in the typical

outcome of a lateral force computation using the PT model, as shown in Fig.

T4
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The original PT model does not include a temperature dependence; how-
ever, this can be achieved by adding a random thermal force to Eq. [1.6]
satisfying the fluctuation-dissipation theorem [11, [16]. By including the no-
tion of temperature, thermally assisted barrier crossing becomes possible |16].

Based on the outcomes of thermal PT studies, it is believed that the nanoscale

stick-slip dynamics in FFM experiments are a result of thermal activation [16].
Although the model has provided

-» .9, — . valuable insights into FFM results,
rm(u‘n-nlg‘xvl-l-vanx'xvxu’u-llQ,xnxxxvamUmevxzxn:

AT a word of caution is necessary. The

PT model is fundamental and might
provide incorrect relations, e.g., the
Figure 1.6: Schematic of the velocity appears to be irrelevant to
stick-slip dynamics according to the

Frenkel-Kontorova model in 1D. Fig-
ure adapted from Ref. [30]. definition of v, which has experimen-
tally been proven to be incorrect |11].

Additionally, whereas the PT model exhibits significant overlap with AFM ex-
periments, it fails to describe two sliding solid surfaces [16]. The latter can be
resolved by a relatively simple manipulation, resulting in the so-called Frenkel-
Kontorova (FK) model [16] [30]. Here, instead of having a single point mass,
a chain of N masses (atoms), connected via harmonic springs, are considered
[30], as depicted in Fig. 1.6, For more information on this model, please refer

to Refs. [16] 30].

1.2 Lubricants

In the previous section, the basic concepts of friction were discussed. In this
section, we examine the possibilities of how to reduce friction. In the example
of the rim and the brake pad of the bike, friction was needed to slow down.
However, friction is often an unwanted (and costly) phenomenon [1},31]. The
general idea of reducing friction (and wear) is by introducing an intermediate
medium, a so-called lubricant, within the tribological interface — a concept
dating back at least as far as the Ancient Egyptians [2, |3]. Hieroglyphs were

found, apparently depicting the use of a lubricant to facilitate moving large
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and heavy stones. Later, lubricants such as oils were used to reduce friction in
all sorts of sliding contacts, such as carriage wheels and other more advanced
machinery [3]. More and more, especially in the wake of the industrial rev-
olution throughout Europe and the New World, the importance of effective
lubricants was evident, both in respect to altering the friction properties of
materials themselves and reducing wear. More recently, climate change has
formed an essential motivator for reducing friction, thereby reducing energy

consumption, COy emissions, and the use of materials |1}, |5].

Lubricants are applied in a wide range of interfaces comprising different
types of materials, with metallic ones forming the majority [32]. The idea be-
hind lubricants is simple: reduce or even avoid direct contact between sliding
surfaces that might result in friction and wear. The lubricant itself should
have low adhesion to at least one or both interfaces, promoting easier sliding.
As a result, less energy is required to induce a relative sliding within the sys-
tem. Moreover, the sliding materials themselves will experience reduced wear,
increasing their sustainability. To avoid instant deterioration of a lubricant, it
should be characterized by a long fatigue life, high strength, and stiffness [32].
For ease of implementation, it should also have a relatively low sensitivity to

thermal expansion [32].

Nowadays, water- and oil-based lubricants are referred to as classical wet
lubricants |32, |33]. However, these types of lubricants are no longer able to
meet the increasing demands of the industry. On a global scale, these lubri-
cants have been linked to severe environmental problems [5, |34} [35]. Moreover,
the increasingly extreme operating conditions under which materials are ex-
pected to perform, e.g., contact pressures, high temperatures, and other chal-
lenging conditions, result in problems when using these types of lubricants [32].
Consider as an extreme example a space rocket [36]. On the one hand, there is
an enormous change in temperature between being on Earth and while being
powered by an engine with combustion temperatures of thousands of degrees,
and being in space with temperatures in the cryogenic regime (below -150
°C). On the other hand, there is a change in pressure when leaving Earth’s
atmosphere and entering the vacuum of space. A more common example is

an airplane, where the actual flux in temperature and pressure is lower, but
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the actual change of conditions occurs more frequently. On smaller scales, wet
lubricants also reveal an array of problems. Classically, a particular type of
lubricant delivery system (like a pump) introduces the lubricant to the tribo-
logical contact [5]. This approach, however, is not always feasible, for example
in nano/micro electromechanical systems (NEMS/MEMS), a class of small de-
vices that allow positioning at an atomic scale [5, 31, |37, 38]. Studies have
also shown that liquids can change their behavior and properties, e.g., their

viscosity, when they are confined to small scales [31].

1.2.1 Solid Lubricants

At the beginning of this chapter, so-called solid lubricants were briefly intro-
duced, with MoS, being one of the first to be studied by Bell and Findlay in
1941 [39]. When applied as lubricating coatings, solid lubricants can circum-
vent the problems experienced by the wet lubricants described above. Based
on their properties, different types of solid lubricants can be distinguished. In
the works presented here, we focus on ‘soft’ solid lubricants, characterized by

a hardness below 10 GPa and a characteristic layered atomic structure, such
as graphite and TMDs [32, |40, |41].

There are several reasons why both the industry and the scientific com-
munity have a deep interest in solid lubricants. First of all, solid lubricants
have been related to a significant reduction of friction, with COFs ranging
between 0.05-0.2 [31, 32, 33, 40]. Secondly, solid lubricants are less prone
to degrade under extreme working conditions [40]. Thirdly, it is sometimes
desired that the lubricant remains in a specific place, rather than having a
natural flow throughout the interface. Finally, when using solid lubricants in-
stead of wet ones, there is a potential weight reduction, since one no longer
needs specific mechanical machinery, such as pumps, to deliver the lubricant
[5].

However, there are also several reasons why a large-scale industrial im-
plementation is still lacking. First of all, solid lubricants are generally not sus-

tainable because they have low wear resistance [5]; whenever they are found to
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have high wear resistance, their frictional properties have weakened, especially
when operating under an extensive range of temperatures [40]. Moreover, it
has been shown that solid lubricants are very sensitive to environmental con-
ditions [5, 132, |42} 43]. For example, at the macroscale, MoSs is found to have
increased COF's in the presence of humidity, whereas graphite requires humid-
ity to achieve low COFs [5, |44} 45, 46]. Finally, replenishing a solid lubricant
is difficult [40].

From the above, it becomes clear that when we are looking for an excel-
lent soft solid lubricant when used as a lubricating coating, it should have high
wear resistance, be insensitive to environmental conditions, and must be easily
applied and replenished [5]. Next, we will discuss TMDs in greater detail, with

the main focus on MoS,, alongside graphite and graphene.

1.2.2 Transition Metal Dichalcogenides

An overview of TMDs can be found in Refs. [6] 47, 48, 49, 50], parts of
which will be summarized below. Firstly, we will have a closer look at the
general structure of TMDs, after which we will discuss some of the lubricating
properties of MoS,;. Most of the properties of MoS, that are discussed here

are similar to other TMDs.

TMDs consist of transition metals (M) and chalcogens (X) with a molec-
ular formula MX, [46] 48, [51]. As shown in Fig. [L.7} the metal comes from
groups 4-10 in the periodic table, and the chalcogen is either S, Se, or Te. In
1923, the general crystal structure of MoS,; was determined via X-ray spectral
photographs, which was then extrapolated to other TMD family members [52].
This shows the great structural similarity between different TMDs. Although
most TMDs have a naturally occurring lamellar structure, groups 8-10 form an
exception by being mainly bulk materials and are not considered here [47, |48].
For layered TMDs, the intralayer atoms are held together by strong covalent
bonds. Here, a three-fold symmetry is present where the metal is sandwiched
in between the chalcogens. Depending on the specific type of TMD, the most

common metal coordination is either octahedral (1T) or trigonal prismatic
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(2H), as shown in Fig. 6, 48, [49]. This distinction is based on the posi-
tions of the chalcogens, which can either be in an AbA configuration or in an
AbC configuration, where the capital letters represent the chalcogens and the
lower case represents the metal. The resulting in-plane lattice constant a, i.e.,
the periodicity of the in-plane symmetry, ranges from 3.15 to 4.03 A .

A
B
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b v Vv O Transition metal @) Chalcogen
M1 M
. g([:)w FDW
LA VI X CJ2H [T
M |
eV sC dis dis Distorted
! Cow ! <« | M Metallc
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Figure 1.7: Overview on TMDs. In panel (a), two different types of intralayer
metal coordination are displayed, on the left trigonal prismatic and on the right
octahedral. In panel (b), the metals that form lamellar TMDs are displayed,
along with some of the electronic properties. Figure adapted from Ref. .

The layers, held together by weak electrostatic and van der Waals interac-
tions, have a thickness of about 6-7 A . Apart from the intralayer structural

configuration, TMDs are characterized by interlayer stacking configurations,
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which can be either trigonal (1T), hexagonal (2H), or rhombohedral (3R) [47,
49, 50]. Here, the number reflects the number of layers required to obtain the
stacking. The 1T stacking consists of monolayers with an octahedral metal co-
ordination stacked above each other, resulting in an AbC-AbC configuration
and a unit cell of three atoms. The 2H stacking consists of monolayers that are
rotated by 180° relative to one another. The resulting configuration is most
commonly AbA-CbC (2H,) or AbA-BaB (2H.), and the unit cell consists of
six atoms. Finally, the 3R stacking is organized in an AbA-CaC-BcB fashion
and the unit cell consists of nine atoms. Depending on the type of TMD and
its structure, it can be either metallic, insulating, or anything in between [47,
49]. Due to the wide variety of combinations of metals and chalcogens and the
possible structural configurations, TMDs are characterized by a wide range of

thermal, chemical, electrical, and mechanical properties [6] 47].

Within the TMD family, MoSs can be considered prototypical and is a
commonly used solid lubricant at the macroscale, where it is usually sputtered
onto the substrate of interest 53], 54]. The choice of MoS, is partially related
to the fact that it is abundant in nature [47]. The most energetically favorable
stacking of MoS, is 2H,, which belongs to the P63/mmec space group, and will
be the main focus of the works presented here [47,[54]. So far, this introduction
has not yet explained the excellent lubricating properties of MoSy and solid

lubricants, which we will now turn our attention to.

The tribological properties of solid lubricants have been related to their
layered structure [51, 54]. In 1928, Bragg et al. [55] studied the lubricat-
ing behavior of graphite, which will be discussed in the next section. They
explained this characteristic behavior by considering the combined structure,
composed of strong intralayer covalent bonds with relatively weak interlayer
van der Waals interactions, facilitating easy sliding. As was stated above,
whereas strong intralayer covalent bonds hold the individual layers together,
weak electrostatic and van der Waals interactions maintain the layered struc-
ture. It is this unique structural feature that allows easy shearing between the
layers [561, |57].

Next, a brief overview will be given on some general factors that underpin
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the frictional behavior of MoSs, such as the effect of thickness, orientation,
humidity, temperature, and sliding velocity. The frictional properties of MoS,
have been related to the number of layers present in the structure, and it was
shown that the friction decreases for an increasing number of layers [58]. This
observation was related to an out-of-plane deformation present in single or
few-layered systems. MoS, is also characterized by an anisotropic behavior
of the friction when considering a relative rotational mismatch between the
layers, i.e., by changing the mismatch, different frictional behavior is observed
[57,59]. This structural argument can lead to the so-called superlubric regime,
which is explained in more detail later. Although MoSs; was found to be
somewhat hydrophobic, humidity has been related to a significant deterioration
of the frictional properties and increased wear of MoSy 43| 45, 46, |54 60,
61, 62, 63]. The actual mechanism for this observation has been strongly
debated and, in fact, forms the starting point of one of the works presented
here (Chap. . On the other hand, MoS, is less sensitive to temperatures,
remaining a functional lubricant up to approximately 350 °C [64]. Finally,
Acikgoz and Baykara used AFM to show a relation between the sliding velocity
and friction both for monolayer and bulk MoS, [65]. With increasing sliding
velocity, the friction increased logarithmically. This ends our brief overview
on MoS,; further frictional characteristics are discussed in Chaps. [3] and [f

1.2.3 Graphite and Graphene

An extensive review of graphite is given in Ref. [66], parts of which will be
summarized below. Graphite is a lamellar material belonging to the P63/mmc
space group and is made solely of carbon atoms, in which the monolayers have
a hexagonal symmetry. The layers are stacked in an AB fashion. For every
hexagon of one layer, a carbon atom from the neighboring layer is located in
the center of the hexagon within the xy-plane. Whereas the atoms within a
layer are covalently bonded with a bond length of ~ 1.42 A, van der Waals and
electrostatic interactions keep the layers together at a distance of ~ 3.35 A 66,
67, 68]. The unit cell of graphite contains four carbon atoms with a planar

and perpendicular lattice constant of a ~ 2.46 A and ¢ ~ 6.71 A, respectively
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[66, 67, 68]. Finally, graphite is a zero bandgap semi-metal and conducts
both electricity and thermal heat due to the aromatic rings [66]. A structural

overview of graphite can be found in Fig. [L.8

As stated above, the lubricat-
ing behavior of graphite has been \
known for a long time [55]. In fact,
it is because of this lubricating be-
havior that we are able to write with
graphite-based pencils. As previ-

ously mentioned, at the macroscale,

this easy sliding has been proven to

benefit from humidity [5, 32]. One

explanation for this observation is

the enhanced easy shearing between

graphite sheets as a result of interca-  Figure 1.8: Schematic of the crys-

lated water molecules [5]. However, tal structure of bilayer graphite with

an AB stacking. Figure adapted from
Ref. [66]

at the nanoscale, the dependence of
friction on humidity is more complex.
Hasz et al. [69] performed AFM ex-
periments and found that the friction behavior of graphite has a non-monotonic
dependency on humidity. For lower humidities, friction was found to increase
with the number of water molecules absorbed. This was related to a pinning
behavior of the water in the sliding interface affecting the easy shearing. At
high humidities, the friction was found to decrease with the number of water
molecules. Here, the water molecules formed a thin layer, thereby increasing
the tip-sample distance. Moreover, the hydrogen bonds between the water
molecules prevented the water from pinning. The discrepancy between the
results at the macroscale and nanoscale has been explained by the fact that
at the macroscale graphite exploits the humidity to neutralize dangling bonds
[32], whereas at the nanoscale bond breaking/formation and wear were absent
[69].

In 2004, Novoselov et al. [70] managed for the first time to obtain a stable

monolayer of graphite by using a ‘Scotch tape’ method; and so the graphene
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era began. Graphene belongs to the class of so-called two-dimensional (2D)
materials, which are characterized by their super-thin (one or a few atoms
thick) nature [5]. Similar to graphite, it can, in principle, be considered as
one big layer of connected aromatic rings, missing the typical hydrogen atoms.
One might wonder why this discovery earned them a Nobel prize. As it turns
out, when changing from bulk to monolayer thickness, the properties of many
materials change significantly, such as high optical absorption (far beyond
infrared), extreme mechanical strength, and electrical conductivity (several
orders higher than typical polymers or bulk materials) 5], 33, 47, [71} |72} |73].

As is the case for MoS,, the basal planes of both graphite and graphene
are relatively chemically inert, even in the presence of defects [5, 43, 71]. How-
ever, when considering finite flakes, it is found that the edges of graphene are
less stable than those of MoS, and therefore exhibit a greater reactivity with
e.g. water [43|. In contrast to MoSs where the zig-zag edge termination is
most thermodynamically stable, the arm-chair edge termination is more sta-
ble for graphene [43, 71]. In general, graphene is not soluble in water due
to its hydrophobic nature, which prevents oxidation and corrosion in ambient
conditions [5|, 43, 71]. Finally, in contrast to graphite, Berman et al. [5] found
that the frictional properties of graphene are independent of relative humidity.

This observation was confirmed by others [33].

1.2.4 Van der Waals Heterostructures

By now, the reader should have an idea of the potential and problems of solid
lubricants when used as lubricating coatings. Since the fruitful attempt to
isolate a single layer of graphite in 2004, many other 2D materials have been
extracted from their bulk. As with graphene, the properties of other 2D ma-
terials revealed significant discrepancies from their bulk counterparts |72, [73].
The next step was made in 2011 by Ponomarenko et al. [74], who mixed and
matched for the first time successfully different types of 2D materials to create
stable novel types of so-called van der Waals heterostructures. A schematic of
the principle of such heterostructures is displayed in Fig. [1.90 The combina-

tion of different layers, stacked together by van der Waals interactions, allows
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Figure 1.9: Schematic example of the stacking approach of 2D monolayers,
used as building stones, resulting into a heterostructure, as if being Lego®
blocks. Figure adapted from Ref. .

for another level of precision in tuning the characteristics of a material, such
as its mechanical and electronic properties [72, [75, 76} [77, [78]. More recently,
the intrinsic mismatch angles between individual layers in heterostructures
have been explored to further extend the tunability of the properties 80].
Promising results were shown in relation to controlling the electrical conduc-
tivity and band gaps. Despite the exciting physics that might be achieved by
exploiting the stacking degree of freedom in heterostructures, a proper analy-
sis of the actual energetical stability of these structures is often missing. This
aspect will be further discussed in one of the works presented here, namely
Chap. [4 More in line with the main topic of this thesis, others have also con-
sidered van der Waals heterostructures in frictional studies 60}, [81). Since
every 2D material has its own unique in-plane lattice parameter (although they
might sometimes be similar to others), the combination of two or more unique
monolayers can create a friction regime in which the COF becomes extremely

small, so-called superlubricity [77], a concept that will be explained next.
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1.3 Swuperlubricity

In the section discussing the PT model, we saw that the characteristic stick-slip
dynamics are mainly the result of the corrugation of the underlying static (and
periodic) interaction profile in combination with a ‘soft enough’ spring. We
also discussed another type of dynamics, namely smooth dynamics for the case
where either the corrugation of the potential flattens out or the spring becomes
infinitely stiff. According to the PT model, the latter automatically implies
vanishing of frictional forces. Using the AC law, a dimensionless parameter was
defined to quantify friction, p. To give an idea, rubbing two pieces of ‘smooth’
wood against each other will result in a COF of 0.2 or larger, whereas for two
metal surfaces, the COF is 1.0 or larger [76]. For bulk solid lubricants, we saw
that the COFs could be in the order of 1.0 x 1072 [33]. A question that might
arise is ‘how low can we go’? A more scientific formulation would be: ‘how

can we decrease the energy dissipation due to sliding as much as possible’?

In 1983, Peyrard and Aubry [82] discussed the possibility of a state in
which the COF would vanish for crystalline systems [31], based on the 1D FK
model. A little under ten years later, in 1990, Sokoloff continued discussing
the possibility of a vanishing COF [83]. However, mainly because the model
was one-dimensional and the actual term ‘superlubricity’ was not mentioned,
it are the works of Hirano and Shinjo between 1991 and 1993 [84, 85, [86] that

is most often referred to as the start of research on superlubricity [76].

The work of Hirano and Shinjo was purely theoretical, and the idea was
to look at friction from the nanoscale instead of the macroscale (as a result
of surface roughness), and thus, to study interatomic interactions. As stated
before, in the PT model and during FFM experiments, the frictional force is
defined as the time average of the lateral forces experienced during sliding.
The lateral forces result from interatomic interactions between the sliding sur-
faces, i.e., electrostatic and van der Waals interactions [76]. According to the
model of Hirano and Shinjo, to achieve vanishing frictional forces and thus
friction, the sliding surfaces should be: i) weakly interacting (e.g., based on

non-covalent interactions), ii) atomically flat and clean, and iii) contain a rela-
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tive misfit angle between the orientation of the two surfaces, yielding so-called
incommensurability [84, 87]. As will become apparent, it is the incom-
mensurability that is related to obtaining a substrate-substrate interaction
potential that can be considered corrugation-free, resulting in smooth sliding

and the superlubric regime.

In the years after, other conditions for achieving superlubricity were de-
scribed , hence why we now refer to this specific phenomenon as structural
superlubricity. For a more extensive overview, the reader is directed to Refs.
, . An overview of the timeline of the discovery of superlubricity can be
found in Fig. In general, superlubricity is defined by COFs lower than
0.01 87], whereas some define the regime when the COFs are below 0.001
, . One might wonder why superlubricity is defined by a finite number.
It has been found that friction never completely vanishes, i.e., certain channels

of energy dissipation will always remain present .

Nanoscale

Heterojunctions

Microscale Facing the future ...

1983-1991

Figure 1.10: Schematic timeline on the scientific progress on superlubricity.
1983, first theoretical prediction of vanishing coefficent of friction . 1991, the
term superlubricity was defined [86]. 2004, the first experimental verification of
superlubricity at the nanoscale . 2012, the first experimental verification of
superlubricity at the microscale . 2013, the first theoretical prediction of
superlubricity in heterostructures . 2015, observation of macroscale superlu-

bricity for multi-material, multi-contact systems . Figure adapted from Ref.

5.
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1.3.1 Structural Superlubricity

The idea behind structural superlubricity is to achieve vanishing frictional
forces due to the relative orientation between the sliding surfaces. The origi-
nal model of Hirano et al. |84} [85] considered ultra-high vacuum and therefore
automatically excluded any chemical contribution from surrounding molecules
to the frictional forces. Moreover, the model neglects any temperature depen-
dence. That being said, temperature directly affects atomic vibrations, which
might have some influence on the friction, and therefore it can be assumed
that it is better to avoid high temperatures |76]. Structural superlubricity is
considered among the most promising ways to achieve low COFs because it is
imparted to the material through structural manipulation alone. As we will see
next, it considers a conceptually simple manipulation of the contact surfaces

themselves, rather than requiring a specially formulated lubricant [87].

Consider a bilayer system of two atomically flat periodic crystal layers
(e.g., bilayer graphene or MoS,), devoid of any contaminants. There exists a
potential energy resulting from interlayer interactions. When one of the lay-
ers is translated relative to the other, the energy of the system changes. If
one now performs a complete mapping of the relative positions of the layers
based on their in-plane symmetry, a static periodic potential energy surface
with a system-specific corrugation is obtained, the so-called PES [76]. The
corrugation of the PES stems from the electrostatic and van der Waals inter-
layer interactions that result in preferential atomic positions when orientating
one surface atop another. Consider, as a conceptual example, two egg cartons.
Both cartons have a periodic shape in their plane (representing the basal plane
of our layered materials). Next, consider that the cartons are stacked one on
top of the other. The characteristic shape will result in relative orientations
that are more favorable, where the shape of both cartons exactly coincides
when stacked, representing minimum energy configurations, and relative ori-
entations where the cartons do not coincide, i.e., the maximum energy config-
urations. This way, both cartons can be used to represent a PES between two

layers of material.

The left panel (a) in Fig. is a schematic of two identical, aligned
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structures positioned above each other in a minimum energy configuration.
This specific contact between the two layers, where the bottom and top lay-
ers are identical and aligned, represents a commensurate structure. As one
might expect, this configuration is very stable, with relatively high resistance
to sliding. This resistance is the result of energy barriers arising from the
atomic interlayer interactions. In this case, all barriers have to be overcome
simultaneously to allow sliding, causing high frictional forces. This is a natural
outcome when considering the egg carton analogy. Consider the cartons when
‘positioned’ in a minimum energy commensurate configuration. The ‘sliding’

of the upper carton is now practically unfeasible.

VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV

Figure 1.11: Schematic representation of different ways to position periodic
surfaces above each other. (a) Homogeneous minimum energy configuration,
resulting in a high frictional regime. (b) Homogeneous, incommensurate struc-
ture, achieved by means of introducing a relative, orientational, mismatch angle
between the layers, resulting in a low frictional regime. (c) Aligned heterostruc-
ture, where both surfaces have the same symmetry but have a different lattice

constant, resulting in a low frictional regime. Figure adapted from Ref. .

What happens if one of the surfaces is rotated with respect to the other
so that the global symmetry of the system is lost? A so-called rotational
imcommensurate contact is now obtained, where there is a mismatch angle
between the relative orientation of the layers, as depicted in the middle panel
(b) of Fig. For rotational incommensurate structures that are infinite,
there will always be an atom of the top layer located at a local minimum of
the PES, for which there is another atom in the top layer positioned at a local
maximum of the PES. As a result, any negative contribution to the lateral force
will be compensated by a positive contribution to the lateral force, resulting

in a net cancellation of the lateral (frictional) forces. From the above, it
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becomes clear that breaking the structural (rotational) symmetry is of utmost
importance in achieving superlubricity. Whenever this is not the case, the
net frictional force resulting from the interlayer interactions will remain finite.
For example, one should not rotate according to the rotational symmetry,
i.e., 90° for a square symmetry or 60° for a hexagonal symmetry, because
this will result in another commensurate structure rather than breaking the
symmetry. This can once more be shown by considering the egg cartons.
Whenever the cartons are relatively rotated, their shapes will no longer coincide
and thus ‘sliding’ becomes feasible. Rotating one of the two layers is not
the only way to achieve contact incommensurability and thus a cancellation
of frictional forces. If one, for example, considers a heterostructure of two
different materials, each with the same symmetry but with a different in-
plane lattice constant (representing the length of periodicity), one obtains a
structural incommensurate contact. Here, the same effect can be achieved as
is the case for rotational incommensurability, as shown in the right panel (c)
of Fig. . In conclusion, when a system is incommensurate (rotational or
structural or both), a net cancellation of friction forces results with a COF

approaching zero, which is the common pathway to achieve superlubricity.

The concept described above is purely theoretical and required exper-
imental verification. The main difficulty here is four-fold: i) it is incredi-
bly difficult to control the exact orientation between layers at the nanoscale
experimentally, ii) an apparatus capable of measuring very low COFs is re-
quired, iii) the surfaces should be atomically flat, and iv) to achieve molec-
ular cleanliness, the experiments should be performed in ultra-high vacuum
[76, 87]. To this end, Hirano et al. provided experimental proof of a depen-
dence between the relative orientation and the COF [85]. Unfortunately, due
to the reasons explained before, they could not measure a significant enough
vanishing of frictional forces [76]. Another effort by Martin et al., also in
1993, was successful, and they measured for the first time the superlubricity
of MoS, at the macroscale and in ultra-high vacuum [57]. Furthermore, us-
ing transmission electron microscope images, they were able to confirm the
origin of the observed vanishing of frictional forces, namely, a relative mis-
fit angle between the layers [57, [76]. A more compelling experimental proof

was given in 2004 by Dienwiebel et al. [77]. They used atomic force mi-
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croscopy (AFM) to study the superlubricity of graphite. Their experiment,
performed in high vacuum, measured the friction between a graphite substrate
and a graphite-covered tip. By measuring a rotational range of 60°, in cor-
respondence with the hexagonal symmetry of graphene, it allowed them to
pinpoint the effect of commensurability on friction. For commensurate ori-
entations, with angles around 0° and 60°, they found high frictional forces,

whereas for all incommensurate structures, frictional forces were several or-
ders of magnitude lower [77]. Their findings are summarized in Fig. [1.12]

400 —— T
Due to the complexity of 350 [ A
studying structural lubricity ex- 300:— % 1
. . — 250+
perimentally, relatively few ob- Z ool
servations have been reported, § 450[
© L
such as those by Liu et al. at & 100t
Tsinghua University, in 2012 [88]. S0 —% P
0
They studied graphite and found 20 0 20
ultralow friction for incommensu- Rotation angle @ [degrees]

rate structures. And in 2013 by
Feng et al. [91], at the University
of Berkeley, who studied the slid-

Figure 1.12: Effect of the commensura-
bility of graphite structures on the fric-

tional forces. Figure adapted from Ref.
ing of graphene flakes on top of 7.

graphene. They found that dur-

ing sliding the flakes orient in an

incommensurate fashion. More recently, in 2017, Li et al. at Peking University
[56] reported on the superlubricity of monolayers of MoSy. Their novel exper-
imental approach allowed them to measure the friction between monolayers
and they found a correlation between the superlubricity and incommensura-
bility of the bilayer systems. Finally, Liu et al. at Tsinghua University [92]
studied graphene-graphene and graphene-boron nitride structures and found
superlubric regimes, even for humid conditions, which was attributed to the
incommensurate character of the structures. Although promising, the concept
of structural superlubricity does not always apply. Consider, for example,
pristine crystalline diamond surfaces. Here, one could also create an incom-

mensurate structure. However, as it turns out, the surfaces are not weakly
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interacting due to the unbounded surface electrons [76]. This once more shows

the relevance of meeting all criteria outlined in the model by Hirano and Shinjo

84, [85).

1.4 Aims & Outline

In this thesis, the tribological behavior of solid lubricants is investigated by
employing computational modeling. The main goal of this thesis is to obtain
new insights into the fundamental understanding of the frictional properties
of MoS, at the nanoscale. This is done by investigating the intrinsic frictional
aspects of MoSs, for example, by studying frictional anisotropy and considering
the effect of external conditions such as water contamination. Our choice of
prototypical materials enables us to make more broad remarks on the frictional
behavior of solid lubricants in general and provide new understandings of their
applications. This way, the results of this thesis will actively contribute to
making the next step towards large-scale industrial implementation of solid

lubricants feasible.

This thesis has received funding from the European MSCA-ITN funding
scheme within the Union’s Horizon2020 research and innovation program under
grant agreement No. 721642: SOLUTION. The goal of SOLUTION is to

contribute to large-scale industrial implementation of solid lubricants by:

e Proving the validity of using simulation techniques in the field of solid

lubricants,

e Using multi-scale simulation techniques, validated experimentally when
possible, for the development of current and new solid lubricants with

enhanced properties,
e Familiarizing a new generation of scientists with a cross-disciplinary at-

titude.

The remainder of this thesis is organized as follows. The second chapter

(Chap. [2)) briefly presents an overview of the type of modeling techniques that
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have been used in the works presented here. In the third chapter (Chap. ,
the superlubric behavior of a commensurate bilayer of MoS, is studied and
thereby the conditions set by the model of Shinjo and Hirano are challenged.
In the fourth chapter (Chap. , the rotational energetic behavior of a bilayer
heterostructure of MoSy and graphene is studied and our findings are used
to rationalize experimental results and extend the understanding of epitaxy
theory. In the fifth chapter (Chap. , the effects of water contamination on
the frictional properties of MoS, are studied, and the results reveal a peculiar
behavior of water, which was found to act either as a lubricant or contaminant.
In the sixth chapter (Chap. @, a contribution is made to a mainly experimental
study on MoS, and diamond, clarifying our understanding of the observed
orientational stacking of MoS, atop diamond. And finally, in the last chapter

(Chap. [7)), we present the main conclusions of this thesis.
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Computational
Methods

In Chap. [I, minimalistic models were discussed in terms of the PT model.
PT considers a reduced number of degrees of freedom and aims to describe
frictional dynamics, of which stick-slip is one of the most important features.
Although these techniques contribute to a qualitative understanding of friction,
they fail to describe more subtle features closely related to atomistic behavior
[16]. To circumvent this problem, one can resort to atomistic models, also
called in silico methodologies. Two main branches are distinguished, quantum
mechanics (QM) calculations and molecular mechanics (MM) simulations. In
QM calculations, the energy and/or momentum of a configuration of a system
is calculated by specifically taking into account the wave-particle duality and
the quantized behavior of atoms and their electrons. In MM, the time evo-

lution of a system is modeled by calculating the forces that (charged) atoms
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exert on each other according to classical Newtonian mechanics. The type of
method used depends on the physical phenomena that are being studied and

the computational resources available.

In QM calculations, the interactions and properties of the system are
calculated on the fly, without any significant assumptions about the specific
interaction, e.g., which atoms are bonded to each other and what the partial
atomic charges are. However, assumptions are made about electron behavior,
and the atomic interactions that arise from this. As a result, QM calcula-
tions allow insights into the electronic structure of the system, i.e., electronic
phenomena. That being said, QM calculations are characterized by their high
computational cost and are therefore limited to system sizes of less than 1,000
atoms and short (roughly picosecond) timescales. The outcomes of pure QM
methods are static (time-independent), which means time-dependent features
are not accessible. In the case of friction, which is mainly a dynamical re-
sponse, time-dependent features are relevant. This can be addressed by con-
sidering time-dependent methods that use QM methods as an integral part
(e.g., QM/MM methods, time-dependent Density Functional Theory, and ab
initio molecular dynamics). However, their computational cost remains a prob-
lem. Another approach is to resort to more simplified methods, such as pure
MM. Among other properties, the main idea of this method is to simulate
the time-dependent conformational landscape and the corresponding potential
energies. The computational costs are much lower due to the use of so-called
force fields, which are discussed in Sec. [2.2.1] allowing for systems up to a
few million atoms. However, the electronic description is no longer taken into
account, and no conclusions can be drawn regarding the electronic behavior.
A variety of techniques exist that implement the principles of the methods
described above. In this chapter, the techniques used for the projects in this
work are briefly introduced. These techniques are density functional theory for

QM and classical molecular dynamics for MM.
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2.1 Quantum Mechanics

Among other properties, QM calculations are used to investigate the stabil-
ity of structures, charge distributions, and potential energy surfaces. In QM,
atoms and molecules, including their electrons, are represented by the wave-
function (WF), ¥ [93]. The WF contains all information about the system
and thus fully describes it but has no physical meaning [93]. According to
the Born interpretation, the squared modulus of the WF, |¥|?, does have a
physical meaning and gives the probability density of finding the system in
a particular state. In theory, the WF can be represented by a mathematical
description that has an analytical form. However, only rarely the exact ex-
pression is known, and therefore, an expansion of functions is used, a so-called
basis set. A basis set is a collection of ‘simple’ functions whose combinations

make up the complex description of a full WF [93].

The partial differential time-dependent Schrodinger equation gives the
equation of motion for the WF. In the case of an energy-wise conservative
system, this function can be simplified and rewritten in a space- and time-
dependent part, where the former is given by the time-independent, second-

order differential Schrédinger equation (ti-SE):
HU = E, (2.1)

which is an eigenvalue equation, where H is the Hamiltonian operator, ¥ the
WF acting as the eigenstate, and E the energy acting as the eigenvalue [93].
The Hamiltonian operator function corresponds to the total energy (kinetic
energy, T, and potential energy, V') of the system [93]. As an example, for a

system of N electrons and M nuclei, the total Hamiltonian H is given by:

N M N N
- 1h 1h 1 e? 1
— ___v2 E ___v? § §
—~ 2m; ' ‘= 2 3 24mey £ 4~ |ri — 7|
12 oL 72y 1 ¢ Sk 7
1 1 2.2
+247TEOZZ|Tj—Tj/| 247TEOZZ|'I‘,—TJ| (22)
j=1j'=1 i=1 j=1

— Lelec + Tnuclei + ‘/elec + Vnuclei + ‘/;lec—nuclei

Here, A is the reduced Planck’s constant, r is the position of the particles, m
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is the mass of the particle, e is the elementary charge, ¢, is the vacuum per-
mittivity, and Z is the atomic number of the corresponding nucleus. The main
goal is now to obtain values for the energy, which is achieved by solving the
ti-SE, i.e., by letting the Hamiltonian ‘operate’ on the WF. The solution gives
the quantized energy levels of the system. The ground-state WF (eigenstate

Uy) corresponds to the ground-state energy (eigenvalue Ej).

The simplest molecule, Hy , comprises three particles, yet its ti-SE cannot
be solved analytically [93]. To overcome this limitation, the Born-Oppenheimer
approximation can be applied to the Hamiltonian. This approximation con-
siders the significant relative difference in mass, and thus velocity, between
electrons and nuclei, resulting in a timescale separation. As a result, the nu-
clei can be considered frozen, i.e., Thuae 18 set to zero and Vuqei becomes
a constant, which can be considered parametrically. The Hamiltonian now

becomes the electronic Hamiltonian and the electronic ti-SE reads:
Helecqjelec - Eeleclpelem (23)

which can be written as,

N
1 2,
(v E 3 e~ 332 ) e =
=1 =1 i'=1 i=1 j=1
(2.4)
where the Hartree atomic unit system was applied [94]. The eigenvalue of this

equation gives the electronic energy contribution to the total energy of the

system in a field of fixed nuclei [93].

2.1.1 Density Functional Theory

To solve the ti-SE for more complex systems, several techniques exist. In the
following, we will discuss the semi-empirical density functional theory (DFT)
method. The main problem with the ti-SE, and more specifically the many-
electron WF, is the large degrees of freedom of the systems ‘at least three per
electron’ resulting in an exponential scaling of the computational time. To
circumvent this problem, the idea of DF'T is to focus on the electron density

p(r). This results in a simplified Hamiltonian, which only depends on three
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degrees of freedom [93] 95]. Although the formalism itself is exact, certain
experimental-based parameters and approximations are still used to obtain a

final result.

The principles of DFT are founded upon two theorems by Hohenberg-
Kohn (HK) [96]. Also known as the existence theorem, the first HK theorem
states that [93} |96]:

‘The ground-state energy and all other ground-state electronic properties are

uniquely determined by the electron density’:

Ey = Elpo(r)]- (2.5)

Here, Ejy is the ground-state energy, p is the electron density, and 7 is the
position in 3D space. The expectation value of the electronic Hamiltonian is

electronic energy, and we can therefore write [93]:

Elp(r)] = Teaec[p(r)] + Vaiee[p()] + Vetec-nuctei [2(7)]

(2.6)
= EHK + /p('r‘)v:elec—nuclei(r)d'r-

Here, Fyk is the HK-functional. This functional is universal for every sys-
tem and includes the kinetic energy of the electrons and the electron-electron
repulsion in the ground-state [93]. The integral is system-dependent and is
based on the external potential resulting from fixed nuclei, external fields, etc.
Known also as the variational formulation, the second HK theorem states that
[93, 96]:

‘For a trial density function p'(r), the energy functional Eq[p'(r)] cannot be

less than the true ground-state energy of the molecule’:

it p'(r) # po(r);  then  E[p'(r)] > Elpo(r)]. (2.7)

One of the problems of the HK theorem is the electron-electron interac-
tion, which is a two-body term. Also, the kinetic energy is problematic because

there is no analytic form for it in terms of p(r). In 1965, Kohn and Sham [97]
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developed an approach based on non-interacting electrons and a correction
term [93]:

Elp(r)lks = Taee ™ [p(r)] + Viiee™ [p(r)] + Veteenuetai[p(r)] + E*[p(r)]. (2.8)

Here, T3°"(p) is the non-interacting electronic kinetic energy, VIorint(p) is
the mean-field replacement of the Coulombic repulsion, and E*¢(p) is the so-
called exchange-correlation energy, representing the total correction for the
assumptions made. In other words, the system of independent electrons is
now embedded into two external fields, one representing the external poten-
tial resulting from the nuclei, etc., and one representing the electron-electron

Interaction correction.

When the formalism ascribed above is applied, a set of coupled equations
can be derived, each representing a single electron, which are referred to as
‘orbitals’ [93]. Next, the ti-SE can be rewritten into the Kohn-Sham (KS)
equations [93]:

FISSpKS — ([KSKS (2.9)

Here, 9%5 is the one-electron KS orbital and €5 is the one-electron KS energy.
Upon solving the KS equations self-consistently, where an initial guess density
is used to obtain a new optimized density, the energy functional is minimized
[93]. This procedure is repeated until convergence is reached. Once the ‘most
ideal” electron density is found, with the lowest corresponding electron energy,
the forces on the nuclei can be determined. Finally, several algorithms exist
to update the positions of the nuclei until the minimum energy (or force)

configuration is found.

One of the reasons DFT can be considered semi-empirical is because of
pseudopotentials [93]. While the core electrons of an atom are barely affected
by the environment, the valence electrons of an atom may be regarded as
‘more important’ as they are largely responsible for bonding interactions and
physical properties. Pseudopotentials are (simplified) potential functions that
represent the interaction between valence electrons with the combined nucleus
plus core electrons. They reduce the number of terms required for the plane

wave expansion of the wavefunction, thereby reducing the computational cost
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of the calculations. Another reason is that the exchange-correlation functional

is not known exactly and is approximated by using ‘physical intuition’.

2.2 Molecular Mechanics

Whereas QM provides an accurate description of the system based on quantum
effects, MM employs a more simplified approach based on classical mechanics.
Each atom in the system is considered a point-like (possibly charged) object.
All atoms in the system experience different types of forces due to the interac-
tion with other particles and external fields if present. In practice, the different
types of interactions are represented by a functional description and a set of
parameters, which are combined to produce the force field. Generically, the
total energy (kinetic energy, T, plus potential energy, V') of a system of N

particles can be expressed as:

Eiot(r1,...,rn) = Tiot (71, ..o, *N) + Vit (71, ..o, TN)

N 1 N N

1<j
N
+ Z %(Tia'r‘jvrk) + ...+ V:axt(rla '-'7TN)'
1<j<k

Here, V4 is the intrinsic potential energy, Vi is the pair-wise interaction, V5
is the many-body interaction, and V. is the interaction with an external
potential. The dots represent possible higher-body interaction terms. One

should keep in mind that more elaborate descriptions of total energy exist.

2.2.1 Force Fields

In this section, the basic ideas behind a force field (FF) will be explained in
terms of the valence force field (VFF). Then the FFs (also known as empirical
potentials) used in this thesis will be briefly explained. As stated before, a
FF describes the interactions between atoms based on a functional form with

a system-specific set of parameters. From the FF, the potential energy of the
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system can be calculated. The actual values of the parameters can be obtained
via fitting based on either experimental data or DFT results. Put simply, we
can distinguish two types of interactions between any two atoms in a system;
i) strong bonded, covalent interactions, ii) weak non-bonded, van der Waals
or electrostatic interactions [93, [98]. The idea is now to find a mathemati-
cal expression that can give a physical meaning to the interactions present.
An example will be given that is loosely based on one of the simplest poten-
tials available, the VFF [99], which was developed in 1975. In the most basic
approximation, a covalent bond consists of two main components: i) bond
stretching, ii) bond bending [98| [100]. The energy of two bonded atoms as a
function of their distance can be expanded in a Taylor series based on virtual
displacements. Near the energy minimum, the expansion can be truncated at
the second order without a too high error, resulting in a harmonic potential.
In the case of a small perturbation of the energy minimum, the system be-
haves linearly, i.e., if there is a displacement, the force changes linearly with
that displacement. For large perturbations, the second-order approximation is
inaccurate as nonlinear (anharmonic) contributions become more important.

Therefore, in terms of a FF, a harmonic potential can be used [98]:

Vstretching(rz‘, Tj) = kb(ﬁ'j - TO,ij)Qa (2'11)
Vbending(rh Ty, ""k) = k@(eijk - 90,ijk)2> (2-12>

where k;, and kg are the harmonic constants for stretching and bending, respec-
tively, roi; and 6y ;;, are the equilibrium bond length and bond angle between
two and three atoms, respectively, and the actual bond length and angle are
represented by 7;; and 0,j, respectively. In this example, the physical system
is now represented by a model of balls (atoms) connected via springs (bonds).
In principle, one could also consider a dihedral torsion of the bonds. However,
the energy contributions of this term are generally low [100]; especially when
considering the systems that are studied in the works presented here, and are
therefore not considered. The benefit of this model is its computational effi-
ciency and the fact that the parameters can be easily fitted to experimental
observables [100]. However, only slight deviations of the equilibrium bond
distances and angles are correctly predicted, because beyond this regime the

interactions are no longer elastic and thus become nonlinear. In practice, this
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approach requires a fixed initial topology where all bonds and angles between
different atoms need to be stored in a reference data file. This automatically
implies that no bond breaking or formation can occur, since the file cannot be

updated during the simulation.

While still considering a fundamental approximation, a non-covalent
bond also consists of two main components: i) van der Waals interactions,
ii) Coulombic interactions. The van der Waals interactions result from a per-
turbing electrostatic interaction between atoms and are characterized by a
repulsive and attractive part. The most common approximation for represent-

ing the van der Waals interactions is the Lennard-Jones (LJ) potential [98|

101]:
04 12 0 6
V:;dW('ri, 'I‘j) = 461’]’ —_— — | — s (213)
Tij rij

where €;; represents the depth of the energy well and thus the interaction
strength, while o;; relates to the equilibrium distance. The first part of the LJ
potential represents the strong short-range repulsion, whereas the second part
represents the weaker long-range attraction. The electrostatic Coulomb poten-
tial results from the interaction between charged atoms and can be represented
by Coulomb’s law [98, [101]:

q:4;

. 2.14
47T€07"ij ( )

‘/electrostatic (’ria ’r'j) =

Here, ¢; and g¢; are the respective charges of each atom, and ¢ is the vac-
uum permittivity. Coulomb forces are long-range and present computational
difficulties concerning energy convergence. One way to deal with this is the
commonly used Ewald summation [98]. In this approach, the long-range in-
teractions are split into short-range and long-range contributions. Next, the
short-range part is solved in real space, while the long-range part is solved in

Fourier space.

For the studies presented in this work, several potentials were employed,
which we will briefly discuss. For the calculations presented in Chap. [ a
potential developed by Sresht et al. in 2017 [102] was employed to simulate
MoS; in the presence of water. This potential is based on the VFF potential

described above and combines the earlier mentioned harmonic bond stretching
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and angle bending potentials combined with an LJ potential. Moreover, it
allows for setting fixed partial charges for the atoms. In this specific case, it has
been used in combination with a non-polarizable ¢-SPC/Fw model for water,
developed by Paesani et al. in 2006 [103]. Here, ¢-SPC/Fw is an acronym
for a Quantum parametrized Simple Point Charge Flexible Water model and
simulates water as a three-site molecule. In general, for an SPC water model,
each atom has LJ parameters and a fixed partial charge. As will be the case for
all potentials, a discussion on the motivation for choosing this specific potential
can be found in the chapter related to the study employing that particular
potential. In Tab. and Fig. a benchmark of all potentials used for
simulating MoS, can be found. For VFF, we find that the local minimum is
absent in the PES and the maximum energy barrier is slightly underestimated,

whereas the structural parameters are in good agreement.

The Stillinger-Weber (SW)

potential [107], developed in L4F 5 b ,_;)_\ .
1985, was used for the calcu- zm12F §§:F?FF ;?/@/'@\
(5]
lations presented in Chap. ~ 1r v . \\:\@ .
. : 5 J< W
to simulate MoS,. Like the g08r / iy 7
= /// / \t \
VFF potential, SW has a two- £Z06° ;//,¢ é{\\\ 1
: (o4l =~ ! oo
body bond stretching term and < %4 lé§\®\\@,jg,/ ‘g{\
a three-body angle bending term. 02r /gﬁx&\ﬂ,o/’, \;:\\\‘7
- ! 4 | \ ‘ [
Both terms have an exponen- % 1 2 3 4 57

. . . .. . PES x-coordinate (A)
tial in their definition, ensuring

a proper convergence of the po- Figure 2.1: Static potential energy sur-

tential energy [108]. Compared faces calculated per area of the unit cell

to VFF, SW is an improvement for the long diagonal of the hexagonal unit
cell. Four different cases are considered:
i) in black DFT [104], ii) in red ReaxFF
[105] ), iii) in green VFF [102], and iv) in
blue SW [106]. The dashed lines are ob-

tained via an akima spline interpolation

because it can more accurately
describe nonlinear physical prop-
erties such as mechanical defor-
mation or thermal conductivity
[100, [108]. Moreover, like VFF,
its benefits are the clear physi-

and serve merely as a guide to the eyes.

cal interpretation, its high generality for a wide range of systems, and rel-

atively low computational cost [105] [108]. Although bonds and angles are
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not required to be stored in a data file, SW is not believed to be suit-
able to simulate chemical reactivity. In fact, both VFF and SW have been
shown to poorly reproduce reliable out-of-equilibrium results . In our
study, we used a parametrization by Jiang et al. , which was fitted
to the phonon spectrum of inelastic neutron scattering experiments .
In this parametrization, the intralayer bonded interactions of MoS, are rep-
resented by five terms, representing five different types of bonded interac-
tions present in a single layer of MoSsy, of which two represent a type of
angle bending and three represent a type of bond stretching (see Fig.
2.2). From the benchmark (Tab. and Fig. [2.1), it can be concluded
that it has high accuracy with respect to the PES, but that the struc-

tural parameters reveal discrepancies due to a relative in-plane compression.

The reactive empirical bond order
(REBO) potential, as parametrized by
Brenner et al. in 2002 , was used for
the calculations in Chap. [ to simulate
graphene. This potential allows for active
bond breaking and formation. Moreover,
atomic hybridization, in which the mix-
ing of atomic orbitals leads to hybrid or-
bitals, is allowed. Bond order potentials

do not consider atom pairs as bonded or

non-bonded, but rather allow for different

degrees of covalent bond strength. As a

Figure 2.2: Here, the five differ-

ent types of bonded interactions
present in a single layer of MoS, ~ bond order potentials do not require a

result, a practical implication is that the

are displayed, as described by the ~ data file storing all bonds and angles be-
SW potential. Figure adapted  tween different atoms present. To deter-
from Ref. . mine the bonding state of an atom pair,
this potential not only considers the di-

rect pair interaction but also includes the ‘local environment’. In other words,
the strength of the potential depends on the spatial distance between two
atoms and entails a correction for other neighboring atoms. As a result, the

REBO potential allows for an improved description of covalently bonded sys-
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tems and can simulate actual chemistry, as is the case for DFT, however, at
a much lower computational cost [105, 109]. That being said, REBO requires
significantly higher computational power than VFF and SW [105]. Impor-
tantly, as is the case for SW, REBO does not include Coulomb and van der
Waals interactions, resulting in an inadequate description of specific proper-
ties of the system, such as the interlayer distance of lamellar systems [110]. A
benchmark of this potential, which can be found in Appx. [B] shows that the
structural parameters are in good agreement with the experimental data and
DFT results.

The reactive force field (ReaxFF), developed by van Duin et al. in 2001
[110], was used in the calculations presented in Chaps. 3] and [] to simulate
MoS, and hydrogen. The main benefit of ReaxFF is its precise prediction of
the bonding behavior of a system due to its very complex functional form,
where the total energy is subdivided into nine different contributions, each
with a vast amount of parameters. The novelty of ReaxFF is that it allows
atomic charges to vary based on the local chemical environment of the atoms
[105]. As a result, ReaxFF is one of the most accurate potentials currently
available. That being said, ReaxFF is also one of the most computationally
costly existing classical potentials. The similarity between REBO and ReaxFF
is that they are both so-called second-generation bond-order-based potentials
[105 |109]. This means nothing more than the fact that improved analytical
functions are used with a more extensive database to which the parameters are
fitted |109]. The difference between REBO and ReaxFF is that the Coulomb
and van der Waals interactions, plus several other ad hoc terms, are explicitly
taken into account for ReaxFF, something which is especially important for
a layered system [105]. Moreover, in the specific parametrization of ReaxFF
that has been used here, the actual bond dissociation and reaction energy
curves match DFT results. They are therefore believed to resemble reality
more closely, which is not the case for REBO [105, 110]. The benchmark
(Tab. and Fig. shows that the structural parameters closely resemble
experiments and DFT, whereas for the PES, only the global maximum is in

perfect agreement, and the local minimum is missing.
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VFF SW ReaxFF Exp. DFT

Lateral lattice constant (A) 3.174 3.087 3.184 3.161 3.198
Perpendicular lattice constant (A) 12.409 12.501 12.034 12.295 12.454
Mo-S distance (A) 2.397 2.388 2.429 2.366 2.425
Mo-S-Mo (¢) angle (°) 82.910 | 80.524 | 81.899 | 83.816 | 82.504
S-Mo-S () angle (°) 82.910 | 80.524 | 81.899 | 83.816 | 82.504
S-Mo-S () angle (°) 80.284 | 83.465 | 81.638 | 79.064 | 80.829
S-Mo-S (w) angle (°) 135.057 | 136.182 | 135.532 | 134.634 | 135.247

Table 2.1: Structural parameters predicted by the VFF [102], SW [106], and
ReaxFF [105] potential, together with reference data from X-ray diffraction
experiments (Exp.) [111] and DFT calculations [104]. For the meaning of the
various internal angles and for more details about the benchmark procedure,

please refer to Ref. [112].

2.2.2 Molecular Dynamics

By using the potentials described above in the framework of MM, one can
calculate the energy of a system and obtain its optimized structural geometry.
Consider, for example, the following basic algorithm for such an MM energy

minimization.

1. The energy of an initial configuration is calculated.

2. A minor repositioning of the atoms is performed, resulting in a different

energy.

3. The old and new energies are compared, after which the lowest energy

configuration is kept, and a new repositioning is performed.

The repositioning of the atoms can be performed in a random or ordered
manner until (enough of) the phase space is sampled. Obviously, the above
algorithm is far from ideal since a lot of irrelevant configurations are sam-
pled. Far more efficient algorithms exist, of which two have been used in the
works presented in this thesis, namely, the conjugate gradient algorithm and
the damped dynamics algorithm. The conjugate gradient uses a combination

of force gradients based on the previous and current steps, in search of a new
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‘direction’ towards a minimum energy configuration, whereas in damped dy-
namics, actual (albeit non-realistic) molecular dynamics are performed based
on the atomic force directions (the principle behind molecular dynamics is ex-
plained below). In this case, to find the minimum of an energy well, a damping
parameter is used. In this type of calculation, one should keep in mind that
no ‘real’” time-dependent dynamics are obtained, e.g., conformational changes
of the structure in time. Moreover, although the atoms can possess kinetic

energy, the related temperature has no physical meaning.

To simulate the actual dynamics of a system, one can resort to classical
molecular dynamics (MD). A very comprehensive overview is given in Refs.
[98, 101], parts of which will be summarized below. In the schematic below,
a basic algorithm is displayed for an MD simulation, as used in the works

presented here: [101]

MD simulation Simple MD algorithm
call init Initialize system
t=0 Set time to zero
do while t <= T MD loop desired time T
call force Determine system forces
call integrate Integrate equations of motion
t =t + At Update time
call sample Obtain desired observable
enddo End loop
stop
end

In this schematic, a possible minimization and equilibration of the system are
left out for clarity. In the first step, the system is initialized. Although this
can be achieved in different ways, in the case of the works presented herein,
experimental data is used to define the initial positions of all atoms, which
are subsequently relaxed according to the potential. After that, the actual
production run is performed. As long as the running time is below the total
desired time, a loop is performed. Firstly, the forces are calculated based on

the potential. This is, in fact, the most computationally demanding part of
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the simulation and will be explained in more detail below. Next, using the
calculated forces, the atomic positions and velocities are updated based on the
Newtonian equations of motion. Finally, the observables of interest are stored

in an output file.

The previously mentioned calculation of the forces is based on the poten-
tial used to describe the atomic interactions and any possible external force.
Using Newton’s equations of motion, we can relate the energy to the change

of positions via the force:

F(r)=-ViV(r)

. d2r;
=3 dZI'Z'

Although the above relation is exact, it is not analytically solvable when V' con-
tains nonlinear terms, and so a numerical approach is required. The numerical
technique adopted here is the wvelocity Verlet algorithm. Other algorithms do
exist, and for more information, the reader is directed to Ref. [101]. The basic
principle of the velocity Verlet algorithm is a recasting of a Taylor expansion
of the positions, r(t), with respect to time, resulting in an equation for the
update of the position and the velocity:

r(t + At) = r(t) + v(t) At + %Aﬂ, (2.16)
£t + At) + £(2)

2m

v(t+ At) = v(t) + At, (2.17)

where At is the time step and m is the mass of the particle. In principle, this
integration scheme avoids energy drift along the trajectory. However, because
both the expansion and At are finite, this time integration is an approxima-
tion of reality. To have a reliable outcome of the simulation, the time step size
is of great importance and always needs to be carefully benchmarked against
the conservation of energy. If the time step is too small, a proper sampling
of the time phase space (clearly, this depends on the observable of interest)
will not be achieved due to the long simulation time and computational costs.
If the time step is too large, e.g., greater than the highest interatomic vibra-
tion frequency, the results may be incorrect because the atomic motions and,

therefore, interactions are not properly simulated.

Page 47



CHAPTER 2. COMPUTATIONAL METHODS V.C.

In the preceding sections, the basic principles of an MD simulation
have been outlined. Several different software packages for performing the
MD numerical integration exists. All works presented herein have been per-
formed using the Large-scale Atomic/Molecular massively Parallel Simulator
(LAMMPS) [113]. The LAMMPS package was designed in 1995 and is mostly
written in C++. LAMMPS is a free and open-source package with a proven
computational efficiency achieved via the implementation of the Message Pass-
ing Interface (MPI), Open Multi-Processing (OpenMP), etc.

The main idea underpinning the MD simulations presented in this thesis
is straightforward, and the components closely resemble those of any real-life
experiment. Three main parts can be distinguished: i) energy minimization,
ii) temperature and load equilibration, and iii) production run. In all steps, so-
called periodic boundary conditions are applied to the simulation box in order
to simulate an ‘infinite’ system by replicating the system in every Cartesian
direction. The energy minimization process has already been explained. Op-
tionally, the simulation box can also be allowed to expand or compress during
this procedure. In the second part, the system is equilibrated to any external
conditions, such as temperature and load. In our studies, the temperature
is defined based on the relation between the average kinetic energy and the
equipartition theorem (33N, imv? = 3NK,T), and load is defined as a force
applied in z-direction acting on an area parallel to the basal plane of the sys-
tem. In general, equilibration is performed in two steps. In the first step, a
velocity is given to the atoms based on the Boltzmann distribution, resulting
in the initial temperature. For the systems and temperatures used, consisting
of crystal structures and temperatures of hundreds of Kelvins, it is possible to
directly set the temperature instead of slowly heating the system. From a the-
oretical point of view, pure basic MD simulations sample the microcanonical
ensemble, where the number of particles, N, the volume, V', and the energy,
E, are kept constant. To circumvent this problem and to keep the temperature
constant, a so-called thermostat is used, which controls the velocity (temper-
ature) of the atoms in the system. Keeping the temperature constant also
improves comparability to real experiments, within which it is not possible to
keep the energy of the system constant. In contrast, it is possible to keep the

temperature constant [98].
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In the works presented here, two types of thermostats have been used,
namely the stochastic Langevin thermostat and the deterministic Nose-Hoover
thermostat. The Langevin thermostat [114] creates an artificial white noise,
e.g., consider a big particle in a medium of small particles modeled as a contin-
uum. The white noise represents an implicit background solvent. The solvent
particles give random ‘kicks’, represented by random forces, to the atoms in
the system under study. As a result, the velocity vectors of the atoms change.
The Langevin thermostat is controlled by a damping parameter, which sets
the timescale of the relaxation of the kicks and thereby represents how it is
coupled to the system. The Nose-Hoover thermostat [115] (116, 117, [118] cre-
ates one imaginary particle with a certain mass through an extra degree of
freedom, representing a heat bath in which kinetic energy can be ‘stored’. The
actual value of the mass determines the amount of coupling to the system.
The system can now exchange heat with the reservoir, which allows for control

of the temperature.

Next, it is possible to add constraints to the system in which the degrees
of freedom of (some) atoms are reduced. On the one hand, these constraints
can be used in order to speed up the simulations (e.g. removing the ‘fast’
degrees of freedom of the system may allow the use of a larger time step
for the integration of the equations of motion), while in some cases they can
be exploited in order to simulate e.g. a strong adhesion between the rigid
part of the system and a substrate. Moreover, constraints, such as rigidity,
sometimes help perform a particular technical ‘trick’ during the simulation.
As an example, consider the sliding of layered systems. In this case, the lowest
layer should remain static, which can be achieved by leaving these atoms out of
the time integration or by zeroing the forces on the atoms in this layer. For the
top layer to move with a constant velocity, the layer is made rigid, an initial
velocity is set, and all future forces are zeroed in the desired sliding direction.
If the forces were not zeroed, the system would experience fluctuations in the
velocity during sliding. During the first part of the equilibration, the force
in the z-direction, parallel to the plane of the systems, is increased linearly
until the desired load is achieved. In the second step, when the system has
the desired temperature and load, it is equilibrated while keeping the external

conditions constant.
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In the final step of an MD simulation, the actual production run is per-
formed. During the production run, averages of the system can be obtained for
any observable that is expressible in terms of position and velocity /momentum
[98, [101]. The theory behind this is based on thermodynamics and the ergod-
icity theorem, which states that the time average of any observable obtained
during a long simulation equals the phase space average [98]. To avoid bias
from the initial condition of the system or because of undersampling the phase
space due to too short production runms, it is good practice to run several
unique runs in parallel and combine the averages. In general, two types of
simulation can be performed. In equilibrium MD, the phase space is sampled
to obtain information about, for example, structural fluctuations and thus the
conformational behavior. During equilibrium dynamics, no external forces are
driving the system in a particular direction. As a result, systems might get
trapped in local energy minima because there is not enough energy provided

to the system to overcome the energy barriers.

The other type of MD simulations are the so-called out-of-equilibrium
MD, which are discussed in the works of Vanossi et al. [16] and Manini et al.
[30]. There is a (constant) external force or changing temperature driving the
system out of equilibrium in these types of simulations. A perfect example is
the simulation of frictional sliding and the resulting stick-slip dynamics. In
the case of out-of-equilibrium simulations, the external parameters driving the
system provide energy to the system. Here, the thermostat no longer only
functions to keep the temperature of the system constant as time evolves, but
also as an energy drain for the generation of so-called Joule heat from friction
to avoid heating the system significantly [16]. In real experiments, the same
phenomenon occurs. Joule heat production at the sliding interface results, for
example, in phonon excitation, allowing the dispersion of the heat produced
into the bulk [16]. However, the problem with a thermostat is that tribological
artifacts might be observed due to an unrealistic type of damped dynamics
[16]. One can solve this problem by considering larger systems in which only a

part of the system, away from the sliding interface, is coupled to a thermostat,
as shown in Fig. 2.3
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Next, several drawbacks of MD
simulations will be discussed in the case
of frictional sliding simulations. As was .H
the case with selecting the time step for
the time integration, the sliding veloc-
ity should be chosen carefully. The ref-
erences here are real experiments, where
typical velocities of 0.1 to 10.0 m/s are
used in macroscopic experiments, and ve-
locities of approximately 1.0 um/s are

used in nanoscale AFM experiments [30].
Although dependent on the property of

interest, as a general rule and because  Figure 2.3: Example of a cor-

typical lattice spacings are around 10 rect way of controlling tempera-
A (107° m) [16], one should at least

aim to simulate in the nanosecond range

ture in an MD system, composed
of a substrate over which a tip is
sliding, resulting in the produc-

(107 s) in order to obtain relevant statis- '
tion of Joule heat.

tics.

Generally speaking (of course this

depends greatly on the system size and the type of potential used), it is rea-
sonable to assume to produce 1 us of production run per day, highlighting
the fact that only macroscopic sliding velocities are realistic . Due to the
relatively high sliding velocities in MD simulations, the characteristic stick-slip
dynamics are no longer believed to result from thermal activation but rather
to be the result of other athermal dissipative processes . In fact, it is in-
teresting to note that the transition of stick-slip dynamics to smooth sliding,
as a result of increasing the velocity, can occur both in FFM and in MD, but
that the values at which this happens differ by six orders of magnitude .
The exact reason is still under debate. However, it is considered to be related
to the different types of effective mass distribution and spring-force constants
[16], 30]. Apart from sliding velocity, the concept of aging, in which the type of
interaction between substrates changes according to the time and relaxation of
the structure, is not captured by MD, but does influence the frictional behavior
in real experiments [16].
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2.3 In brief

Although experiments provide a wealth of information, certain drawbacks can
currently only be overcome using theoretical modeling techniques at differ-
ent time and length scales. The main benefit of simulation techniques is the
ability to create a setup that can be fully controlled, not only regarding the
environment but also regarding the system itself. The basic principles of dif-
ferent modeling approaches to perform such atomistic simulations have been
discussed in the above. Firstly, the accurate but computationally expensive
QM calculations were reviewed. Although these types of calculations allow
valuable insights into the electronic properties of systems, they are, in gen-
eral, not suitable for dynamical simulations used to study friction. They can,
however, be used to fit the parameters of the FFs used in the second type of
modeling technique, MD simulations. MD simulations offer a wide variety of
properties that can be studied, albeit less accurately than QM. The appropri-
ate choice of the potential used determines the precision of the simulation and

its efficiency.

Computational modeling methods have become an integral part of many
fields. On the one hand, experimental data can be used to validate compu-
tational results. On the other hand, computational results can explain ex-
perimental phenomena that would otherwise remain unaccounted for. One
approach, be it experimental or theoretical, does not exclude the need and
the relevance of the other; it is the synergy between both that creates real
scientific power. In the following chapters, these techniques are employed to
study the frictional and conformational behavior of MoS, in different systems

and environments.
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3.1 Introduction

In Chap. [I} it was mentioned that the motivation to study solid lubricants is
multifold. For example, it is estimated that ~ 23% of the world’s total energy
consumption is lost to friction and wear |1]. To avoid this from happening
and to meet the ever-increasing sustainability demands, lubricants must be
used. However, classical wet lubricants have reached the limits of their effective
working range due to increasing tough working conditions, such as extremely
high /low temperatures and pressures, and increasing dimensional confinement.
Here, solid lubricants offer a workaround, mainly due to their 2D layered crystal
structures. Furthermore, solid lubricants have been linked to superlubricity.
The exact criteria for superlubricity remain, however, a matter of debate.

That being said, the consensus of the tribology community is that to achieve
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superlubricity, the structure should at least be rotationally or structurally
incommensurate. In other words, the layers of the structure should have an
intrinsic rotational mismatch angle in the case of homostructures, or be a
heterostructure with different lattice constants. Of course, a combination of

the above-mentioned criteria would also suffice.

Several studies have already focused on the changing frictional behavior
of MoS; when varying the intrinsic contact from commensurate to incommen-
surate. MoS, is often chosen because it can be considered a prototypical solid
lubricant. In 2010, Onodera et al. [59] found that using MD simulations, the
mobile layer of a bilayered system follows the minimum energy path (MEP)
across the PES. Additionally, they found a relation between the intrinsic com-
mensurability of MoS, and the magnitude of the frictional forces by introduc-
ing a relative mismatch angle between the layers. For aligned commensurate
structures, they found a ‘zig-zag’ type of sliding dynamics (the sliding did
not occur along a straight line), whereas for rotated incommensurate contacts,
smooth sliding dynamics along a straight line were observed. Moreover, the
zig-zag dynamics were characterized by frictional forces that were two orders

of magnitude higher than those found for smooth sliding.

In 2014, Levita et al. [104] studied the effect of load on commensurate
bilayers of MoSs, using DFT calculations. It was found that the corrugation of
the PES increases for higher loads, as one might expect from the short-range
electrostatic interactions. In 2017, Irving et al. [51] studied the effect of com-
mensurability on the PES corrugation of bilayer MoS, using DF'T calculations.
By introducing a misfit angle, i.e., changing from a commensurate to an in-
commensurate structure, it was shown that the PES corrugation vanishes. By
considering the results of the three studies presented above, we expected that
a change in commensurability or load would induce a change in PES corru-
gation, and thereby indirectly influence the frictional forces observed during

sliding.

In the work presented in this chapter, a different approach to reach a state
of superlubricity was considered. Here, we studied the frictional anisotropy of

bilayer MoS,. Frictional anisotropy means that the frictional properties of the
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material in question depend on the sliding direction considered. The opposite
of frictional anisotropy is called frictional isotropy. We studied the depen-
dence of friction on sliding by considering various sliding directions, instead of
a change in contact commensurability. More precisely, we studied the effect
of load and sliding direction on the frictional forces of an aligned commensu-
rate bilayer of MoS, by performing MD simulations with a computationally

expensive but accurate FF, namely the ReaxF'F potential [105].

3.2 Approaches and Problems

This was the first project within the framework of this thesis. Therefore, an
essential part of this project consisted of getting familiar with the field of
computational tribology. An overview of this literature study, with a primary
focus on the solid lubricant MoS,, has been presented in Chap. Moreover,
a significant amount of time was spent on getting familiar with the practical
use of the modeling software LAMMPS [113] and coding languages such as

Fortran for subsequent analysis of the raw data.

The idea for our computational setup was relatively straightforward. We
considered an infinite bilayer system of commensurate 2H.-MoS, by apply-
ing periodic boundary conditions. To enforce a relative sliding, the bottom
layer was held static by fixing the bottommost sulfur layer in the z-, y- and
z-direction. The top layer was made mobile by applying a driving force in
the desired sliding direction. During the simulation, the relative orientation
between the layers remained unchanged, i.e., the structure remained commen-
surate. Considering the hexagonal symmetry of our system, a range of 60° in
different sliding directions suffices to explore the behavior at any angle. After
obtaining the structures, different loads in the z-direction were applied to the

system to observe a possible change in frictional forces.

Apart from the general benchmarks of the FF and optimizations of the
calculations themselves, the critical step in setting up our calculations was the
technical implementation of creating a mobile top layer. Several approaches

were considered. In the first approach, a constant external sliding velocity
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was applied to the mobile layer in the zy-plane, over a range of 60° and with
incremental steps of 10°. This was done by applying a velocity vector in the
x- and y-direction to the topmost sulfur atoms in the mobile layer. Moreover,
the internal forces in the z- and y-direction were ‘zeroed’ at every time step
by an equal but opposite external force, which prevents a change in velocity.
The frictional force is now represented by the average of the negative external
instantaneous force. However, an undesired effect of this computational setup
is that the mobile layer is forced to slide in a straight line, aligned along the
direction of the driving force: this is an unnatural dynamic and constrains the
system too much. This had already been shown by Onodera et al. [59], who
proved that the mobile layer prefers to follow the MEP based on the PES,

which is not a straight line in the case of commensurate contacts.

In another attempt to obtain more realistic dynamics, we considered a
moving spring with a particular directional velocity, connected to the mobile
layer. However, the softness of the spring prevented us from enforcing the
sliding in a particular direction. We found that, independently of the sliding
direction of the moving spring, the mobile layer would always tend to follow
the same path. This path along 30°, where 0° represents sliding along the
Mo-S bonds, would later prove to be the lowest frictional path for sliding of
a commensurate bilayer of MoS,, as evidenced by the results in the paper
attached below.

Finally, we considered another approach in the spirit of our first attempt.
Instead of changing the driving force vector, we rotated the bilayer system as
a whole, ranging from 0° to 60°, with steps of 10°, while applying only a single
component velocity vector. As a result, only the forces of this component (in
our case the y-direction) had to be canceled. Consequently, the frictional force
is now represented by a scalar. Moreover, the mobile layer was no longer forced
to slide along a straight line and was free to follow the MEP orthogonal to the

sliding direction (z-direction).

After obtaining our results, the main challenge was to determine the

frictional force along the trajectory, based on the instantaneous external force.
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One way to achieve this is by using the dissipated work W, given by:

W = /T Foxi(t)vdt, (3.1)

with F. the instantaneous scalar force along the sliding direction and v the
sliding velocity. Theoretically, taking the slope of the work versus the traversed
distance should give the frictional force. However, due to the significant cor-
rugation of the resulting profile for the dissipated work, it was impossible to

define a consistent method to do this.

One could try to circumvent this problem by simply taking the running
average of the instantaneous frictional forces along the trajectory. However,
similar to the previous approach, statistical uncertainty produced unreliable
results. Although we run relatively long simulations (2.5 nanoseconds), the
fluctuations of the external forces were high. One way to circumvent this
problem is to increase the sampling, which provides more accurate statistics on
features with a slowly convergent average. However, computational resources
did not allow us to follow this path. Another approach is to apply the so-
called bootstrap method, which can increase the statistical accuracy of averages
that are based solely on a subgroup of a complete dataset [119]. This is an
averaging method that is based on random sampling. In our case, the complete
dataset would be a very long trajectory, whereas our actual results present
the subgroup. By applying this method, we found meaningful results for the

frictional forces.

3.3 Results and Outlook

Our study led to several observations and results. Firstly, we found a relation
between the sliding direction and the type of sliding dynamics. For sliding
along the Mo-S bonds (0° and 60°), which we defined as commensurate sliding
of the commensurate contact, we found highly dissipative stick-slip dynamics,
with a clear separation of timescales between the ‘stick’ and ‘slip’” moments.
Here, the slip was characterized by a high-velocity regime, whereas a low-

velocity regime characterized the stick. The actual energy dissipation occurred
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during the slip phase. For all directions that were not along the Mo-S bonds,
which we defined as incommensurate sliding of the commensurate contact,
we found smooth sliding dynamics with low energy dissipation. Furthermore,
we found a relation between the frictional force and the load imposed on the
system, and between the frictional force and the misfit angle between the driv-
ing force and the actual sliding direction. Finally, for the first time, we have
shown that superlubricity can also be achieved within commensurate contacts
from a theoretical point of view. These findings once more indicate that fric-
tion, and more specifically superlubricity, is highly complex and determined

by more/other nonlinear mechanisms than is currently understood.

I was the main author of this work and was responsible for the concep-
tualization, data production and subsequent analysis, and the writing of the
original draft. All results of this study have been published in the Computa-
tional Materials Science journal [21]. This is an impacted journal, which had
an impact factor of 2.863 in 2019 and belongs to the quartile category Q2 in

the field of materials science. A copy of the manuscript is attached below.
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In the past decades, MoS, has received substantial attention from the tribology community due to its excellent
frictional properties. However, a fundamental understanding of the mechanisms determining friction at the
nanoscale is yet to be achieved. The general consensus is that one of the ingredients required for obtaining the
superlubric regime when sliding layers of MoS, atop each other is incommensurability. Herein, we report on a
molecular dynamics study focused on studying the effects of the sliding direction on the frictional properties of
commensurate MoS,. It is found that different types of dynamics are obtained with different sliding directions,

with the stick-slip dynamics characterized by a highly dissipative behavior. Also, it is found that there is a
relation linking the mismatch angle between the driving force and the actual trajectory and the load-dependence
of the frictional force. We show, for the first time with a computational study, that incommensurability is not
required for achieving the superlubric behavior of MoS,.

1. Introduction

It has been estimated that almost one quarter of the world’s total
energy production is lost in tribological contacts, i.e., due to friction and
wear [1]. Nevertheless, friction is a complex phenomenon that involves
a plethora of events, the exact mechanisms of which are still not fully
understood. Roughly speaking, frictional forces are referred to as those
effects that thwart the relative motion between two bodies in contact.
The general idea to reduce friction and wear is the introduction of a
new substance at the interface, called a lubricant. The practical im-
plementation goes back as far as the history of mankind, by the appli-
cation of water or oils in the sliding contact.

Peculiar conditions (e.g., high temperatures, extreme contact pres-
sures) pose problems in the possibility of using liquid lubricants,
leading to the introduction of solid lubricants [2]. For heavily loaded
contacts, the most studied solid lubricants are graphene/graphite [3]
and members of the transition metal dichalcogenides (TMDs) family.
TMDs are especially intriguing because of their versatile properties and
diverse chemistry [4]. They are lamellar crystals with general formula
MX_,, M being a transition metal (Mo, W) and X being a chalcogen (S,
Se, Te). The sixfold hexagonal symmetry of TMDs, where the metal is
positioned between the chalcogens (X-M-X), allows for several crystal
forms. The single layer can either be trigonal prismatic or octahedral
and the bulk is most commonly found in the trigonal (1T), hexagonal

* Corresponding authors.

(2H) or rhombohedral (3R) polytypes [4]. Within the TMD family,
molybdenum disulfide (MoS,) is perhaps the most known member, not
only for its applications in catalysis [5-7] and microelectronics [8,9]
but also as solid lubricant [10]. Abundant in nature [11], MoS, is
mostly found in the 2H configuration [12]. The weak inter-layer van
der Waals and electrostatic interactions (in opposition to the strong
covalent intra-layer bonds) allow layers to slide with relatively small
effort.

The sliding regime in which the effectiveness of the lubricant makes
the friction almost completely vanishing is called superlubricity
[10,13,14], with coefficients of friction lower than 0.01. The enormous
potential of superlubricity on the reduction of the world’s energy con-
sumption have triggered the establishment of a whole new scientific
branch. In fact, starting from 1990s, superlubric contacts have been
identified for MoS, [15], graphite [16] and diamond-like coatings [17].
For the former two mentioned lubricants, the general consensus in the
tribology community is that the three following requirements are to be
met to obtain the superlubric regime. Namely, (i) the atoms at the
sliding interface should only experience weak interacting forces (e.g.,
van der Waals), (ii) the sliding surfaces should be free from any con-
taminants and be atomically flat, and (iii) there should be a non-zero
misfit angle between the layers [10]. These conditions lead to the
cancellation of frictional forces [15] allowing superlubricity. The latter
requirement is of particular interest, since a finite misfit angle produces
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locally incommensurate contacts, and, to the best of our knowledge,
incommensurability between the two surfaces in contact is believed to
be a necessary condition for achieving superlubricity.

In this regard, Onodera et al. studied the dependence of friction on
the misfit angle between two layers of MoS, using molecular dynamics
(MD) simulations [18]. They found that commensurate structures pre-
sent frictional forces two orders of magnitude larger than those for
incommensurate structures. This difference was explained due to the
cancellation of forces in the incommensurate case, which moreover lead
to smooth sliding dynamics compared to a zig-zag motion for the
commensurate structures. However, the sliding velocity was set at
100 m/s, which is unrealistic for tribological contacts. With increasing
velocities the mobile layer tends to “fly” over the static layers, weak-
ening the effect of the interaction with the underlying layer. This is also
qualitatively confirmed by the fact that the actual sliding path presents
large deviations from the most favorable one, i.e., the minimum energy
path (MEP). Moreover, the fact that a small flake (i.e., a flake with high
ratio of perimeter to area) was used as a mobile layer automatically
introduces unwanted border effects. By means of calculations based on
the density functional theory (DFT), Levita et al. studied the sliding
properties of commensurate RO (parallel) and R180 (anti-parallel) MoS,
bilayers [19]. They found that the corrugation of the static sliding po-
tential energy surface (PES) increases with an increasing load for the
R180 stacking. Interestingly, it turned out that, although this corruga-
tion leads to an energetically more favorable configuration, it also re-
sults in a overall more unfavorable MEP compared to the RO case. More
recently, some of us elaborated on this and studied incommensurate
MoS,, bilayers [20]. It was found that the PES roughness can drop as
much as four orders of magnitude upon introducing a misfit angle of
approximately 30°. This observation might be directly related to the
earlier observed smooth dynamics of incommensurate structures during
sliding [18]. However, one should keep in mind that the latter DFT
studies present purely static results, whereas it is known that friction is
rather a dynamical response to an external stimulus. Interestingly, we
are aware of only one experimental study mentioning the dependence
of the frictional behavior on the sliding direction for MoS, [21]. Miura
et al. found that MoS, flakes on top of a MoS, substrate tend to remain
commensurate during sliding. It was found that the frictional force is
proportional to the applied load, in accordance with Amontons’ law.
Moreover, a correlation between the mismatch angle (between the
pulling force and the actual sliding direction) and the frictional forces
was observed. Although the authors observed that reducing the value of
this angle leads to a reduced frictional force, a detail explanation is yet
to be provided. More recently, by applying a novel technique, Li et al.
managed for the first time to experimentally quantify the excellent
frictional properties of bilayer MoS, at nanoscale [22]. They reported
coefficients of friction as low as 107, clearly proving the superlubricity
of MoS,.

A question that might arise is whether incommensurability is the
only way to explain the low energy dissipation observed during sliding

Table 1

Structural parameters predicted by the ReaxFF model, together with reference
data from X-ray diffraction experiments and density functional theory (DFT)
calculations. For the meaning of the various internal angles and for more details
about the benchmark procedure, please refer to Ref. [25].

ReaxFF [24]  Experimental [12]  DFT [19]
Lateral lattice constant (A) 3.184 3.161 3.198
Perpendicular lattice constant (A) 12.034 12.295 12.454
Mo-S distance (A) 2.429 2.366 2.425
Interlayer distance (A) 2.841 3.135 3.082
Mo-S-Mo (g) angle (*) 81.899 83.816 82.504
S-Mo-S (6) angle (") 81.899 83.816 82.504
S-Mo-S (¥) angle (°) 81.638 79.064 80.829
S-Mo-S (w) angle () 135.532 134.634 135.247
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in the superlubric regime. Differently from the studies mentioned
above, where the effect of structural incommensurability has been in-
vestigated, in this paper we focus on the effect of the sliding angle on
the frictional behavior of MoS,. By means of classical MD simulations,
we aim to study the tribological properties of a bilayer R180 com-
mensurate configuration. On the one hand the goal of this paper is to
provide a novel way to interpret the experimental data [15,22], whilst
on the other hand our results might provide a motivation for experi-
ments using a different approach to the problem.

2. Computational methods

All classical simulations have been performed using the LAMMPS
package [23] and the ReaxFF interaction potential for MoS, [24]. First
of all, the performance of this potential, in predicting the structure and
the sliding energetics of a MoS, bilayer, was assessed and these out-
comes were compared with experimental [12] and first principles [19]
results. In Table 1, the results for the structural parameters found in
experiment, first principles calculations and via ReaxFF simulations are
summarized, whilst in Fig. 1 the comparison between first principles
and ReaxFF on the static sliding PES are reported. From Table 1, one
can see that the agreement between the structure predicted by the
ReaxFF model and both experimental and DFT references is fairly good
(for most properties, the ReaxFF description performs almost equiva-
lently to the DFT one). From Fig. 1, it is evident that the heights of the
global maximum obtained with the ReaxFF model and DFT calculations
are basically coincident. From these outcomes, also taking into account
the results reported in Ref. [25], one can conclude that the ReaxFF
description is among the best currently available classical potentials.

As a result of the hexagonal symmetry of MoS,, it suffices to con-
sider any 60° span of the 360° round angle, in order to study the fric-
tional behavior of MoS, as a function of the sliding angle. Here, the 0°
sliding angle is represented by the projection of the Mo-S bond direc-
tion onto a basal plane (see Fig. 2). In fact sliding with an angle of 0°
corresponds to sliding with an angle of 60° but in the opposite direction,
regardless the orientation of the reference frame. In order not to in-
troduce any artifacts into the sliding dynamics, the system was also
allowed to slide in the direction perpendicular to the driving force. In
other words, it was avoided to force the system to slide in a straight
line. This can be achieved by giving a driving force e.g. only in the y-
direction while keeping the forces in the other directions unchanged.
From a practical point of view, this means that one has to rotate the
system in order to simulate different sliding angles. To create the per-
iodic supercells of these systems, we used an adapted version of the
protocol described in Ref. [26]. A schematic of the practical im-
plementation into LAMMPS is shown in Fig. 2. The bottommost sulfur
atoms (S1) were fixed in all directions. Due to the intra-layer covalent
bonds, this prevents the whole bottom MoS, layer to move in the xy-
plane during sliding, or to shift vertically when a load is applied in the
z-direction. In order to make the mobile layer slide, a constant velocity
of 5.0 m/s in the y-direction was enforced to the topmost sulfur atoms
(82, i.e., this group of atoms was kept rigid during the simulation. This
was achieved by setting an initial velocity to all atoms belonging to the
$2 group in the y-direction and thereafter canceling the forces in the
same direction at every step. The forces in the other directions were left
unchanged to allow displacements both in the x- and z-directions.

In total 7 different systems were studied, all consisting of MoS,
bilayers in the R180 commensurate configuration, but each one rotated
with a different angle ranging from 0° to 60° and with increments of
approximately 10°. Next, 6 different configurations per system based on
a different normal force applied to the system were considered, giving
an equivalent pressure which ranges from —1 to 4 GPa and with steps
of 1 GPa'. Each system consisted of around 1250 atoms and had a size

! The negative value of the pressure has to be considered as the result of
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Fig. 1. Lateral potential energy surfaces obtained by translating a MoS, layer
atop a static one along the long diagonal of the hexagonal unit cell for the R180
stacking. Energy differences are given per MoS, unit. Dashed lines are guides
for the eye. We distinguish two different minima (minl and min2) connected
via either a saddle point or a maximum. For more details about the used
methodology, please refer to Ref. [25].

Load applied in z-direction * * *

S2’ atoms moved

rigidly in y-direction s2
M
z
Side view S1
X S2
y
S1 atoms fixed in M
X-, y-, and z-
directions st
Sliding in y-direction
y
l—b X
z
Top view
0° rotation 30° rotation

Fig. 2. Schematic of computational setup. In the upper frame a side view is
presented. In the lower frame a top view is shown. In order to simulate different
sliding angles the system is counter-clockwise rotated from 0° to 60° with ap-
proximate steps of 10°. Molybdenum and sulfur atoms are in gray and yellow,
respectively. Figure obtained with VMD [27].

of approximately 30 and 50 A in the x- and y-directions respectively.
20 A of vacuum in the z-direction was added to every configuration to
prevent the interaction with images when applying periodic boundary
conditions. After an energy minimization with the conjugate gradient
method, the system was equilibrated in two steps: first, linearly in-
creasing the normal pressure from 0 GPa to the set value for 10.0 ps,
and then further equilibrating for 100.0 ps under constant load. Next,
every 50.0ps a configuration was sampled; these were the starting
points for the subsequent MD production runs. Finally, for each initial
configuration, 0.5ns of dynamics were produced, totaling the sliding
dynamics to 2.5 ns per sliding angle-load pair. The equations of motion
have been integrated with a timestep of 0.1fs, while the Langevin
thermostat was used to maintain the temperature at 300 K.

(footnote continued)
applying a force counteracting the adhesion.
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Fig. 3. Projections of MD trajectories in the xy-plane of the S2° COM super-
imposed to the static potential energy surface at zero load, given per unit MoS,,
for 0°, 30° and 60° sliding angles (yellow, green and red lines respectively). The
respective arrows show the direction of the driving force. The results for the
10°, 20°, 40°, and 50° systems are not displayed because, in these cases, the
taken path is the same as for the 30° case and the trajectories would therefore
not be visible. The slip phase for the 0° trajectory is indicated by the white
arrow.

3. Results and discussion
3.1. Qualitative analysis of sliding dynamics

We start with a discussion on the dynamical behavior of the dif-
ferent systems during sliding. For the sake of clarity only representative
results are shown, whilst additional data can be found in the Supporting
Information. In Fig. 3, the trajectories of the center of mass (COM) of
the atoms belonging to the S2° group are reported for three different
sliding angles. From the figure, one sees that the mobile layer avoids the
maximum energy barriers during sliding and follows the MEP, for all
trajectories. The MEP consists of transitions from minl to min2 passing
through the saddle point (see Fig. 1) or vice versa. This is a readily
understandable behavior, and it is also consistent with the predictions
from static DFT calculations [19]. One can distinguish two types of
sliding dynamics, as can been seen from Fig. 4. For systems with the
driving force oriented along the 0° or 60° angle, two evident velocity
regimes are present. This means that there is a separation of timescales
between the events taking place during the dynamics. In particular it is
possible to identify certain times at which sudden “jumps” happen,

0.5 T T T T T T T T T

o
i

Velocity (A ps_l)

0.1

PR R R L L
0() 200 400 600 800 0
Time (ps)

200 400 600 800

Time (ps)
Fig. 4. Profiles of the average velocity of the $2’ COM versus time for 0° (left
panel) and 30° (right panel) sliding angles at zero load. Averages are obtained
by dividing the velocity components along a trajectory into batches of 2 ps and
subsequently calculating the amplitude.
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while for the rest of the trajectory the system evolution is smooth. This
behavior is well known in the literature as stick-slip dynamics [28,29].
Having a closer look to the trajectories, one finds that during the stick
phase the system is advancing toward the maximum energy barrier,
which it will try to climb until the mobile layer experiences a lateral
jump almost perpendicular to the driving force (the slip phase), towards
the next minimum. In other words, due to the fact that the layer is
enforced to advance with a fixed velocity in the y-direction, it is more
favorable for the system to slide side-wards rather than to climb the
energy barrier. During the other parts of the 0° and 60° trajectories the
mobile layer smoothly transfers from one minimum to the next
minimum, which are aligned along the y-direction.

We have mentioned before that the 10° and 20° (and 40° and 50°)
systems follow the same trajectory as the 30° sliding angle. In other
words, the trajectory of these systems is not parallel to the driving force.
This can been seen in Fig. 5, where the average sliding paths taken for
different sliding angles are reported. For the 30° system, one sees that
the average sliding path is oriented parallel to the driving force. In
contrast, for the 10° and 20° systems, a mismatch angle is observed
between the driving force and the average sliding path, with the mis-
match for 10° being larger than for 20°. Interestingly, the sliding angle
added up to the mismatch angle between the driving force and the
average sliding path always gives 30°, furthermore explaining why
these trajectories are not visible in Fig. 3. This behavior is consistent
with previous experimental results [21], which show that, when the
mismatch angle is non-zero, frictional forces increase. It is important to
keep in mind that, due to the constraints imposed by the periodic
boundary conditions, the systems cannot transform into an in-
commensurate configuration.

ke

A

3.2. Quantitative estimation of friction

At each timestep, the instantaneous force F(t) experienced by the
$2’ layer can be calculated by summing up all atomic contributions. In
order to enforce the sliding motion at constant velocity v, an external
force acting only along the y-direction for all systems (ie.,
F(t) = —F,(t)) is added. The dissipated work W, done by this force, is
given by:

W= [ Fa(ovat (1)
where 7 is the total time of the simulation. In Fig. 6, the dissipated work
is reported for the 0° and 30° sliding angles, both given at two different
values of the normal pressure. There are two main observations to be
made from this figure. Firstly, one can clearly see the effect of load.
With higher loads, an increased corrugation of the profile is observed
for both the 0° and 30° case, as expected and in agreement with Ref.
[19]. Secondly, the 0° sliding angle is characterized by a more dis-
sipative behavior (i.e., the average slope of the profile is steeper)
compared to the 30° one (and to all other angles, apart from 60°), which
agrees with the earlier mentioned stick-slip dynamics. Moreover, one
sees that the dissipation of the 0° case is affected more by a change in

20

20
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Fig. 5. Pictorial representations of MD trajectories
for 10° (Panel A), 20° (Panel B) and 30° (Panel C)
sliding angle at zero load. The red circles represent
six positions along the trajectory with time intervals
of 75 ps of the COM of the S2’ group atop the static
layer. The green arrows represent the sliding direc-
tion for the 0° case, while the black arrows indicate
the orientation of the driving force, which is always
aligned along the y-axis. Molybdenum and sulfur
atoms are in gray and yellow, respectively. Figure
obtained with VMD [27].
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Fig. 6. Work done by the external force versus distance traveled along the y-
axis as calculated from Eq. (1). Results are displayed for 0° and 30° rotation,
both at 0 and 4 GPa normal pressure.

the load than is the case for 30°.

In order to rationalize this behavior, let us imagine an ideal, fric-
tionless situation were the mobile layer slides over a symmetric energy
barrier with a constant velocity, both while sliding up-hill and down-
hill. In order to slide the mobile layer up-hill, energy (work) has to be
provided to the system by applying a positive, external driving force.
When the mobile layer is sliding down-hill, this work can be gained
back, by means of an equal but negative, driving force. By assumption,
the dynamics is conservative and no dissipation takes place. This may
be the case of sliding angles different from 0° and 60°. In these latter
cases the scenario changes. During the slip phase the system quickly
moves from one point in the neighborhood of the global maximum to
one close to global minimum. Let us assume that this phase takes place
in a very short time, instantaneously in the limit. The driving force does
not perform any work during this phase. However, an external work has
to be provided to the system and the amount is given by the difference
between the potential energy of the final and the initial point of the slip
phase. This quantity represents the dissipated work and it can be po-
sitive or negative, depending on the actual trajectory. The second
principle of thermodynamics states that this quantity has to be positive
in average (i.e., energy has to be given to the system and not vice versa)
even for this frictionless scenario. Finally, of course the system is not
ideal and friction is present.

The time profile of E,,(t) versus time for a representative case is
reported in Fig. 7. As one can see from the figure, wide fluctuations are
present in the force profile. In order to provide a quantitative estima-
tion of the frictional force, we resort to the so-called bootstrap aver-
aging method [30] (a brief description of the technique including the
parameters used in the present study can be found in the Supporting
Information). The results for all angles are summarized in Fig. 8, where
the frictional force is plotted as a function of the normal load per atom
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Fig. 7. Profile of the instantaneous external force for the $2" group for 0° sliding
angle at zero load as a function of the distance traveled in the y-direction. The
red line represents the running average and serves merely as a guide for the eye.
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Fig. 8. Profiles of the frictional versus normal force for all sliding angles. The
linear fits of the frictional force per S2’ atom are reported with dashed lines. The
error bars represent the standard deviation calculated on the results of the
bootstrap method applied to the individual runs.

in the 2" group.

To fit the data we use Amontons’ law of friction:
Fy=ao+ p-F. )
Here, u is the coefficient of friction, « is the offset of the frictional force
per S2" atom at zero normal load and F, and F, are the average forces
experienced by single atoms in the $2° group parallel to the sliding
direction and perpendicular to the basal plane, respectively. First of all,
all data show linear trends, therefore Eq. (2) is a suitable guess for the
fitting. Moreover, Fig. 8 allows us to assess the effect of the load on the
frictional force for different sliding angles. For 0° and 60° sliding, one
can clearly observe a positive slope, meaning a non-vanishing coeffi-
cient of friction. For the other cases, one observes flat profiles, ie.,
coefficients of friction close to zero. These latter are somewhat counter-
intuitive cases, since the earlier mentioned increased corrugation in the
PES profile, while increasing the load, does not necessarily seem to lead
to an increased friction.

In order to better rationalize the behavior shown in Fig. 8, let us
have a closer look to the trajectory. Let us to divide the trajectory into
segments, each ranging from one to the next minimum of the PES.
These are the consecutive, approximate straight parts, forming the
trajectory as a whole in Fig. 3. It is therefore possible to define a local
mismatch angle € for each segment, with respect to the driving force,

21
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Table 2
Division of all trajectories into segments with corresponding mismatch angles
between the actual orientation of the segment and the driving force.

Sliding angle Segment 1 Segment 2
0° 60° 0
10° 50° 10°
20° 40° 20°
30° 30° 30°
40° 20° a0
50° 10° 50°
60° o 60°
T T T T T T T
0.40 o
--0° -7
351 |- - 10° e .
D 035 | |—- 20° 2 e |
o< -= 30° <
= 030 40° - - b
g - 50° - |
= 0251 [Z- 60° _-7e ,
< 3 e ,
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Zo.10le .7 i
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Fig. 9. Profiles of the frictional versus normal force for all mismatch angles 6 of
the segments. The linear fits of the frictional force per S2’ atom are reported
with dashed lines.

ranging from 0° to 60° and with a total of seven angles. Every trajectory
contains two different types of segments, as summarized in Table 2.
Collecting the instantaneous external forces, for all segments having the
same mismatch angle (in absolute value) with the driving force and
then applying the bootstrap method gives us the frictional force as a
function of the mismatch angle. The results are summarized in Fig. 9.
First of all, one sees that with an increasing mismatch angle there is an
increasing frictional force, as expected. Furthermore, one sees that the
load dependence of the 0° and 60° sliding angle, found earlier in Fig. 8,
is totally accounted for by the segments with a mismatch angle of 60°
only. In fact, these are the segments of the trajectory where the slip
event takes place. Finally, the non-zero frictional forces for 0° tell us
that, even in the most ideal case, the system suffers from non-con-
servative dynamics in which dissipation takes place. We define the
average of the forces causing this dissipation as the intrinsic frictional
force for commensurate bilayer MoS,. From simple geometrical con-
siderations, it is possible to define the average effective force Ey as the
force resulting from the average external driving force projected onto
the actual sliding direction (Fig. 11):
Fyp = Fucos 3)
where 6 is the mismatch angle of the segments. This means that, when
the segment is parallel to the driving force, the driving force and the
effective force are equal. If the origin of the observed behavior of the
frictional force lies solely in the local mismatch angle 8, Eq. (3) should
provide the profiles reported in Fig. 10. As it turns out, there remains a
part unaccounted for, the light gray part, most significantly present for
the 60° case. We attribute such a discrepancy to the change from
smooth to the more complex stick-slip dynamics when the mismatch
angle increases. Moreover, a change in Amontons’ behavior is found for
the same change in angle. Finally, slight deviations are found between
MEP and the actual sliding path.
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Fig. 10. Values of the effective Fy (according to Eq. (3)), external force F,, and
the intrinsic frictional force versus the mismatch angle 6 for zero load. The
black and red dashed lines merely functions as guide for eye. The blue line
represents the intrinsic frictional force of commensurate bilayer MoS,. The
filled areas highlight the amount of average forces coming from Eq. (3).
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Fig. 11. Schematic of a trajectory. The traits A-B and B-C represent the con-
secutive segments into which we divide any trajectory. The black arrow re-
presents the average driving force along the y-axis, whereas the red dashed line
is the actual sliding path. The green arrow is the resulting average effective
force due to the mismatch angle 6.
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Fig. 12. Offset of the frictional force per $2" atom (ap) at zero load plotted
versus the sliding angle. The dashed line is provided as a guide for eye. The
errors bars represent the standard deviation calculated on the results of the
bootstrap method applied to the individual runs.
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Fig. 13. Coefficients of friction (u) plotted versus the sliding angle. These va-
lues are obtained from the linear fits of Fig. 8. The dashed line is provided as a
guide for the eye. The errors bars represent the standard deviation calculated on
the results of the bootstrap method applied to the individual runs.

Finally, in Figs. 12 and 13, the profiles of the offset for the frictional
force at zero load and the coefficient of friction as a function of sliding
angle are reported, respectively. From Fig. 12, one observes an “U”-
shape behavior, with a minimum for sliding at 30°. In other words, the
frictional force needed to make the mobile layer slide is highest for 0°
and 60°, and lowest for 30°. This behavior is in accordance with the
experimental finding of Ref. [21], namely that, with an increased
mismatch angle between the driving force and the actual trajectory (see
Fig. 5), the system experiences an increased frictional force. In Fig. 13,
the coefficient of friction is reported as a function of the direction of the
driving force. These results are obtained via the linear fits from Fig. 8.
As one can see, the effect of the sliding direction on the coefficient of
friction is very pronounced and two regimes can be easily identified.
When the system is sliding along the Mo-S bonds, which is the case for
0° and 60°, a relatively high frictional regime is found. The dynamics of
this regime is characterized by a stick-slip behavior and a high energy
dissipation (and Amontons-like dependence of friction on normal force)
is observed. In all other cases, when the layer is not sliding along the
bond direction, the system experiences superlubricity. Moreover, the
dynamical behavior becomes smooth, and the load no longer affects
friction. In fact, in combination with the previous observed behavior for
the incommensurate case [18,20], our results seem to indicate two
things. Firstly, a non-superlubric behavior for MoS, is rather unique. In
other words, as long as the driving force is not oriented exactly along
the Mo-S bond, one will observe superlubricity. Secondly, in-
commensuration is not required for achieving superlubricity in MoS,.

4. Conclusion

In this study we investigated the frictional behavior of the com-
mensurate MoS, bilayer as a function of the sliding angle by means of
molecular dynamics simulations. It was found that despite the fact that
all systems prefer to slide along the MEP, we can distinguish two dif-
ferent dynamical behaviors. When the driving force is orientated par-
allel to the Mo-S bond direction, as in the case of 0° and 60° sliding, a
stick-slip behavior is observed. For all other sliding directions, a smooth
transition between the stable minima was observed. Moreover, in the
latter case, it was found that the minimum energy path taken represents
the 30° sliding path, regardless of the sliding angle of the system. Next,
it was found that the corrugation profile of the PES increases with an
increasing load for all sliding directions, as expected [19]. Also, the
stick-slip behavior observed at 0° and 60° is significantly more dis-
sipative compared to all other cases. Stronger still, it was found that an
increasing load only affects the frictional force in the case when stick-
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slip dynamics are present. This behavior was furthermore confirmed by
the increased frictional forces and their load-dependence for the 0° and
60° trajectories as a whole. It was found that the origin of this behavior
lies in the segments of the trajectory where the mismatch angle 6 is 60°.
Although, this mismatch angle cannot fully account for the increase in
frictional force. Finally, it was found for the first time in a computa-
tional study that there is a dependence on the sliding direction of the
superlubric behavior of the bilayer MoS,.

We believe that our results can open the door to a new approach in
explaining the superlubric regime of MoS, and of solid layered lu-
bricants in general. It was shown that it is possible to relate the sliding
direction to the superlubric regime, something which in general is be-
lieved to be related to the commensurability of the system only. That
being said, these results do indicate that the explanation of super-
lubricity might be more complex than so far anticipated. The popular
argument, stating that superlubricity is a consequence of the cancella-
tion of forces, might not be able to fully capture the processes under-
lying this phenomenon. Our results call for an experimental verifica-
tion, for which the technique applied in Ref. [22] is very promising.
Moreover, once our findings will be confirmed experimentally, theo-
retical approaches like those in Refs. [19,20] should be reconsidered
since there the frictional force is based on a straight sliding path along
the long diagonal of the unit cell (0° or 60°), whereas our dynamics
rather indicate a path taken along the minimum energy path, preferably
with a 30° sliding angle. Finally, it is also possible to foresee practical
applications of the results described in the present paper for e.g. nano/
micro electromechanical systems (NEMS/MEMS) [31], where a simple
change of orientation of the sliding direction between two moving parts
would allow to switch between high- and low-friction regimes.
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MoS-, & Graphene

4.1 Introduction

As discussed in Chap. [I] heterostructures are built up from monolayers consist-
ing of at least two different types of 2D materials. Heterostructures allow for
the precise tuning of a wide range of (unique) chemical and mechanical prop-
erties. For example, it was found that the thermal conductivity and electro-
chemical properties of a MoSs-graphene system can be significantly enhanced
when changing from a homo- to a hetero-structure [106, 120, 121]. To extend
their tunability, the mismatch orientation between monolayers has also been
investigated. In the same systems, promising results were shown when study-
ing the electrical conductivity and band gaps. It was found that both features
can be tuned with much greater precision than their homologs by manipulating

their intrinsic stacking orientation [122, [123]. However, despite the possible
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potential that the stacking degree of freedom might offer, the energetic sta-
bility of these rotated structures is often left out from the analysis. On top
of this, several experimental studies have reported on an intrinsic misfit angle
within the heterostructures of graphene and MoSs, which can be considered as
a prototypical configuration. However, the actual values of the misfit angles
are discordant between the different studies. For example, some found that the
heterostructure is either aligned or characterized by a misfit angle of 30° [124].
Others observed angles from -11° to 18° [125], while again others report angles
that are mainly below 3° [126]. Obviously, the techniques used to obtain these
structures and the actual size of the layers play a critical role and are different

for all the studies mentioned above.

These results made us wonder if we could relate the energetic landscape
to the intrinsic mismatch angles and the local deformations of the layers. This
chapter summarizes a study on the energy minimization of edge-free bilayer
heterostructures composed of MoSy and graphene. We performed MM simu-
lations with an in-house optimized FF. The effects of the mismatch angle and
other possible mechanisms contributing to the rotational energy landscape for
heterostructures were studied. In doing so, a contribution was made to the
fundamental understanding of the rotational-dependent energetic behavior of
heterostructures. Moreover, our results clarified some of the seemingly con-
tradictory experimental results. Finally, we also considered the orientational
ordering of our incommensurate system through epitaxy theory. More specifi-
cally, the Novaco-McTague theory predicts misalignment between heterostruc-

tures as a pathway to reduce the energy of the system [127] [128].

As per the MSCA-ITN scholarship scheme requirements, part of this
work was performed during a secondment at a partner university — in this
case, a collaboration between the Czech Technical University in Prague and the
University of Southampton was formed. Here, I worked extensively together
with another student from the project funding our scholarship, Andrea Silva.

He contributed with his expertise in DFT calculations.
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4.2 Approaches and Problems

The concept of the computational setup used in this work is straightforward. A
set of bilayer heterostructures of graphene and MoS, was considered, each with
a different relative misfit angle. Since both monolayers are characterized by a
hexagonal symmetry, the same accounts for the heterostructure. Therefore, it
suffices to consider a rotational range of 60° to explore the complete rotational

landscape.

Firstly, an appropriate FF had to be selected. In the case of this system,
the FF consists of three parts:

e A part describing the interactions within the graphene layer,
e A part describing the interactions within the MoS, layer,

e A part that describes the interactions between the graphene and MoS,

layers.

The intralayer interactions for graphene and MoS; were described by the
REBO [109] and Stillinger-Weber [106] potentials, respectively. The results
of the benchmark for these FFs can be found in Chap. 2] and Appx. [B], where
the structural parameters of both are compared to available experimental data
and the results of our own DFT calculations. This part of the benchmark was
considered to be in reasonable agreement with both the experimental data and

the DFT calculations.

In general, the standard LJ potential;

vor=1e[(2)" - ()] w

is used in MM to simulate van der Waals interactions. Here, o is the distance
at which the interaction between the pair of atoms is zero, € is the depth of the
energy minimum of the potential, and r is the scalar distance between a pair
of atoms. Firstly, to assess the validity of the available LJ parameters, DFT

calculations were performed to obtain a reference set. In total, three bilayer
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systems were considered; two homostructures of graphene and MoS,, respec-
tively, and a bilayer heterostructure combining one layer of each type. The
creation of the first two structures is relatively straightforward compared to
the heterostructure since there is no lattice mismatch. For the heterostructure,
a 4x4 MoSs unit cell and a 5x5 graphene unit cell were considered, in which the
resulting in-plane stress of 2.6% was accommodated by MoS,. This induced
strain is expected to mostly affect the in-plane results. However, our focus
was the inter-plane interactions, where only minor deviations were expected,
primarily because graphene and MoS, are naturally incommensurate. In all
cases, only aligned structures were considered. Next, the binding energy pro-
file was obtained by increasing the interlayer distance between the layers in a
step-wise manner. For graphene, this was achieved by fixing the carbon atoms
in the z-direction, whereas for MoS,, this was done by fixing the z-coordinates

of the outermost sulfur atoms.

Optimized Force Field Parameters
Pair emeV] | o[A] C[A]
C-C 3.26 3.239 0.25
C-S 1.64 3.640 0.30
C-Mo 4.55 4.391 0.30
Mo-Mo 1.60 2.927 0.60
Mo-S 28.00 4.146 0.60
S-S 6.30 3.804 0.60
Table 4.1: Results for the re-

parametrization of the LJ parameters.
The last column represents the system

specific width of the weight function.

After several unsatisfactory results with published parameters, both quan-
titatively and qualitatively, we decided to perform a refinement based on the
parameters in Ref. [106]. Although the focus of this study is heterostructures,
we decided to perform an optimization of all three structures for possible fu-
ture work. To obtain the refined LJ parameters, the Simplex algorithm [129],
as implemented in the SciPy software package [130], was used. Here, the N-
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dimensional phase space (N = number of L.J parameters) is sampled in an iter-
ative way utilizing a simplex (convex polygon). In the case of bilayer graphene,
N = 2, whereas for bilayer MoS;, N = 6, and for the heterostructure, N = 4.
Moreover, a goal function is defined which compares our reference DF'T results
of the binding energy profile to the current results of the MM simulation ob-
tained with a particular set of LJ parameters. The results of this procedure

can be found in Figs. (a-c) and Tab. [4.1]
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Figure 4.1: Graphical representation of the re-parametrization of the LJ pa-
rameters obtained via the Simplex procedure for three systems: (a) bilayer
grahene, (b) bilayer MoSs, and (c) heterostructure MoSs /graphene. Plotted are
the original, the optimized, the DFT reference LJ curve and the weight func-
tion. The insets depict the chi-squared distribution allowing us to assess the

convergence of our minimization.

After obtaining the correct FF parameters, the heterostructures had to

be created. To avoid any edge/boundary effects and obtain results that solely
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depend on the relaxation of the atoms in the layers, we considered ‘infinite’
layers instead of a flake on top of a substrate. This was achieved by implement-
ing periodic boundary conditions. However, there is a mismatch between the
lattice constants of graphene and MoS,, which is also the reason why there is
a natural incommensurability present within this heterostructure. This means
that in order to combine two monolayers, there will be stress introduced to the
structure in the xy-plane. This mismatch stress can either be accommodated
on one monolayer, or distributed on both. As one might expect, this is an
unavoidable artifact in computational studies and might have severe conse-

quences for the outcomes.

C =a(na +na,)

Figure 4.2: Graphical overview of the replication of hexagonal unit cells with
different lattice constants in order to create a supercell that matches the sym-

metry of both.

To maintain the desired precision in the calculations, the effects of this
stress must be minimized. Their symmetric structure in the zy-plane charac-
terizes 2D materials. As stated before, graphene and MoS; both have a hexag-

onal symmetry, in which the monolayer unit cell has two atoms for graphene
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and three atoms for MoS,. Every unit cell is defined by two lattice vectors, one
along each side: (l,a1,l,as) and (lya;,l,a2). Here, [; is the respective lattice
constant of layer a and layer b, according to the Bravais lattice definition, a;
is the unit vector along the first side (e.g. the x-axis) and a, is the unit vector
along the second side of the hexagonal cell, with an angle of 60°. The lattice
with the desired periodicity is generated by a primitive vector a; = [,a;. A
heterostructure supercell will be compatible with both periodicities if the indi-
vidual lattice cells match exactly at the edges, in other words, if the following

matching condition is satisfied:
la(nlél + TlgéQ) = lb(mlf)l + mQE)Q), (42)

where nq,no, mq, Mo represent the repetitions of the unit cell of the first and
second lattice along the corresponding versors, respectively. An overview of
the matching condition is given in Fig. [4.2]

To obtain a system with the desired misalignment €, all combinations
of integers n;, m; within the range (—200,200) were considered. Thereafter,
the supercells which satisfy # € [0°,60°] and a maximum strain of the order
€ ~ 1 x 107" were selected. Next, the resulting supercells were binned with
a spacing of Af = 0.01° and the cell with the fewest Bravais points within
each bin was selected. This procedure does not guarantee that the resulting
supercell will be evenly spaced according to the mismatch angle. Also, the
resulting heterostructures do not have to have the same number of atoms; the
sizes varied from 35663 to 343898 atoms. This is because the number of atoms
in each lattice is given by the number of Bravais lattice points multiplied by

the number of atoms in the crystal basis:
Ntot = NBravais * Npasis (43)
with npasis equal to 2 and 3 for graphene and MoS,, respectively.

The final problem encountered during this study occurred while inves-
tigating the orientational ordering of our heterostructure in the spirit of the
Novaco and McTague theory [127,|128]. This theory considers a soft adsorbate
layer treated within the harmonic approximation atop a rigid substrate. To

create a similar situation in our system, several constraints were introduced
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Figure 4.3: Enhancement of the LJ-coupling. The energy
(meV/atom) versus angle E(6) is plotted for rigid MoSy and soft

graphene, for increasing values of LJ coupling fec_(aro:5), as re-

ported in the legend.

regarding the degrees of freedom of the atoms, i.e., fixing the atoms in the z-
direction. However, due to these constraints, the energy profile plotted versus
the rotation angle was not visible due to the noise coming from the residual
mismatch stress in the heterostructures. Although the initial structures were
relatively big and therefore had a relatively low in-plane stress, the energy
differences turned out to be so small that they were easily ‘lost’. Firstly, to
circumvent this problem, the size of the structures was increased so as to de-
crease the stress, as explained above. Even though the results improved, the
trends were still not clearly visible. Therefore, in a second attempt, the LJ-
coupling between the MoSy and graphene layers was enhanced during these
simulations. In Fig. [£.3] the energy profiles of E(6) versus the rotation angle
are plotted for different scaling factors. The enhanced LJ values relate to the
scaling factor f by ¢ = fe. It can be seen that this computational trick does
not alter the physics but purely amplifies the energy trends that otherwise
get progressively hidden by the noise. In other words, both the minima and
maxima remain located at the same angle, whereas their absolute energy value
is scaled according to the LJ-coupling. Figure reports the scaling relation

at = 30°, showing an almost quadratic behavior.
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Figure 4.4: Scaling relation between the energy and the LJ pa-
rameter €. Blue circles represent the energy at 6 = 30° computed
at a given enhancement factor f, with respect to f = 1, versus
the scaling factor f. The light blue line shows the fitted power-law
reported in the legend.

4.3 Results and Outlook

Our study led to several interesting insights and discoveries. First of all, we
found a relation between the relative mismatch angle and the energy profile,
where for aligned structures (0° and 60°) the lowest energy configuration was
found. We found a metastable state for a relative mismatch angle of 30°, where
there is a global energy maximum but a locally flat profile. Additionally, we
found that for the lowest energy configuration, the structural change was the
most significant. This was confirmed by the increased thickness of the graphene
layer, defined as the difference between the highest and lowest carbon atoms

(zmax - me) .

Furthermore, we performed an analysis based on the flexural phonon
modes and the moiré superlattice. The earlier mentioned out-of-plane distor-
tions have the same periodicity as the moiré patterns. This behavior was well
accommodated in the aligned configurations, which are characterized by the

largest moiré spacing. It is because of this that the energy cost of the flexural
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distortion was almost negligible. Upon decreasing the moiré spacing, the en-
ergy gain of local commensuration between graphene and MoS; was no longer
able to compete with the cost of in-plane rippling. Finally, we have proven that
the current available Novaco and MacTague theoretical framework [127, 12§]
is no longer valid due to the complex three-atom layered structure of MoS,.
Our results introduced a new perspective on the discordance in experimental

results and paved the way for future design of twistronics devices.

I was the main author of this work together with Andrea Silva and was
responsible for the conceptualization, data production via MM calculations,
data analysis, and the writing of the original draft. All results of this study
have been published in the ACS Applied Materials & Interfaces journal |131].
This is an impacted journal, which had an impact factor of 8.758 in 2019
and belongs to the quartile category Q1 in the field of materials science and

nanoscience & technology. A copy of the manuscript is attached below.
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ABSTRACT: Recent research showed that the rotational degree
of freedom in stacking 2D materials yields great changes in the
electronic properties. Here, we focus on an often overlooked
question: are twisted geometries stable and what defines their
rotational energy landscape? Our simulations show how epitaxy
theory breaks down in these systems, and we explain the observed
behavior in terms of an interplay between flexural phonons and the
interlayer coupling, governed by the moiré superlattice. Our
argument, applied to the well-studied MoS,/graphene system,
rationalizes experimental results and could serve as guidance to

design twistronic devices.
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H INTRODUCTION

van der Waals (vdW) 2D materials, such as graphite and the
family of transition metal dichalcogenides (TMDs), are a class
of compounds characterized by an anisotropic structure.
Strong intralayer covalent bonds complement the weak vdW
interlayer interactions, which facilitate the lamellar structure of
bulk crystals. Because of their diverse chemistry and versatile
properties, these materials have received significant attention
from the scientific community in the past decades.'””
Applications can be found in microelectronics,”* catalysis,*~
and tribology.”' Although the attractive properties of the pure
compounds are widely known, recent efforts have been
focusing on the physics and properties emerging from the
stacking degree of freedom offered by these lamellar materials.
Different types of single layers can be mixed and matched to
create new superstructures, termed heterostructures.''~'* A key
feature, affecting the behavior of multilayered structures, is the
relative orientational mismatch between layers. Although
heterostructures are intrinsically incommensurate because of
the different lattice constants of the parent single layers,
incommensurability can also arise in homostructures because
of a relative misalignment of the single layers.”

The relative mismatch between layers, both for homo- and
heterostructures, has been related to a range of electronic and
mechanical properties.”’*™>° A flourishing new branch in the
field of condensed matter, known as twistronics, promises to
allow fine-tuning of the electronic properties using the
rotational misalignment between layers.'”*' A notable example
is the recent discovery of unconventional superconductivity in
bilayer graphene (G) twisted at a magic angle of 1.1°.%
Another study found that the vertical conductivity of bilayer
MoS,/G heterostructures varies by a factor of five when
imposing an angle of 30° between the layers.”> Finally, a

8
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"4 ACS Publications

pioneering work” showed that by switching from commensu-
rate to incommensurate orientation in graphite systems, it is
possible to achieve a state in which the coefficient of friction
vanishes, the so-called superlubric regime.

Despite the interesting physics, which results from these
relative mismatches, an often overlooked question is by what
their rotational energy landscape is determined and thus which
geometries are stable. Indeed, experimental studies are
contradictory on this point, with a wide range of misfit angles
found, even for the same type of system.”* >° Below, we give a
few examples of heterostructures based on MoS, on G. This
system may be regarded as the prototypical 2D hetero-
structure, as it combines two well-known and extensively
studied materials, widely reported in the literature. Moreover,
it has been reported that MoS,/G heterostructures show
interesting electronic behavior as a function of their mismatch
angle.””** Using chemical vapor deposition (CVD), Liu et al.
epitaxially grew triangles of MoS, on top of G, about 0.135 ym
in size, with the majority of them (84%) aligned to the
substrate and the remainder rotated by 30°.>* Using the same
technique, Shi et al. found mismatch angles between MoS, and
G, on top of a Cu foil, ranging from —11 to 18° with
hexagonal flake sizes of about 1 um.** For CVD-grown flakes
of 9 um, Lu et al. found a mismatch with typical angles below
3°?° Finally, using an exfoliation protocol, Adrian et al.
prepared multilayered heterostructures and observed a misfit
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angle of 7.3°.%° In addition to different values for the observed
mismatch angle, these studies offer different explanations for its
origin. Although some attribute the observed (mis)alignment
to the vdW epitaxy, accommodating the mismatch in lattice
constants,”>** others use the structural features of the
underlying G and the edgeszS as an explanation.

In a recent theoretical work, Zhu et al'® explained the
orientational ordering of finite size homostructures, for
example, MoS, flakes on a MoS, substrate, using a purely
geometrical argument: the lowest energy configuration is the
one obtained by the rototranslation of the rigid flake which
maximizes the number of locally commensurate regions.
Although this argument is solely based on geometry, it
provides a satisfactory approximation for finite size systems but
in the limit of infinite planes, that is, for large enough flakes,
commensurate regions equal incommensurate ones. Therefore,
in the limit of extended interfaces, other theoretical frame-
works are needed.

In this contribution, we aim to explore the energy landscape
originating from the rotational degree of freedom of edge-free,
complex layered heterostructures and relate its fundamental
origin to incommensurability and layer deformation at
imposed angles. This will provide guidance for the design of
vdW heterostructures and the control of the twisting degree of
freedom. In order to make a more general point about the
relative importance of different contributions, in determining
the total energy landscape, we focus on a specific but well-
studied system, namely, MoS,/G. Although previous energy
analysis focused on commensurate MoS,/MoS, homostruc-
tures” or near-commensurate 2D-crystal G/hBN hetero-
structures,” the MoS,/G BL system has a mismatch ratio p
=1/l = 0.8 far away from the commensurate value p = 1 and,
moreover, is composed of a mixture of 2D and 3D crystal
monolayers. This analysis shows the practical application of
our argument and will also allow us to comment on the
apparently contradictory experimental observations regarding
this particular system.

B RESULTS AND DISCUSSION

In order to avoid finite-size effects and harvest information
solely from the relaxation of the atoms in the layers, we
implemented a protocol to build edge-free geometries. The
resulting supercells are simultaneously compatible with the
lattice mismatch and a relative imposed angle between the
layers. As a result, periodic boundary conditions (PBCs) can
be applied to these structures. The starting interface geometry
is described by a pair of 2D lattices defined by vectors (La,,
1a,) and (I,b), I)b,), where I, and I, represent the lattice
constants and the b; vectors are rotated by an angle 6 with
respect to 3, Two layers will be compatible if they satisfy the
matching condition ,(n,3, + n,3,) = L,(m,b, + m,b,), where
the integer numbers n,, n,, m;, and m, are supercell indices,
representing the repetition along each lattice vector. In
practice, for incommensurate lattice constants, the matching
condition yielding PBC-compliant supercells can only be
satisfied approximately, that is, the lattice spacing I’ of one of
the two components needs to deviate from its equilibrium
value I Here, in order to obtain suitable structures with
imposed angles between 0 and 60°, we accept supercells
satisfying II' — Il < S X 1077 A. The resulting strain is applied to
1'—=1

the MoS, layer, which leads to a maximum strain € =

within the same order of magnitude, four orders less than

reported strains in other computational studies.’' ™ This
protocol yields a set of supercells, each of which has a different
number of atoms of up to 343,893, created according to the
four supercell indices resulting in a unique twisting angle,
satisfying the matching condition. Details of this protocol and
all the parameters of the supercells used are reported in the
Supporting Information.

In these supercells, we distinguish intralayer and interlayer
interatomic interactions, resulting in the following Hamiltonian

H= HL‘ + HL2 + HL‘Ll (1)

The G layer is modeled with the REBO potential,** H, =

HEREBO), while the three-body Stillinger—Weber (SW)
potential®® is used for MoS,, H = HI(\,?ZQ Interlayer coupling

is described by the Lennard-Jones (LJ) potential

L
HL,Lz = H((:;]l)\/[o,C—S

2 [ -]

jEMo,S (2)

Because the interlayer interactions are especially relevant for
the aim of this work, we refined the values for the C—Mo and
C—S interactions found in ref 33. As a reference set, we
computed the binding energy curves at the DFT level, using
the Vienna Ab initio Simulation Package (VASP)*>*® within
the projector augmented-wave (PAW) framework.’” The
exchange—correlation potential is approximated using the
PBE functional,® and the vdW dispersion is described by the
DFT-D2 method.® After this procedure, we are able to
perform energy minimizations using the conjugate %radient
algorithm available within the LAMMPS package.” More
details about the fitting and minimization procedure can be
found in the Supporting Information. An overview of the
computational setup can be found in Figure 1.

An approximate theory for the orientational ordering of an
incommensurate interface was proposed by Novaco and
McTague.*"* Although developed in the context of epitaxial
growth of noble gas layers on metal surfaces, it has been
successfully applied to the behavior of mesoscopic colloidal
layers in optical lattices™® and metal clusters adsorbed on G.**
The assumption of the Novaco—McTague (NM) theory is that
two purely 2D systems, linked via an interface, may be divided
into two separate components: a soft adsorbate layer, treated
within the harmonic approximation, atop a rigid substrate. This
means that one of the intralayer terms in eq 1 is substituted by
its harmonic approximation, while the coordinates of the
second layer are frozen at its initial values, r,. For example,
considering G as the adsorbate and MoS, as the substrate
yields the following Hamiltonian

(REBO

Hym = He HY)

)
|harmonic MoSzlr0 + HC—MO,C—S @3)

If the substrate and the adsorbate lattices are incommensu-
rate, because of a mismatch in lattice constants, the system is
frustrated: the intralayer interactions within the adsorbate favor
the intrinsic equilibrium lattice spacing, while the interactions
with the substrate drive the atoms away from their equilibrium
positions. In the limit of long-wavelength distortions, the NM
theory predicts that the system can lower its energy by
converting part of the longitudinal stress coming from the

https://dx.doi.org/10.1021/acsami.0c13971
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Figure 1. Schematic overview of the computational setup displayed
for a mismatch angle of 9.75°. In the top panel, a top view is provided,
including a sketch of moiré tiling resulting from the geometrical
interference between the two lattices. The mismatch angle between
the lattice direction of MoS, (blue line) and G (green line) lattices is
reported as well. In the bottom panel, a side view is provided,
including the corresponding force fields that have been used.

incommensurability into shear stress. This yields a small
misalignment angle between the two lattices given by

1+ p*(1 + 26)
pl2 +8(1 + p*)] )

where p = I purate/ ladsorbate 1S the mismatch ratio between the
two lattices and & = (¢ /c)* — 1, with ¢y and ¢ being the
transverse and longitudinal sound velocities of the adsorbate,
respectively.

The result of NM in eq 4 can be applied to our system by
extracting the sound velocity of each single layer from the
phonon dispersion, as reported in the Supporting Information.
There are two possible scenarios: G can be treated as the rigid
substrate, while MoS, acts as a soft adsorbate or vice versa. In
the first case, the theory predicts O™ = 8.0°, while if G is the
adsorbate, the minimum-energy angle is 0§y = 8.6°. The
prediction of the NM model can be verified by minimizing the
total energy of the twisted geometries described above under
suitable constraints. We froze the atoms of the heterostructures
in the direction perpendicular to the surface, that is, the z axis,
effectively reducing the dimensionality of the system to 2D.
Furthermore, we also froze the atoms of the substrate layer in
the in-plane directions x and y, enforcing a fully rigid substrate.

cos Oy =

As mentioned at the beginning of this section and explained
in detail in one of the sections of the Supporting Information,
the edge-free geometries used in this work inevitably retain a
degree of stress resulting from the matching condition for the
two lattices in order to be able to apply PBCs. The slightly
different strains, unique to every geometry, result in different
offsets in the obtained energies. Because these offsets are of the
same order as the energy gain arising from in-plane
displacement of the atoms, this residual strain leads to a
significant noise in the signal of the energy profile as a function
of the imposed angle. To overcome this problem and to obtain
a clear signal from our simulations, we enhanced the LJ-
coupling strength between the MoS, and G layers. In other
words, we set the L] parameters €; in eq 2 to € = 100 ¢;
during geometry optimization. Next, the applied bias is
corrected by scaling back the energy profile, as if simulated
with the original value of €;. As is shown in section three of the
Supporting Information, this computational trick solely
reduces the noise without affecting the actual physics of the
problem.

Figure 2 shows the optimized energy E (meV/atom) as a
function of the angle 6 (°), with respect to the energy of the

MoS,

1.5%107% 4

E(6) - E(0) [meV/atom]

min |

)
i

—-5x107° A 3 gHos: |
i
H

0 10 2‘0 30 4‘0 50 60
er°1
Figure 2. Energy E (meV/atom) as a function of the imposed angle &
(°) for different 2D models: red squares refer to flexible G on top of
rigid MoS,; blue circles refer to flexible MoS, on top of rigid G. The
labels in the legend indicate the flexible ML. The reference value of
the energy scale is set to E(0). The minimum-energy point along each
curve is highlighted by a dashed line and a label. Red and blue crosses
(accompanied by a label) mark the minimum angle predicted by the
NM theory for the first and second cases, respectively. The minimum-
energy and NM-predicted angles for flexible MoS, are reported
starting from 60° for easiness of reading.

aligned structures, E(0). The two curves refer to the following
models: 2D-adsorbed G atop rigid MoS, (red) and 2D-
adsorbed MoS, atop rigid G (blue). Both cases reveal a
minimum at a nonzero angle: for the adsorbed G case, the
minimum is found at 65, = 4.2°, while for the adsorbed MoS,
case, it is at HHI;?:SI = 12.3°. Because of the intrinsic hexagonal
symmetry of our system, each curve has two symmetrical
minima centered at around 30°. The simulations show that the
physics described by the approximation of eq 4 is still valid,
that is, a nonzero minimum angle is observed for both cases.
However, the absolute values of the predicted and observed
angles are not in agreement, yielding a discrepancy of 65;, —

OS5 = —4.4° in the case of 2D-adsorbed G, and

ONeS — 043 = 4.3° in the case of 2D-adsorbed MoS,.

‘min
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A previous study of G and h-BN heterostructures showed™
that the NM model quantitatively describes the relaxation of
the constrained system of these purely 2D materials. Here, the
NM theory captures the basics of the physics but is not able to
describe satisfactorily the complex geometry of the bilayer
system, especially in the case of the flexible MoS, layer. We
attribute the poor prediction of the theory in our case to the
internal 3D structure of the MoS, monolayer, which indeed is
unaccounted for in the NM model. This suggests that the NM
theory is generally of limited utility for any bilayer comprising
TMDs or other systems with a 3D monolayer structure.
Another difference between our results and the results found
for G/hBN heterostructures® is the quantitative difference in
the energy values. In fact, our results report energy differences
of 1 order of magnitude less. We explain this difference by the
earlier mentioned relatively large MoS,/G BL system
mismatch ratio p = I/l & 0.8. Because of this significant
incommensurability between the MoS, and G, present for all
rotations, the atom displacements and energy differences are
expected to be less pronounced. In fact, a similar observation
has been carried out experimentally by Diaz et al®’ and
Pierucci et al.”® For example, Diaz et al. found that the MoS,/G
moiré pattern obtained via AFM measurements was less
pronounced compared to the one of hBN/G.

Considering another case, one in which all degrees of
freedom are considered, that is, all atoms are free to move in
the 3D space, the NM theory is even qualitatively inadequate.
Figure 3 shows the energy E (meV/atom) as a function of the

0.007 q
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0.005 q
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0.003 q

0.002 q

E(6) - E(0) [meV/atom]

0.001

0 10 20 30 40 50 60

Figure 3. Energy per atom E(6), in meV, as a function of the imposed
angle 6. Each point in the energy landscape represents a distinct
geometry at a different imposed angle, and the blue line is a Bézier fit.
The small oscillations at @ = 0°, 60° are due to numerical noise in the
energy simulations. The circular insets show top views of the relaxed
structures at @ &~ 0° (bottom left), @ ~ S0° = 10° (bottom right), and
0 ~ 30° (top center). The atoms are colored according to the scheme
in Figure 1. The pink hexagons sketch the moiré tile in each
configuration.

angle 6 (°) of the system without rigid substrate, but with two
soft, interacting layers. Naturally, the L] coupling between the
two layers has been restored to the values obtained from fitting
against the DFT data to correctly reproduce interlayer forces.
The behavior that we found is both quantitatively and
qualitatively different from the constrained system presented
previously. The introduction of the out-of-plane dimension (z)
changes the response qualitatively. The energy minima at
nonzero angles have disappeared, and the energy now increases
symmetrically from the global minima at the aligned cases

(0°,60°) toward the global maximum at a mismatch angle of
30°. From Figure 3, one can thus deduce that at 0 K, the fully
flexible bilayer system will be stable when aligned at 0 or 60°.
The energy profile around a misalignment of 30° is flat, and
the misaligned geometry at this angle could therefore be
characterized as metastable, as a vanishing force F = —dE(6)/
d@ drives the system toward the global minima at 0 or 60°. In
the thermodynamic limit, this orientation should not occur,
considering it is the global energy maximum. The fact that
nonaligned structures are observed experimentally”® can be
explained by the fact that this type of geometry can be
temporarily stabilized by a small internal friction, for example,
because of local defects, creating energy barriers that need to
be overcome first.

The NM theory does not hold when structural distortions
perpendicular to the interface are allowed. Our results indicate
that these are important for MoS,/G heterostructures, and we
believe that this is also the case for other complex
heterostructures. The core of the NM argument is that the
collective misalignment arises because of the excitation of the
transverse phonon branch in the xy plane, which lies lower in
energy than the longitudinal branch. This static distortion,
which results in an increased internal energy of the adsorbate
layer, is counterbalanced by a better interdigitation of the two
lattices, that is, the displaced atoms are locally displaced to an
overall more favorable stacking, with respect to the interlayer
potential.*»** If out-of-plane distortions, unaccounted for in
the NM theory, lead to a better interplay between the two
layers, that is, if there is a gain in the interlayer coupling energy
that is larger than the intralayer energy penalty from out-of-
plane modulations, the system will lower its total energy.
Different from the NM theory, the lowest-energy distortion in
this scenario would not result in a misalignment between the
components but in the formation of ripples, creating locally
commensurate zones at the equilibrium distance and
incommensurate zones at a larger interlayer distance.

Here, we characterize the out-of-plane deformations,
disregarded in NM theory, in terms of the flexural phonon
branch, which describes excitations perpendicular to the ML
plane. In line with our edge-free geometries, the phonon
picture is independent of sample size, and because the phonon
eigenvectors represent a complete basis set,** any distortion in
the crystal may be expressed as a linear combination of
phonons. Moreover, treating the distortions of a layer in terms
of its phonon spectrum decouples the intralayer energetics
from interlayer interaction. Our analysis, reported in section
seven of the Supporting Information, shows that deformations
in the MoS, ML are 2 orders of magnitude smaller than the
deformation of G. This signals that the distortion governing
the energy economy of the system happens in the G layer, and
we therefore focus the following analysis on this part only. As
shown by the blue solid line in Figure 4, the flexural band is flat
near the center of the Brillouin zone (BZ) (I point), that is,
the long-wave modulations perpendicular to the basal plane
can occur essentially without an energy penalty. Transverse
(dashed gray in Figure 4) and longitudinal (dash-dotted gray
in Figure 4) bands, which are the basis of NM theory, are
higher in energy, resulting in more expensive modulations of
the G layer.

Although the phonon spectrum describes the energy penalty
compared to an isolated ML at equilibrium, the energy gain
from interlayer interactions can be quantified in terms of moire
patterns. The moiré superlattice is a geometrical construction

https://dx.doi.org/10.1021/acsami.0c13971
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Figure 4. Phonon band structure of the G monolayer. The y axis
reports the phonon energy, while the x axis marks the distance from
the origin along the path I' = M — K — I, shown in the top right
inset and marked along the x axis by gray dashed lines. The flexural
branch is reported by a solid blue line, the transverse branch by is
reported by a dashed gray line, and the longitudinal branch is reported
by a dash-dotted gray line, while other branches are shown in dotted
black lines. Colored segments along x increasing from y = 0 to the
flexural branch mark wavevectors matching the moiré spacing Ly (6)
for the geometries in the insets of Figure S, as highlighted by the color
code. The moiré wavevector ky corresponding to real-space
wavelength Ly is shown in the top-right inset following the color
code in the legend in the top left. The insets marked by black arrows
show the characteristic displacement pattern for the three acoustic
branches: the gray arrow indicates the direction of the wavevector k
and the blue arrow indicates the displacement of the atoms in a unit
cell.

describing the interference between two lattices and can be
used to identify geometrical correspondence between lattices,
that is, zones of local commensuration versus incoherent
stacking. The symmetry of the moiré superlattice reflects the
one underlying Bravais lattices, and its lattice parameter Ly, is
given by

LM(Q) = lG

J1+p72 =2p7 cos 0 (s)

Figure 5 shows the correlation between out-of-plane
modulations, that is, rippling in the z dimension, and the
moiré pattern in the G sheet. At @ = 0, the moiré spacing and
the average displacement along z are at a maximum, and they
both decrease as the misalignment increases. As € increases,
the length of the pattern shrinks with the displacement along z:
at @ = 30°, the moiré shrinks to a couple of unit cells and the
monolayer remains basically flat. The rippling patterns follow
the moiré superlattice perfectly, as shown in the insets of
Figure S for selected values of 6, that is, the nearest
configurations having approximately angles of 6 = 0° (0.23°),
10° (9.75°), 20° (19.89°), and 30° (29.17°). The local
information expressed in the ripples of the carbon sheet is
condensed in the thickness of the G layer

7(f) = max z; — min

TEeG TEeG (6)
which is a global parameter with a single value for each twisted
geometry, as reported by black circles on the left y axis in
Figure 5.
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Figure S. Thickness of the G layer 7(6) resulting from the
displacement of C atoms (black circles, left axis) and spacing of the
moiré pattern Ly(6) (colored dotted line, right axis) as a function of 6
for equivalent configurations at 0 and 60° rotating toward 30°. The
insets show the local distortion following the moiré lattice in a square
of sides 60 A at the nearest configuration having approximately angles
of 6 = 0° (0.23°, dark purple), 10° (9.75°, purple), 20° (19.89°, dark
pink), and 30° (29.17°, pink). The color of each triangle reports
change in height Az = z — 2., coordinate of the corresponding C
atom (black points) following the color code reported in the top left.
For example, the moiré pattern can be seen in the inset for Ly;(0°) as
the lattice defined by the red regions.

Combining the geometrical construction shown in Figure 5
and the G phonon dispersion in Figure 4, we can explain the
energy profile in Figure 3. The moiré spacing Ly(6) can be

mapped to wavevectors into the BZ by ky(6) = he

2
RTvO
wavevectors ky, corresponding to the spacing Ly of the
geometries in the insets of Figure S, are highlighted in Figure 4.
All wavevectors in the BZ at the moiré spacing are shown by
vertical segments along the path and as circles in the inset and
follow the same color code. A modulation of the G sheet, with
wavelength Ly(6), can be represented as a combination of
phonon modes of matching wavevectors ky(6). Because the
modulation of the G layer essentially takes solely place in the z
direction, the major contribution in the decomposition on
phonon modes will come from the flexural branch. Within
small displacements from the equilibrium positions, the energy
price of such modulations can be estimated by the
corresponding phonon energy. As 6 varies from 0 to 30° and
the moiré shrinks, like is shown in Figure S, the associated
wavevector ky(0) assumes the values between ky(0°) = 0.09
A~ (dark-purple lines in Figure 4) and ky(30°) = 0.24 A™!
(pink lines in Figure 4), at increasing flexural-phonon energies.
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Next, we describe these limiting cases in more detail. At 6 = 0°,
the spacing of the moiré is Ly, = 12.5 A, which is the distance
between the locally commensurate patches, the red regions in
Figure S. As signaled by the dark-purple line in Figure 4,
flexural phonon modes of this length in G are close to the flat
region around I" and therefore energetically inexpensive. This
allows commensurate regions to stay at the equilibrium
interlayer position, while incommensurate ones are pushed
away from MoS, ML, perpendicular to the basal planes. As 6
increases to 30°, Ly, decreases, and thus, the distance between
locally commensurate areas reduces. As a result, the
deformation needs to occur over a shorter distance, and its
energy cost therefore increases. At 6 = 30°, Ly, = 4.88 A, which
is about two G unit cells. As shown by the pink line in Figure 4,
deformations of this length scale are described by phonons at
the edges of the BZ and are energetically more expensive than
the gain coming from the interdigitation with the substrate.
Therefore, the G sheet remains flat, at the expense of the
interlayer coupling, resulting in a higher total energy of the
heterostructure compared to the aligned case. The flattening of
the flexural branch near the edges of the BZ, as shown by the
solid blue line between M and K in Figure 4, is mirrored by the
plateau in the energy profile in Figure 3 around 6 = 30°: in the
whole region, moiré modulations are too expensive and the
system cannot obtain any energy gain.

To sum up, the unconstrained 3D heterostructure lowers its
energy by out-of-plane distortions according to the moiré
pattern. This is particularly evident at @ = 0, where Ly = 12.5
A: here, the flexural distortion is almost without any energy
penalty and the system lowers its energy by improving the
interdigitation between G and the MoS, layers. As @ increases,
Ly decreases and the cost of the ripples overtakes the gain in
energy because of local commensuration, yielding flat G and an
increased total energy. Finally, the region of the BZ spanned by
the moiré spacing as a function of € (the region between
purple and pink segments in Figure 4) shows that the
approximation of the long wavelength used to derive eq 4 is
unsuited in the large-mismatched heterostructures. Because of
the fact that also phonon excitation near the border of the BZ
is involved in the energy economy of the system, a modified
epitaxy theory is needed in these cases to predict and to
understand the phase stability of imposed twist angles.

Bl CONCLUSIONS

We explored the stability of twisted vdW heterostructures.
Although often overlooked, this phenomenon is of particular
importance in the emerging field of twistronics, as it can be a
decisive factor in the real-life application of such systems. The
energy as a function of an imposed angle determines whether a
device is at risk of rotating away from a prepared angle. Our
analysis of MoS,/G heterostructures helps to clarify the
scattered experimental data. We find a single global minimum
at @ = 0 and 60°, that is, only epitaxial stacking is expected for
the system at 0 K. However, experiments always present
defects or intrinsic friction that might result in the emergence
of activation energies, potentially trapping a system in a
metastable (or even unstable) state. In the limit where such
effects become negligible, that is, activation energy approach-
ing zero, one would mostly observe heterostructures aligned at
0 = 0 and 60° and few 30°-rotated, in agreement with the
results of Liu et al”®> A possible experiment, to test the validity
of our results, would be to perform a systematic repetition of
the aforementioned experiments, focused upon reducing

deviations resulting from working conditions, for example,
annealing temperature. We expect that the results of such an
effort will confirm our findings: with a high enough annealing
temperature and large enough flakes of significant quality, the
bilayer system should be found in the aligned configuration,
with possibly some outliers at around 30°.

The relevance of our results becomes clear when considering
the fact that interesting physics is observed at certain unstable
mismatch angles.”® Our findings show that care must be taken
when designing nanodevices as properties observed in studies
at a specific angle might fade over time because of the system
spontaneously rotating toward the real thermodynamic
equilibrium. In fact, others'” also suggest that aligned
structures are most suitable for optospintronic applications.

Finally, we explain the origin of the observed energy
economy in terms of the interplay between flexural phonon
modes of the pristine compounds and the moiré superlattice.
This insight is general in nature and can be applied to all
layered materials and heterostructures, serving as a design tool
for twistronic devices. Stiffness in the out-of-plane direction
should be considered as a critical property in the design of such
devices. It is for example known that rippling can affect the
Schottky junctions, which are directly related to the perform-
ance of optoelectronic devices such as photodetectors and
solar cells.”” Soft flexural phonon modes might be a lower
energy route out of frustration than twisting, hindering the
possibility of stable rotated configurations. Furthermore, our
results show the need for a novel theory of epitaxy for layered
materials, incorporating the flexural branches ignored in the
NM theory and taking into account all phonon wavelengths.
The insights presented here can serve as a starting point for
developing such a theory of the epitaxial growth for vdW
heterostructures.

B METHODS

Classical MD all-energy minimizations of the rotated heterostructures
have been performed using molecular dynamics by means of the
LAMMPS package®” using the conjugate gradient algorithm, where
the energy tolerance was set to 1 X 10~'5. The REBO potential** was
used for G, whereas an adapted version of the three-body SW
potential®® was used for MoS,. To model the vdW interactions, we
used an interlayer L] potential. To obtain the explicit values of the
parameters, we refined the values that can be found in the paper by
Ding et al,*® of which we provide an elaborate description in the
Supporting Information.

DFT ab initio calculations used to reparametrize the force field
were carried out using DFT as implemented in the VASP*** within
the PAW framework.”’ The exchange—correlation potential is
approximated using the PBE functional,”® and the vdW dispersion
is described by the DFT-D2 method.* A plane wave cutoff of 800 eV
is adopted, and the BZ was sampled using a 13 X 13 X 1 mesh.

Phonon calculation phonon bands were computed with the aid of
Phonopy,”® which was coupled to LAMMPS using phono-
LAMMPS.* In both cases, the phonon dispersion was computed
using the frozen method employing a 5 X 5 X 1 supercell.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c13971.

Details on the protocols, force field, and geometry
parameters (PDF)
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MoS, & Water

5.1 Introduction

A drawback of MoS,, and solid lubricants in general, is their sensitivity to
humidity, which can induce a significant change in the tribological properties
[32, |42 43, 63]. In the case of MoSs, water contamination generally tallies
with an increase in the COF, alongside an increase in the wear behavior [45,
46, |61}, 62, 63]. This has already been addressed in Chap. . In a significant
number of (potential) applications, however, ambient conditions are unavoid-
able. Therefore, in the specific case of MoS,, the current effective working
range as a solid lubricating coating is minimal, i.e., vacuum. To fully profit
from the enormous potential of MoSy and solid lubricants in general, it is of
great importance not only to understand in what way humidity affects their

frictional properties but also to understand the mechanism behind it.
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The consensus that humidity deteriorates the frictional properties of
MoS, is widely accepted [62}, |132]|133]. However, the underlying mechanism is
vigorously debated. Whereas some ascribe it to contamination of the surface
due to the physical interaction with water [44, 63], others relate it to oxidation
of MoSs to MoOj [134} |135]. Recently, it was found that only physisorption
of, instead of oxidation by, HyO occurs on the stable basal planes of MoS,
[43]. Furthermore, HyO increased the interlayer distance when present at the
interface, and MoS,y acted rather hydrophobically [43]. In another study, it
was found that for infinite basal planes, increasing the water coverage within
the interface reduced the distance traversed after an initial kick, and that hy-
drogen bonds (H-bonds) were formed between the interacting water molecules
[63]. The formation of a highly ordered H-bond network when intercalated in
2D materials has also been observed by others [136].

Although the earlier mentioned results are relevant, some questions re-
main unanswered. For example, how are the frictional properties of MoS,
quantitatively affected by the presence of water during sliding, and what is
the function of the H-bond water network? Furthermore, how are the fric-
tional properties of MoS, in the presence of water affected by sliding velocity
and the load applied to the system? In this chapter, a paper is presented that
focused on the frictional properties of commensurate pseudo-bulk MoS, during
sliding in the presence of water, employing non-equilibrium MD simulations.
Based on previous results [44, 63], no tribochemical reactions were expected
to occur; therefore, we resorted to a nonreactive FF. This allows for the simu-
lation of larger systems, longer timescales, and a more comprehensive range of
(external) conditions, such as a range of normal loads and water coverage. The
main aim of this study was to quantify friction in the presence of water. More
specifically, the effects of normal load and sliding velocity were evaluated for

different amounts of water coverage, ranging from dry sliding to bulk water.
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5.2 Approaches and Problems

The computational setup in this system consisted of six ‘infinite’ layers of
commensurate 2H.-MoS,, which was achieved by applying periodic boundary
conditions to the simulation cell. Within the center interface, varying numbers
of water molecules were inserted, ranging from dry sliding to full coverage, and
one configuration with bulk water. The number of water molecules required
to represent the total coverage adequately was estimated using the definition
of the perpendicular crossing diamond network [136]. Next, a range of normal
loads were applied to the top layer, perpendicular to the plane of the mono-
layers (in the z-direction). Finally, the lowest layer was held static by fixing
the bottommost sulfur layer in the z-, y-, and z-direction. In contrast, the top
layer was made mobile by introducing a driving force to the topmost sulfur

layer.

Although the concept of this study is closely related to the previous study
presented in Chap. [3] several problems were encountered. Here, we decided to
work again with a driving force instead of a spring. To do so, and to mimic a
strong adhesion to a moving support (e.g., like in an atomic force microscopy
experiment) as closely as possible, the topmost layer of sulfur atoms was made
rigid. However, during the minimization, an in-plane structural deformation
of the layers was caused by the interaction with the water molecules located
at the center interface in the low coverage regime. This out-of-plane puckering
also reached the outermost layers. If the top layer had been made rigid during
sliding, an unnatural behavior would result in the deformed shape of the top
layer, which would cause a deformation of the neighboring layers and the water
cluster. In reality, however, the water is the driving factor for the puckering.
To circumvent this problem, the topmost layer of sulfur atoms was already
made rigid in the zy-plane during the minimization. As a result, the inner
layers are still allowed to deform, whereas the top layer only breathes in the

z-direction and remains flat.

In the above, the structural deformation as a result of the water cluster

is discussed. In a first attempt, several trial runs were performed in which the
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water molecules were randomly spread within the center interface instead of
modeling them as a cluster. However, sliding of the layers led to a repositioning
of the water molecules causing them to cluster, although at a different speed
depending on the initial configuration. Once a cluster was formed, it reshaped
and showed a drift, but was never found to fall apart. Therefore, in the actual
runs, clusters were selected to build the systems to save computational time

and make all trajectories comparable.

Finally, during the analysis of the results and specifically the frictional
forces, a large discrepancy was observed between different runs for the high
coverage regime. This was even seen between runs for which the number of
water molecules, the velocity, and the load were equal. Several explanations
were considered, namely a configuration-dependent longer run-in period, an
out-of-plane positioning of the water layer, and a stronger reshaping of the
water network. However, none of the explanations were valid; the type of wa-
ter network was comparable for all different runs and present along the whole
trajectory. Moreover, the H-bond breaking/formation speeds were found to
be practically the same, as well as the lifetime of the H-bonds and the drift
velocities. Strangely enough, some trajectories that initially started with high
frictional forces would end with low frictional forces, but the opposite transi-
tion was never observed. Additionally, it was found that the type of sliding
dynamics of the trajectories with high/low frictional forces was different. In
the trajectories with lower frictional forces, and thus lower dissipation, smooth
dynamics were observed. In the trajectories with higher frictional forces and
dissipation, stick-slip dynamics were observed, as was the case for the low water
coverage regime. This observation hinted at the presence of a type of corru-
gated PES, which is directly related to the observation of stick-slip dynamics.
Therefore, the orientation of the water network in the xy-plane was analyzed.
From this, it was found that two possible orientations existed, which we defined
as parallel and anti-parallel. Here, parallel and anti-parallel refer to the orien-
tation of the H-bonds with respect to the sliding direction. Whereas for the
parallel-oriented water network the corrugation of the PES was found to be of
the same order as that of pure MoS,, the anti-parallel PES was relatively flat.
This observation explained the different types of dynamics and the difference

in frictional force and dissipation. Because the parallel case was found to be
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less energetically favorable, only the trajectories with an anti-parallel-oriented
water network were selected in the quantitative analysis, making all results

comparable.

5.3 Results and Outlook

The outcomes of this study led to several conclusions. It was found that when
water is intercalated between layers of MoS,, a single layer of water is formed,
where a highly organized H-bond network holds the molecules together compa-
rable to a solid 2D structure. Additionally, there exist preferential orientations
of this water network when located above/beneath the MoS, layer that can
be either parallel to the Mo-S bonds or anti-parallel. The parallel orientation
can be considered a meta-stable state. The amount of water coverage can also
be related to the type of sliding dynamics that are observed. From a side
view, card-deck shearing of the MoS, layers was observed for dry sliding and
low water coverage. For high coverage, block sliding was observed where the
bottom three layers remained fixed, and the top three layers moved as one
block according to the set velocity. From a top view, stick-slip dynamics for
MoS, were observed for dry sliding and low water coverage, whereas for high

coverage, smooth dynamics were found.

Finally, at odds with the common understanding, we found that there
exist three frictional regimes due to the presence of water. The first two regimes
concern the case where a thin layer of water is present. Here, water acts as
a contaminant for low water coverage, characterized by stick-slip dynamics
and high energy dissipation. For the high water coverage regime, water acts
as a solidified lubricant, where smooth dynamics with low energy dissipation
were found. The third regime is related to bulk water, where water acts as a
liquid lubricant with a substantial velocity dependence, which is a standard
feature. Our results contribute to the general understanding of the frictional
mechanisms at play for solid lubricants in the presence of water, and can also

serve as guidance for the design of nanoscale devices in ambient conditions.

I was the main author of this work and carried out the conceptualization,
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data production and subsequent analysis, and writing of the original draft. All
results of this study have been submitted as a contribution to a special issue
of the Frontiers in Chemistry journal. This is an impacted journal, which had
an impact factor of 3.693 in 2019 and belongs to the quartile category Q2 in
the field of chemistry. A copy of the submitted manuscript is attached below.
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ABSTRACT

Solid lubricants have received substantial attention due to their excellent frictional properties.
Among others, molybdenum disulfide (MoS,) is one of the most studied. Humidity results in
a deterioration of the frictional properties of MoS,. The actual mechanism at the nanoscale
is still under debate, although there are indications that chemical reactions are not likely to
occur in defect-free structures. In this study, we performed non-equilibrium molecular dynamics
simulations to study the frictional properties of multilayer MoS, during sliding in the presence of
water. Moreover, we also investigated the effect of sliding speed and normal load. We confirmed
earlier results that a thin layer of water organizes as a solidified, ice-like network of hydrogen
bonds, as a result of being confined in a two-dimensional fashion between MoS». Moreover, we
found that there exists an energy driven, rotational dependence of the water network atop/beneath
MoS.. This orientational anisotropy is directly related to the dissipative character of MoSs during
sliding. Finally, three distinct frictional regimes were identified, two for a thin layer of water and
one for bulk water. In the case of a thin layer and low coverage, water represents a solid-like
contaminant, causing high energy dissipation. For a thin layer and high coverage, water starts to
act as a solid-like lubricant, reducing dissipation during sliding. And finally, a regime where water
acts as a liquid lubricant, characterized by a clear velocity dependence.

Keywords: molybdenum disulfide, friction, water, hydrogen bond network, molecular dynamics simulations, tribology

1 INTRODUCTION

The presence of friction and wear has been linked to a loss of almost a quarter of the world’s total energy
consumption (Holmberg and Erdemir, 2017). The current demand of our industry has surpassed the
application of ‘classical’ liquid lubricants in peculiar conditions, such as ultra-high vacuum, extreme
contact pressures, super low/high temperatures, and extremely small dimensions. A new generation of
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lubricants, so-called solid lubricants, offer new possibilities. Moreover, solid lubricants have been linked
to superlubricity, a state in which the frictional forces vanish (Martin and Erdemir, 2018; Baykara et al.,
2018). Among others, transition metal dichalcogenides (TMDs), and in particular molybdenum disulfide
(MoSy), are prototypical examples. TMDs are layered materials, where the monolayers have a so-called
two-dimensional (2D) crystal structure with a transition metal covalently bound between chalcogens. The
layers are held together by weak electrostatic and van der Waals interactions. As a result of this unique
binding character, easy shearing between the layers is accommodated, creating an enormous potential
for achieving low coefficients of friction (COF) (Martin et al., 1993; Scharf and Prasad, 2013). This is
confirmed by numerous studies on their remarkable tribological characteristics (Evaristo et al., 2008;
Mutafov et al., 2015; Pimentel et al., 2011; Martin et al., 1993; Cho et al., 2006; Watanabe et al., 2004).
This, in combination with their low toxicity (Teo et al., 2014; Chng and Pumera, 2015), versatile chemistry,
(Chhowalla et al., 2013) and peculiar electronic properties, has resulted both in macroscale applications,
such as the automotive, aerospace, and space industries (Cho et al., 2006; Nian et al., 2017; Vazirisereshk
et al., 2019) and nanoscale applications, such as photovoltaic and optoelectronic devices, transistors and
solar cells (Li and Zhu, 2015; Choi et al., 2017).

In a significant number of (potential) applications, ambient conditions, such as humidity, are unavoidable,
resulting in contaminated surfaces. Humidity, however, has shown to induce a significant alteration of the
tribological properties of TMDs and other 2D materials, such as graphite/graphene (Evaristo et al., 2008;
Levita et al., 2016; Levita and Righi, 2017; Scharf and Prasad, 2013; Hasz et al., 2018). In the case of
MoSs, humidity not only leads to an increase in wear, but also to a significant degradation in frictional
properties (Khare and Burris, 2013; Arif et al., 2019; Panitz et al., 1988; Zhao and Perry, 2010; Chhowalla
and Amaratunga, 2000; Levita and Righi, 2017; Serpini et al., 2019, 2017). For example, it has been
found that clusters of contaminating adsorbates can induce a static friction, seemingly ‘locking’ surfaces
in relative motion, that would otherwise slide smoothly (Ouyang et al., 2018). As a result, MoSs solid
lubrication currently has a relatively small effective working range, limited to outer space or vacuum (Hasz
et al., 2018). To extend its applicability, one should fully understand how humidity affects the lubricating
mechanisms at the nanoscale during sliding.

Although the scientific community agrees that the beneficial frictional properties of MoSs deteriorate in
case of increasing humidity (Dudder et al., 2011; Zhao and Perry, 2010; Khare and Burris, 2014; Serpini
et al., 2017), the actual mechanism at the nanoscale is still under debate (Hasz et al., 2018). Some ascribe it
to oxidation, whereby MoS» oxidizes to MoOs (Curry et al., 2017; Tagawa et al., 2007; Panitz et al., 1988).
Others showed that humidity does not necessarily lead to oxidation, but that water physically interacts
with the surface, thereby increasing interlayer friction (Khare and Burris, 2013; Levita and Righi, 2017;
Serpini et al., 2017; Arif et al., 2019). Some use an argument based on adhesion, when explaining the
changing frictional properties as a result of humidity (Hasz et al., 2018). In an experimental study, Lee
et al. (Lee et al., 2020) showed that when a layer of water is intercalated between mica and exfoliated
MoSa, the frictional properties deteriorated. Interestingly, similar results were found for graphene and mica
(Lee et al., 2017), contradicting previous reports that humidity leaves the frictional behavior unchanged
(Berman et al., 2014). These results hint at a universal frictional mechanism for intercalated water layers,
that is independent of the type of solid lubricant itself (Lee et al., 2020).

The frictional response of a material is highly complex and characterized by nonlinear, out-of-equilibrium
dissipative processes (Vanossi et al., 2013). Simulation techniques offer possibilities to gain insights by
disentangling the phenomena and using simplified models. Among others, Levita et al. made several
computational contributions (Levita et al., 2016; Levita and Righi, 2017). In one study, (Levita et al.,
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2016) the type of interaction between MoSs and water was determined using first principles calculations
(FPC). Literature was discordant on whether this should be depicted as hydrophobic or hydrophilic (Late
et al., 2012; Gaur et al., 2014). In addition, the tendency of MoS; towards ‘adsorption of” versus ‘being
oxidized by’ water was investigated. Due to the stable basal plane of MoS> (lacking any dangling bonds
and characterized by low chemical reactivity), it was found that also in case of defects only physisorption
occurs, such as S-vacancies. This observation was confirmed by others (Arif et al., 2019). Upon introducing
water within the bilayer interface, the interlayer distance was found to increase, weakening the interlayer
binding energy and destabilizing the structure. It was confirmed that MoSy does not favor oxidation (e.g. to
MoO3) and acts rather hydrophobically (Levita et al., 2016). This conclusion has been shared by others
(Luan and Zhou, 2016) using molecular dynamics (MD) simulations.

To study the frictional properties, sliding should be considered; after all, kinetic friction is a dynamical
response. In another study, based on ab initio MD, the chemical and physical interactions taking place
during sliding of a single asperity of MoSa, in the presence of water, were studied (Levita and Righi, 2017).
At high temperature and load, it was found that an increasing water coverage present within the interface
reduces the distance traversed after an initial kick. Again, and as expected from previous studies (Levita
et al., 2016; Khare and Burris, 2013), no oxidation occurred. Furthermore, it was found that the water
molecules formed a water network of H-bonds. Finally, S-vacancies did not induce significant deviations
in the results. These observations were confirmed by a mainly experimental study (Arif et al., 2019),
indicating that the main mechanism affecting the frictional properties of MoSs, in the presence of water, is
physisorption.

The earlier mentioned results are relevant, but some remarks are in place. Levita and Righi (Levita and
Righi, 2017) used a high load (11 GPa) and temperature (320 K) to provide enough energy to the system to
overcome potential energy barriers, which might affect the outcomes. Additionally, the simulation time
was limited to the picosecond range, affecting the statistical precision of the results. Moreover, a structural
analysis of the water network was not properly considered. When liquids, and water in particular, are
confined in a small space, their properties might alter significantly (Bampoulis et al., 2016); this is in fact
one of the problems of classical lubricants. In the case of water confined between two hydrophobic layers,
ice-like water films have been found (Bampoulis et al., 2016), raising the question whether water acts as a
(solid) lubricant or as a friction inducer (Lee et al., 2020). In the case of MoS,, Kwac ef al. (Kwac et al.,
2017) found that, using MD, a characteristic tile-like pattern of squares and diamond forms, resulting from
the MoS, surface charge. However, the sliding of the MoS» layers was not considered in this study.

The main aim of this study is to present a qualitative and quantitative analysis of the nanoscale frictional
properties when sliding multilayer MoSs in the presence of water. More generically, our goal is to reveal
broader features of the frictional behavior of solid lubricants in the presence of contaminants. Based
on previous results (Levita and Righi, 2017; Khare and Burris, 2013), tribochemical reactions were not
expected to occur. Therefore, classical non-equilibrium MD simulations were performed. This was done
by considering the intercalation of various numbers of water molecules, varying from dry sliding to bulk
water, located at the center interface. Furthermore, the effects of normal load and of sliding speed were
investigated. Apart from gaining insight into the conformational landscape of water, this setup allows for
insight into the mechanisms of the additional channel of dissipation, present when considering intercalated
water, in the case of bulk MoS» and that of solid lubricants in general.
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2 COMPUTATIONAL METHODS

The simulations have been carried out by means of the LAMMPS package (Plimpton, 1995), employing a
force field developed by Sresht ez al. (Sresht et al., 2017) for MoSs. Its foundation is based upon harmonic
bonds and angles, with partial charges set to Mo = +0.50 ¢ and S = —0.25 e, in combination with the
Lennard-Jones (LJ) potential (Sresht et al., 2017). Water was modeled through a non-polarizable q-SPC/Fw
model (Paesani et al., 2006), characterized by a three-site water molecule, where the charges were set to
O = —0.84 e and H = +0.42 e. Using Lorentz-Berthelot mixing rules, o;; = U”Jr# and ¢;; = VEii€5js
cross-term parameters were obtained. A cut-off of 12 A was used for the LJ potential. To account for
electrostatic interactions, the particle-particle particle-mesh (PPPM) method was used, with a threshold of
1.0 - 10~ for the relative error in the forces. In Fig. 1 and in the Supplementary Material, a benchmark
of this force field is presented against FPC results (Levita et al., 2014) and experimental data (Schonfeld
et al., 1983), by means of the sliding potential energy surface (PES) and structural parameters, respectively.
The PES was obtained by performing static calculations on a partially rigid MoSs bilayer. Here, only the
top layer was allowed to breath in the z-axis and was translated along the x-axis and the y-axis in twelve
steps, for a total distance equal to the size of the period in that direction (for more details we refer to Ref.
(Nicolini and Polcar, 2016)). The employed force field shows good agreement with both ab initio and
experimental data.

0.18] O DFT (pure Mos,) L‘ i ‘ _ “ i
' O  Shresht force field (pure MoS,) 0.09 - , PN
O Parallel network (MoS, & H,0) L / \\ i
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Figure 1. Static potential energy surfaces calculated per area for the long (inset: short) diagonal of the
hexagonal unit cell. Four different cases are considered: i) in black pure MoSs obtained via DFT (Ref.
(Levita et al., 2014)), ii) in red pure MoSs obtained with the force field employed in this study (Sresht et al.,
2017), iii) in green MoS» and an ideal, parallel water network via MD and iv) in blue MoS» and an ideal
anti-parallel water network via MD. The dashed lines are obtained via akima spline interpolation and serve
merely as a guide to the eyes.

Firstly, the six-layered 2H.-MoS3 system was built using the initial coordinates from Ref. (Schonfeld
et al., 1983). The resulting structure consists of 4608 atoms and a surface of approximately 44 A by 51
A. An energy minimization was performed using a sequence of conjugate gradient (CG) algorithm, with
a relative energy tolerance of 1 - 107'°, and damped dynamics (DD) algorithm, with a relative energy
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tolerance of 1 - 10710 the simulation box was also allowed to relax. Secondly, an isolated water molecule
was optimized according to the force field using CG. The resulting structure was replicated in three
dimensions to create a large cube, with a density equivalent to that of liquid water at room temperature,
and optimized using both CG and DD, while relaxing the box. Thirdly, the cube of water was put atop
three layers of MoSz and subsequently optimized using both CG and DD. Thereafter, the water cube was
heated up to 300 K using the Nose-Hoover thermostat (Martyna et al., 1994), with a temperature damping
parameter of 100 time steps. In the fourth step, the actual structures were created. Random clusters of water
molecules of the melted cube, located within a 5 A cutoff above the nearest sulfur layer, were selected.
The reason that we chose clusters instead of randomly spread water molecules had to do with the fact
that in preliminary simulations we found that the sliding of MoSs drives the formation of clusters and
therefore are the best representation. Finally, the missing three top layers of MoSy were pasted above. By
considering the ‘tiled’ structure of the water network mentioned in Ref. (Kwac et al., 2017), full coverage
requires 304 H2O molecules. In total, 11 different systems were created consisting of either O (dry), 1, 2, 5,
10 (3% coverage), 26 (8.5%), 52 (17%), 103 (33%), 206 (67%), 304 (100% full coverage) or 1236 (bulk)
water molecules. Finally, a vacuum of 20 A was added above each structure in order to avoid interaction
with the repeated images while applying periodic boundary conditions.

After obtaining the structures, all were once more optimized using CG and DD, while keeping the box
dimensions fixed. This time, the bottommost sulfur layer was held fixed in the z-, y- and z-direction.
Moreover, the topmost sulfur layer was made rigid in the xy-plane and the forces in the z-direction were
averaged over all sulfur atoms in this layer. This restriction on the top sulfur layer was added to mimic
adhesion to the substrate and to be able to control the sliding. After the minimization, a 2-step equilibration
was performed, in which seven configurations of every system were created, each with a different normal
load applied to the topmost sulfur layer. The normal load was ranging from 0.0 GPa to 3.0 GPa, with
increments of 0.5 GPa. In the first step (100 ps), the load was slowly increased from O GPa to the target
value, whereas in the second step (100 ps) was held constant. During the equilibration, the system was
thermalized by initializing the temperatures for every atom using the Boltzmann distribution. Moreover,
the bottom and top layers of MoSs were coupled to a Nose-Hoover thermostat (Martyna et al., 1994). On
the one hand, this allows for maintaining the temperature during equilibration, while on the other hand,
this avoids overheating from Joule heat production during the actual sliding runs (Vanossi et al., 2013).

Three independent production runs for every configuration were created. In all runs, the bottommost layer
of sulfur atoms was held fixed in the z-, y-, and z-direction. Next, the topmost sulfur layer was moved
rigidly in the x-direction, along the Mo-S bonds, with three different velocities (20.0, 2.0, and 0.2 m/s) and
for a total of ~27.5 A. For the analysis, the first part of the MD trajectories was discarded and considered
as the run-in phase, and only the last ~22 A were used, which is the distance based on four periods of the
cell in that direction (~5.5 A). The velocities were maintained constant along the trajectories, which was
achieved by setting an initial velocity and canceling the force in this direction. On the one hand, this setup
allows for the study of the effect of velocity in the sliding direction, and on the other hand, the system
keeps the freedom to slide the MoSs layers in the y-direction and to breath in the z-direction. The reason to
slide along this direction is because this direction represents the highest friction (Claerbout et al., 2019)
and therefore the most interesting dynamics was expected to be observed. Along all runs, a time integration
step of 0.1 fs was used. In Fig.2, the computational setup is depicted.
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Figure 2. Schematic overview of the computational setup. The side view of the six-layered MoSs structure,
with a cluster of 26 HoO molecules intercalated in the center interface, is displayed. Molybdenum, sulfur,
oxygen, and hydrogen atoms are displayed in silver, yellow, red, and white, respectively. This specific
case resembles the system after equilibration at 0.0 GPa load and 300 K. From this picture, there is a clear
structural deformation visible in the MoS, layers directly encapsulating the HoO cluster. Figure obtained
with VMD (Humphrey et al., 1996).

3 RESULTS AND DISCUSSION
3.1 Sliding dynamics

We present a full analysis of the results obtained for 2.0 m/s and describe some of the differences
and similarities to sliding with 20.0 and 0.2 m/s. Firstly, a qualitative analysis on the water dynamics is
presented, followed by MoSs. As stated above, the water molecules in the clusters were randomly selected
from a melted ice cube. This allows to observe the naturally resulting water network after being transferred
from a 3D ‘free’ space to an encapsulated 2D confinement. In general, a flat, single layer of water molecules
was formed, see Fig. 3(A-J). For bulk water, the formation of two water layers was observed, facing the
MoS5 on either side, between which water molecules in a more disordered state were found.

In Fig. 4(A-C), a top view of the water network for three systems is displayed. For up to 8.5% coverage,
we found single clusters, kept together by a network of H-bonds. In the present study, a hydrogen bond
(H-bond) is defined as two oxygen atoms, between which there is a maximum distance of 3.5 A, and where
the O-H-O angle is 150° < a < 210° (Kwac et al., 2017). Through this H-bonds, rings of either three or
four molecules were formed. Similar observations were made for increasing water coverage; however, the
majority of the rings now consist of four molecules. In fact, a similar type of water network as described in
Ref. (Kwac et al., 2017) can now be distinguished. This ice-like, so-called perpendicular crossing diamond
network (pcd) consists of rings with four molecules, which are either diamond-like shaped, where the four
H-bonds are ‘donated’ by two of the water molecules, or square-like shaped, where each water molecule

This is a provisional file, not the final typeset article 6

Page 96



V.C.

5.3. RESULTS AND OUTLOOK

Claerbout et al. Exploring nanoscale lubrication mechanisms of multilayer MoS....
Begin End Center of mass
B0 | F evrveveverveevedl S RN
80 < [ Slip Stick — Lo
= SOOODODODODODO0 | PODDOOOOOOAAAK 5 oy 1
B KRIIIKKIINIIKKIY | ) 2 q
DOPOPOOHK . SF 1! .
P 3RS | KA e A
OB - P ‘|G y L
80 2 COOOOOODOOOIL =
5 K000 | Struetural W@O@W
o 2
2 A deformation, , E
o oy
o
= g
0 558 L B e
Distance in x-direction (A)
%)D C QLA Increased GOODOOOOOOOA 1};1‘5;35{5 Smooth
SIIFIFHRIKIFIIIKY SIKKKKIKKKKKIKKKE | £ 12 ]
s interlayer ¢ £ ol Lnert B
% ‘ & dlstance M‘CW gé i
O JAMIAIIIIIIINIE | SARIIIIANIIG g, i
= PO | DOOODDDDOOOD0NK I T
P G004 SIS Dt ronion 8
D GOOA0OD0O0004 | 1 GOOOOOOAAOA [N
- : = °f Smooth
Q  POPOOOOOOOONOON{ s
=
Se
E
T A

Distance in x-direction (A)

%E{W@{WM J OO0 | O
gw«xym m«mmwm:
> Q_EC.CELCCJ_CHcc.c&:. . _\Wm“mmc_t,‘ B
O e ui Lt R g | IR R R SRS T PEBIBBNG | o
O KEKKIFEFIIKIFKIE | KIIHH ISR IIGKK IS
X ODOOODED ~
= SOOI AAAK , .
O IGAFIIIIIFIKIKIE | IGAAGIIIGININS RN A

Distance in x-direction (A)

Figure 3. Snapshots for different configurations taken at 0 A (panel A-E) and 22 A (panel F-J), presented
from a side view perspective. Respective configurations are dry sliding, 8.5% coverage, full coverage, bulk
water, and 67% coverage. In the final column (panel K-O), the center of mass for every layer is depicted in
the zy-plane. The vertical dashed lines in this column represent the final z-position for every layer. Figure
obtained with VMD (Humphrey et al., 1996).
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contributes with one H-bond. As an example, we put the diamond shapes atop the water network in case of
full coverage and 67% coverage. From these observations, it can be concluded that water acts as a solidified
film when strictly confined, despite of temperatures above the melting point. Changing the load or the
sliding velocity did not alter significantly the formation of the structure.
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Figure 4. Top view representation of the water network for 8.5%, full and 67% coverage (panel A-C). The
black arrow represents the sliding direction. The blue diamonds serve as a guide to the eyes in distinguishing
the pcd configuration. The bottom row (panel D-F) represents the angles of all hydrogen bonds, at every
time step, with respect to the x-axis, in red the corresponding histograms are depicted. Figure obtained
with VMD (Humphrey et al., 1996).

In an ‘ideal’ water network, the pcd configuration should result in four different H-bond angles, two
per diamond orientation, which sum up to 180°. We found two main orientations of the water network
with respect to the simulation box. We define the first orientation, which was the most common in our
sliding MD simulations, as the anti-parallel one, where none of the H-bonds align along the sliding
direction. We define the second orientation, which was only present in a few cases, as the parallel one,
where half of the H-bonds are oriented practically along the sliding direction. More specifically, in the
anti-parallel case, these angles are ~ 37.5°, ~ 52.5°, ~ 127.5° and ~ 142.5° (obtained by doing a separate
simulation using an ideal ‘defect-free’ water structure without MoSs, see the Supplementary Materials.),
whereas in the parallel case, these angles are ~ 7.5°, ~ 82.5°, ~ 97.5° and ~ 172.5°. In Fig. 4(D-F),
the angles of the H-bonds with respect to the z-axis, present at every time step are displayed, including
the corresponding histograms. In the case of 8.5% coverage or less, three main angles (the middle one
with a wider distribution) could be distinguished, which are ~ 30°, ~ 90° and ~ 150°. This is consistent
with the fact that in this case both three- and four-molecule rings are present. Overall, the H-bonds were
not aligned along the sliding direction. By increasing the number of water molecules, the pcd network
started to form, showing up in six different angles for a water coverage up to 67%, which are ~ 30.0°,
~ 50.0°, ~ 70.0°, ~ 110.0°, ~ 130.0° and ~ 150.0° (data not shown). Here, the summation of one of
the three lower angles combined with one of the three higher ones gives 180°, resulting in a diamond
shape. Once more, none of the H-bonds were aligned along the sliding direction. For full coverage, four
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sets of angles were found, again whose sum totals 180°, see Fig. 4(B,E). On the contrary, in the parallel
case as depicted in Fig. 4(C,F) as an example, three angles were found which are ~ 10°, ~ 90° and
~ 170°, and where the central one is the superposition of the two distinct peaks found in the ideal case.
The parallel orientation is less energetically favorable (by about 0.04 kcal mol~! A~2, with respect to the
static calculations presented in Fig. 1) than the parallel one, and generally, along a sliding MD trajectory
parallel to anti-parallel transitions (but not vice versa) were observed. The deviation between the actual and
the expected angles is due to the sliding energy provided to the system, which allows several metastable
states where the H-bond network experiences a breathing motion. Moreover, the discrete character of the
relative orientation of the clusters above/beneath the MoS, hints at a rotational disorder energy dependence,
which was also revealed by the energy difference between the two ideal cases, referred to above. At any
rate, to have a consistent quantitative comparison in terms of the frictional properties, only anti-parallel
configurations were considered. Finally, considering bulk water, we note that this is the only case where
the water actually behaves as a liquid.

Next, we analyze the MoS2 dynamics, firstly from a top view and thereafter from a side view perspective.
From the top view, we found a typical characteristic observed in nanoscale friction for 2D solids, the
so-called stick-slip dynamics (Lee et al., 2010). In the case of stick-slip, two velocity regimes can be
distinguished, a high speed one during which a sudden jump in position occurs, and a stick phase. Stick-slip
happens as a result of the underlying interactions between two surfaces relative in motion, represented by
the potential energy surface (PES), and can be explained using the principles of the Prandtl-Tomlinson (PT)
or the more generalized Frenkel-Kontorova model (Socoliuc et al., 2004; Vanossi et al., 2013). Consider a
ball being dragged over a PES by a moving spring. When encountering an energy barrier, the ball will stay
trapped in the minimum and the spring will be stretched, i.e., the stick phase. At a certain point, the energy
stored in the spring will be sufficient to pass the energy barrier, the ball ‘slips’ to the next local energy
minimum, and as a result the energy stored in the spring is dissipated. The higher the barrier, the higher
the dissipation. In general, it is believed that in the temperature-extended PT model and in friction force
microscopy experiments, stick-slip is a thermally activated process, whereas in MD simulations this is only
believed to be true for very low sliding speeds (Vanossi et al., 2013).

In our case, the moving spring is indirectly represented by the topmost sulfur layer, which was moved
with a constant velocity, and the van der Waals interactions between the layers. From the above, it becomes
clear that whenever the PES has no effective corrugation, stick-slip will not occur. It is found that the
corrugation of the PES goes hand-in-hand with the commensurability of the system (Wang et al., 2017;
Irving et al., 2017), as is the case considered in this study. Whenever there is a mismatch, be it a rotational,
structural, or a combination of both, the PES flattens out due to the cancellation of forces. In this case, one
will observe smooth dynamics, characterized by low energy dissipation.

We observed the stick-slip dynamics for the low water coverage regime (up to 17%), as can be observed
in the third column of Fig. 3(K-O). Here, the position of the center of mass of each layer is presented
along the course of the trajectory. From the trajectories, it becomes clear that the actual slip is directed
in the y-direction, perpendicular to the sliding direction. This is in line with the PES of commensurate
MoS,, displayed in Fig. 1. When the load was increased, stick-slip is enhanced and present for higher
water coverage. This observation is in line with earlier results. In 2014, Levita et al. (Levita et al., 2014)
studied the sliding properties of dry MoS», using first principle calculations. With an increasing load, the
corrugation of the PES increased as a result of changing van der Waals, electrostatic, and Pauli interactions.
Moreover, purely by considering the functional form of the force field, especially the LJ part describing
the interactions between MoS; layers and between MoS9 and water, one could also have predicted this
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outcome. Increasing the load reduces the interatomic distances and therefore results in a regime with more
repulsive LJ interactions. When the velocity was increased, we found that the stick-slip dynamics disappear,
even for dry sliding. A possible explanation for this observation is that the adhesion between the layers
is reduced due to the increased velocity. This lowers the probability for the atoms to relax to their local
minimum energy positions (Onodera et al., 2010). In other words, the layers tend to ‘fly’ over each other,
without experiencing a strong interlayer interaction. Although not presented in Fig. 3, we also found that
the water clusters themselves display stick-slip dynamics up to this low coverage regime.

In general, when the water coverage was increased, we observed a transition to smooth dynamics, both for
the MoS, layers and the water clusters. However, in the special case of a parallel water network orientation,
stick-slip dynamics persisted again both in the MoSy and the water clusters. This behavior is also suggested
by the static PES profiles (Fig. 1), where the PES is displayed for the ‘ideal’ parallel and anti-parallel water
network compared to ‘pure’ MoS». The anti-parallel PES is flat due to a lattice incommensurability with
MoSs. The parallel PES, however, shows that there is in fact a commensurability present along the sliding
direction, where twice the length of the H-bond gives the lattice period of MoSs.

Next, we analyze the MoS, dynamics from the side view perspective. For low water coverage up to
3%, we observed a ‘card-deck’ shearing behavior, where the bottommost layer remains in place, while
the topmost layer moves according to the driving velocity. The intermediate layers present increasing
displacements, depending on their relative position in the layered system. At the value of 8.5% water
coverage, there is a transition towards a new type of dynamics, where we found that the MoS, starts to
divide into two blocks, one above and one beneath the water molecules. For moderate coverage (17%
and above), the layers in the bottom block, where the bottommost sulfur atoms are fixed in the -, y- and
z-direction, remain together and do not reposition. Additionally, the layers in the top block stick together;
however, this block slides as a whole according to the driving velocity given to the topmost sulfur layer.
This is confirmed by Fig. 3(A-J), where snapshots at the begin and end of the trajectory are displayed
for different amounts of water coverage. In these specific examples, the water network is oriented in an
anti-parallel fashion for full coverage, whereas for 67% this is parallel. We found that for the low water
coverage regime, increasing the velocity slightly shifts the transition from the card-deck shearing to higher
water coverage; the same accounts for increasing the load. In other words, card-deck shearing is more
pronounced for higher loads and velocities.

Using the PES profiles once more, we can also explain the card-deck shearing versus block sliding. Let
us consider the six layers of MoS» in a minimum energy configuration and start sliding solely the top layer.
At a certain moment, an energy barrier will be reached according to the PES resulting from the interaction
with the fifth layer. In this case, instead of passing the barrier, it is energetically more favorable to slide both
the top and the fifth layer until the fifth layer reaches the energy barrier from the interaction with the fourth
layer. This process continues until the bottom layer is reached, which is static, resulting in the card-deck
shearing. We saw that, upon introducing water at the interface, the card-deck shearing diminishes until it
completely disappears. This behavior can be explained by means of the actual values of the LJ parameters.
The interlayer interaction between MoSs is stronger than that between a layer of MoS9 and water. Thus,
when the top layer slides, the two layers beneath will follow since their adhesion is stronger compared
to that with the water layer. For the low water coverage regime, the third and fourth layers are still able
to interact, albeit less compared to dry sliding, by means of local bending of the layers around the water
cluster. Once the threshold is reached, the layers increase the interlayer distance instead of local bending,
at which point the interaction between water and MoS, dominates.
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Finally, we comment on the structural behavior of MoSs. For the low coverage regime, we found a
structural distortion of the MoS», representing a puckered shape (out-of-plane elastic deformation), most
strongly pronounced in the layers directly facing the water. The MoS3 layer bends outwards from the
center interface creating a locally enhanced interlayer distance. A similar observation was already visible
in the computational setup (Fig. 2). Increasing the number of water molecules increases the intralayer
structural distortion up to a threshold, after which the MoS2 no longer bends around the water cluster
but increases more significantly the interlayer distance of the center interface. This reveals the delicate
interplay between the energy cost of the structural distortion and maintaining the interlayer van der Waals
interactions. In other words, the LJ interactions between the layers are replaced by LJ contributions between
water molecules and the MoSs layers.

3.2 Frictional behavior

Using the same analysis as described in Ref. (Claerbout et al., 2019), we can make an estimation of
the dissipated energy as a result of friction coming from the PES corrugation and other channels such as
structural distortion. By considering the instantaneous force that is required to slide all the atoms in the
uppermost sulfur layer rigidly with a constant velocity along the sliding direction, we can calculate the
dissipated work:

W= /T Feat(t)vdt, (1
0

where Fepp = — Zfil F; y is the sum of the atomic contributions of the top sulfur layer along the sliding
direction. The integral ranges along time 7, the total time of the trajectory, and v is the sliding velocity.
In Fig. 5(A), the work profiles at 0.0 GPa and 3.0 GPa load are displayed for dry sliding and 8.5% water
coverage. Furthermore, in this panel, the dissipation is displayed for the parallel water network in the case
of 67% coverage. In Fig. 5(B), the full coverage with an anti-parallel orientation and bulk water, again at
0.0 and 3.0 GPa load, are displayed. From these graphs, several observations can be made. First of all, an
increasing load leads to higher dissipation. This observation was expected, and it can be explained with
the same argument used earlier. Increasing the load reduces the interlayer distance, resulting in a more
repulsive regime of the LJ interactions and a more corrugated PES. A second observation is the dependence
of the energy dissipation on the number of water molecules. Starting from dry sliding, increasing the water
coverage results in an increasing dissipation. In other words, water acts as a contaminant that increases
the frictional forces This continues up to 3% coverage, after which the dissipation starts to decrease.
Reaching moderate coverage (17%), the dissipation falls below dry sliding where the water starts to act as a
friction weakening lubricant. It should be noted that the dissipation behavior follows the same trends as the
card-deck shearing versus block sliding, with respect to the amount of water coverage. These observations
can be explained as follows. For dry sliding and low water coverage, a PES corrugation is present resulting
in a significant dissipation during sliding, as explained above. When the number of water molecules are
increased in the low coverage regime, an additional dissipation occurs due to the fact that the number of
degrees of freedom and the possible channels for energy dissipation increases. This can, for example, be
seen by the puckering of the layers in the low water coverage regime. The water causes a puckered shape,
resulting in an enhanced strain in the structure, which comes with an energy cost. Next, the puckered shape
promotes a deformation of the neighbouring layers during sliding. The PES profiles can also explain the
frictional behavior in the high coverage regime. There is no effective corrugation in the PES in the case of
an anti-parallel water network, compared to that of dry MoS»; thus when increasing the water coverage the
dissipated energy decreases. However, in the case of a parallel oriented network, the PES corrugation is of
the same order as that of dry MoSs, which is translated in a similar dissipation behavior.
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Figure 5. Profiles of the dissipated work for MD trajectories sliding in the z-direction. The left panel A
represents the case with dry sliding (black and red) and 8.5% coverage (green and blue) at zero and 3.0
GPa load, respectively, and one case with 67% coverage (orange) at 0.5 GPa load and characterized by
a parallel water network. The right panel B represents the dissipation at zero and 3.0 GPa load for full
coverage with an anti-parallel water network (black and red), and bulk water (green and blue).

Considering different velocities, an interesting behavior was observed. In the case of dry sliding and the
low water coverage regime (below 17%), increasing the velocity decreased the dissipation. Above this
coverage threshold, increasing the velocity increased the dissipation, with the most pronounced signature
for bulk water. To explain this phenomenon, we divided the coverage into three regimes. The first regime,
which we termed the contamination regime, is characterized by low water coverage and is governed by
stick-slip dynamics, where, as stated above, a higher velocity results in a possible reduced adhesion and
a lower probability for the atoms to move to local minimum energy positions. These factors reduce the
energy dissipated during the slip phase. An explanation provided by Zeng et al. (Zeng et al., 2018) on
the frictional velocity dependence of graphene studied by using atomic force microscopy, entailed an
aging argument, resulting in a stronger interlayer contact state for lower velocities. Although this case
might not directly relate to our computational study (Vanossi et al., 2013), it corroborates the fact that
for an enhanced slip more energy is irreversibly and instantaneously transformed into vibrations and heat.
We defined the second regime (ranging roughly between 17% and full coverage) as the solidified water
lubrication regime. Here the lubrication type changes: stick-slip is no longer present and the block sliding
mechanism is dominant. Despite the smooth dynamics and the seemingly flat PES compared to dry MoSo,
some corrugation still remains. Here, thermal activation can be exploited to overcome the low energy
barriers, reducing the dissipation. However, with increasing velocity, the system might not explore the
local energy minima long enough to benefit from thermal fluctuations towards overcoming the barriers
(Szlufarska et al., 2008). Moreover, high velocity regimes are in general further away from equilibrium and
characterized by more complex and nonlinear processes, and thereby more dissipative. The third regime
(which we termed the liquid water lubrication regime) considers bulk water lubrication, where an enhanced
signature of increased dissipation was observed. Apart from the discussion above, here one should take
into account the fact that we are no longer only dealing with solids but also with liquids. Whenever the
hydrodynamic fluid film creates enough MoS» interlayer separation, the MoSy-water interaction dominates.

This is a provisional file, not the final typeset article 12

Page 102



363
364

365
366

367
368
369
370
371
372

373
374
375
376
377
378

V.C. 5.3. RESULTS AND OUTLOOK

Claerbout et al. Exploring nanoscale lubrication mechanisms of multilayer MoS....

Liquids are characterized by viscosity, which is known to be strongly affected by the sliding velocity (Ni
et al., 2019; Vanossi et al., 2013).

In the final part of the analysis, we computed the coefficients of friction. To do so, we employed
Amontons’ law of friction (Amontons, 1699; Coulomb, 1821):

FHiOé()-i-/L-FL, ()

where £ is the average over the external force in the sliding direction, « is the frictional force at zero
load, p is the coefficient of friction and F'; is the normal load applied to the system. Although this law is
in general valid only at the macroscopic scale, Mo et al. (Mo et al., 2009) have shown that, in the case
of a single asperity contact, it can work at the nanoscale. To obtain the average lateral force, we used a
procedure applied before in one of our other studies (Claerbout et al., 2019), the so-called bootstrap method.
More details on this averaging technique can be found in the Supporting Information.
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Figure 6. Coefficients of friction for different sliding velocities, 0.2 (black), 2.0 (blue), and 20.0 (red) m/s,
plotted versus water coverage. The dashed lines and the area around it result from akima interpolation and
serve as a guide to the eyes. The error bars result from the linear fit taking into account the errors obtained
via the bootstrap method.

In Fig. 6, we present the coefficients of friction as a function of the water coverage for all three velocities.
In this analysis, we selected only the trajectories in which the water network for the high coverage regime
was characterized by an anti-parallel orientation. This approach is justified since this orientation is more
energetically favorable. Again, three frictional regimes can be distinguished. In the first contaminated
regime, the coefficient of friction increases with the water coverage, reaching a maximum at a coverage of
3%, after which the coefficient of friction decreases and drops below the dry sliding value for a coverage
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of 17%. When the water coverage increases further (solidified water lubrication regime), the coefficient
of friction monotonically decreases, eventually falling below the superlubricity threshold (COFs below
0.01) (Martin and Erdemir, 2018; Baykara et al., 2018). After 70% water coverage (liquid water lubrication
regime), the friction remains seemingly stable till bulk water; at this point the water molecules are no
longer solely in a solid form but they are also present as a liquid, bearing the usual velocity dependence
(Popov, 2017). We found similar trends for the other velocities, albeit that for the contamination regime, the
lower velocity has higher coefficients of friction (and vice versa), in agreement with the earlier discussion
about energy dissipation.

4 CONCLUSION

In this study, we investigated the frictional properties of bulk commensurate MoSs in the presence of
water. By employing non-equilibrium MD simulations, the effects of load, sliding velocity and the number
of water molecules were elucidated. Several conclusions can be drawn from our simulations. Firstly,
when placed within a 2D confinement, water acts as a solidified lubricant. The resulting ice-like structure,
where the H-bonds lead to a characteristic tile-like network, has a discrete (e.g., parallel or anti-parallel)
orientation above/beneath MoSs. Secondly, two classes of sliding dynamics were distinguished, namely
card-deck shearing versus block sliding and stick-slip dynamics versus smooth dynamics. Both show a
dependence on the amount of water coverage and the sliding velocity. Within the low water coverage regime,
card-deck shearing and stick-slip dynamics are dominant. These types of dynamics are characterized by a
high dissipative signature and strong load dependence. For moderate to high water coverage, block sliding
and smooth dynamics were observed, with low energy dissipation and low load dependence. One exception
is the metastable case, where the water network aligns along the sliding direction. In this case, a behavior
comparable to that of low water coverage is observed. Combining the results above, we found that three
lubrication regimes could be identified. In the first one (contamination regime, low water coverage), water
acts as a contaminant and a friction strengthening was observed with increasing coverage. In the second
one (solidified water lubrication regime, high water coverage), water acts as a solid-like lubricant and
superlubricity was observed. In the third one (liquid water lubrication regime, bulk water), water acts as a
liquid lubricant and low coefficients of friction were found, also showing a more pronounced viscosity-like
velocity dependence. Finally, we showed and quantified that, due to the solidified structure of water, there
was a rotational dependence present for the frictional behavior of water between a multilayer system of
MoSs.

Our results directly contribute to strengthen the general understanding of the nanoscale frictional
mechanisms at play when considering MoSs (and 2D materials in general) in the presence of humidity. Once
more, it was confirmed that the processes defining friction at this scale are anisotropic and complex in nature.
Our results shed light upon the design of nanoscale devices, such as nano- and micro-electromechanical
systems (NEMS/MEMS), in which humidity might play an important role, to ramp up the efficiency of the
devices. In future work, the scalability of our results to the multi-asperity macroscale will be studied.
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FIGURE CAPTIONS

Figure 1: Static potential energy surfaces calculated per area for the long (inset: short) diagonal of the
hexagonal unit cell. Four different cases are considered: i) in black pure MoS, obtained via DFT (Ref.
(Levita et al., 2014)), ii) in red pure MoS3 obtained with the force field employed in this study (Sresht et al.,
2017), iii) in green MoS» and an ideal, parallel water network via MD and iv) in blue MoS5 and an ideal
anti-parallel water network via MD. The dashed lines are obtained via akima spline interpolation and serve
merely as a guide to the eyes.

Figure 2: Schematic overview of the computational setup. The side view of the six-layered MoSs structure,
with a cluster of 26 H2O molecules intercalated in the center interface, is displayed. Molybdenum, sulfur,
oxygen, and hydrogen atoms are displayed in silver, yellow, red, and white, respectively. This specific
case resembles the system after equilibration at 0.0 GPa load and 300 K. From this picture, there is a clear
structural deformation visible in the MoS, layers directly encapsulating the HyO cluster. Figure obtained
with VMD (Humphrey et al., 1996).

Figure 3: Snapshots for different configurations taken at 0 A (panel A-E) and 22 A (panel F-J), presented
from a side view perspective. Respective configurations are dry sliding, 8.5% coverage, full coverage, bulk
water, and 67% coverage. In the final column (panel K-O), the center of mass for every layer is depicted in
the xy-plane. The vertical dashed lines in this column represent the final z-position for every layer. Figure
obtained with VMD (Humphrey et al., 1996).

Figure 4: Top view representation of the water network for 8.5%, full and 67% coverage (panel A-C). The
black arrow represents the sliding direction. The blue diamonds serve as a guide to the eyes in distinguishing
the pcd configuration. The bottom row (panel D-F) represents the angles of all H-bonds, at every time step,
with respect to the x-axis, in red the corresponding histograms are depicted. Figure obtained with VMD
(Humphrey et al., 1996).

Figure 5: Profiles of the dissipated work for MD trajectories sliding in the x-direction. The left panel A
represents the case with dry sliding (black and red) and 8.5% coverage (green and blue) at zero and 3.0
GPa load, respectively, and one case with 67% coverage (orange) at 0.5 GPa load and characterized by
a parallel water network. The right panel B represents the dissipation at zero and 3.0 GPa load for full
coverage with an anti-parallel water network (black and red), and bulk water (green and blue).

Figure 6: Coefficients of friction for different sliding velocities, 0.2 (black), 2.0 (blue), and 20.0 (red) m/s,
plotted versus water coverage. The dashed lines and the area around it result from akima interpolation and
serve as a guide to the eyes. The error bars result from the linear fit taking into account the errors obtained
via the bootstrap method.
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V.C.

MoS-> & Diamond

6.1 Introduction

Although independent of the main theme of this thesis, complementary results
are presented of a collaborative study on MoSy; grown on a diamond sub-
strate. This predominantly experimental work aimed to study the optoelec-
tronic properties of MoS; nanosheets synthesized on nanocrystalline diamond
films. Firstly, silicon substrates were coated with diamond films. Next, the dia-
mond was covered by a pristine coating of different thicknesses of molybdenum
(Mo). Finally, the Mo was annealed in the presence of a sulfuric environment,

yielding sheets of MoS,.

Using a scanning electron microscope, it was evident that the MoS, layers
orient differently atop the diamond depending on the initial thickness of the

pristine Mo. For pristine Mo with an initial thickness of 1 nm, the MoS, layers
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tended to orient parallel to the diamond surface. For pristine Mo with an initial
thickness of 6 nm, the MoS, was found to orient vertically atop the diamond
surface. Finally, for an intermediate thickness of about 3 nm, a mixture of
these two scenarios was found. In all cases, the morphology of the underlying
diamond substrate remained unchanged. One of the proposed explanations
for this observation is based on the mechanism for MoS, growth on planar
substrates [137, [138]. The idea here is that with a thinner initial pristine Mo
coating, the MoSs will form in a planar fashion because there is enough space
to do so. In contrast, for an initially thicker pristine Mo coating, a vertical
formation of MoS; is favored since the individual layers of MoS, grow rapidly,

and compress and extrude each other [139, 140].

6.2 Approaches and Problems

The manuscript of this work has not yet been finished. Therefore, this chap-
ter contains a more detailed overview of the computational details and an
extended discussion of the results obtained. To identify the driving force be-
hind the change of the preferred orientation of MoS; nanosheets on a diamond
substrate, we performed MM simulations. We performed these simulations
by employing the LAMMPS package [113] and using the ReaxFF interaction
potential [105, [141]. Structure and energy optimizations were based only on
the final configurations obtained via the experimental growth processes. This
approach is based on the assumption that the growth process is controlled by
thermodynamics and not by kinetics. Therefore, the final structures represent
the most stable configurations and not the structures that formed the quick-
est. This assumption can be justified by considering the high temperature and
the long deposition time (allowing structural rearrangements in order to form
the most stable product) in play for the experimental technique used to make

these structures.

The current availability of FFs restricted our freedom in establishing
the computational setup. More specifically, although there are reactive FFs

(allowing bond breaking and formation) available for hydrogen-terminated dia-
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mond [141] and for hydrogen in the presence of MoSs [105], to the best of our
knowledge, a FF which covers both systems was still lacking at the time of
performing this study. Therefore, we decided to use an alternative approach
in which the heterostructure, consisting of diamond and MoSs, is simplified.
In doing so, a 12.5 A thick slab of diamond was prepared with a hydrogen-
passivated (111) surface, using the FF of Ref. [141]. A crystal structure
[142] from the American Mineralogist Crystal Structure Database [143] was
used. This specific surface was selected since it is the most representative
for diamond. Firstly, after an initial energy minimization, the top layer of
hydrogen atoms was retained, whereas the nearest neighbor bonded carbons
were replaced by hydrogen atoms, and all other atoms were removed, resulting
in a ‘surface of Hy molecules’ characterized by the orientation and spacing of
an H-terminated diamond surface. During this optimization and all further
minimizations, the conjugate gradient algorithm was employed. The relative
energy tolerance was set to 1.0 x 107! (energy change between two successive
iterations, divided by the energy magnitude). Secondly, the resulting structure
was optimized while keeping the topmost hydrogen atoms fixed to maintain
the surface topology. Thirdly, a supercell was created by covering the plane of
hydrogen atoms with crystalline MoS, layers. For this, the commensurate 2H..-
MoS, crystal structure [111] from the Inorganic Crystal Structure Database
[144] was used.

The MoS, coating was oriented in either a horizontal or perpendicular
fashion. Furthermore, the coating thickness in the z-direction varied, ranging
from roughly 10 to 250 A, to match the length scale of the experimental results.
It is important to note here that there is an unavoidable mismatch between the
passivated diamond surface and the MoS, structure. The configurations were
chosen such that the lattice mismatch stress is fully accommodated within the
MoS, coating and is always below 1%. The reader should also keep in mind
that for the horizontal case, the atoms facing the interface solely consist of
sulfur atoms. In contrast, for the perpendicular case, each layer either ends
with sulfur or molybdenum atoms, as per the structure of the 2H. polytype.
Finally, these structures were optimized while keeping the bottommost layer
of hydrogen atoms fixed in the z-, y- and z-direction. An overview of the
computational setup can be found in Figs. (a-b).
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6.3 Results and Outlook
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Figure 6.1: Overview of the computational results. Schematic of the compu-
tational setup of the (a) horizontal and (b) perpendicular stackings. (c¢) Nor-
malized total energy profile of minimized horizontal and perpendicular stacking
structures plotted against the coating thickness of MoS,. The energy is normal-
ized per formula unit (Hy and MoSs) in order to account for differences in area
of the hydrogen surface and MoSs thickness. Finally, distributions of the change
in per-atom charge and energy for the horizontal (d, f) and the perpendicular

(e, g) configurations, respectively, are displayed.

In Fig. [6.I}c, the results of the energy minimization for both systems are
presented. From these results, it can be observed that for a thin coating thick-
ness (<105 A, which is equivalent to ~ 3 nm of pristine Mo), the MoS, layers
prefer to orient parallel atop of the diamond (111) surface. For thicker coatings
(>125 A, which is equivalent to ~ 3.5 nm of pristine Mo), the MoS, layers
prefer to orient perpendicularly above the diamond surface. These results are

in perfect agreement with the experimental findings.

To further elaborate on these findings, we compared the fully interact-

ing Hy-MoS, system with the two isolated subsystems composed of either Hy
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Figure 6.2: Atomic displacements with respect to the isolated subsystems.

molecules or MoS, layers. In general, it was found that the origin of the in-
version of the stability from a horizontal to a perpendicular orientation, when
increasing the coating thickness, can be traced back to local features such as
structural distortions and changes in charge and energy of the atoms at the
interface. This is confirmed in Figs. 6.4 where these quantities are com-
pared for the two limiting cases (thinnest and thickest coatings). Regarding
the atomic displacements, we found that most of the distortions are accom-
modated by the hydrogen atoms facing the interface, as displayed in Figs. (6.2
(a-d). In Figs. (d-g), we present histograms for both configurations based
on the change in charge or energy per atom. These histograms are derived
from the simulations where the thickest coating was considered. Looking at
the redistribution of charges, several observations were made. In the case of
horizontally oriented MoS, (Fig. d), it was found that the hydrogen sur-
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face facing the coating had a net positive charge, resulting in a polarization of
the Hy molecules. Besides, charge polarization also occurred in the first MoS,
layer. Here, the sulfurs facing the interface were negatively charged, whereas
the molybdenum atoms had a net positive charge. This observation is in agree-
ment with the difference in electronegativity for each type of atom. Finally,

no significant effect of the coating thickness on the charge redistribution was

found, as is confirmed by Figs. (a-b).
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Figure 6.3: Change in charge per atom with respect to the isolated subsystem.

In perpendicularly oriented coatings, the charge redistribution is more

complex (see Fig. e). We found that the hydrogen atoms facing sulfur
atoms had a more positive charge. In contrast, the sulfur atoms became more
negatively charged, similar to the observations of the horizontal configuration.
Conversely, the hydrogen atoms facing molybdenum atoms carried a negative

charge, while molybdenum atoms became more positively charged. Further-
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6.3. RESULTS AND OUTLOOK

more, the thickness of the coating did not seem to alter the results significantly,

as can been seen in Figs. (c-d).
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Figure 6.4: Change in energy per atom with respect to the isolated subsystems.

Next, we considered the change

in energy per atom. First of all, in

both configurations, the coating thickness did not alter the behavior observed
at the interface (see Fig. [6.4). For the horizontal case (see Fig. [6.1}), a
slight destabilization of the hydrogen atoms was observed, accompanied by
a robust stabilization of the sulfur atoms facing them. This picture further
confirms that the interaction-induced distortions are indeed accommodated
on the hydrogen atoms. For the perpendicular case (see Fig. g), it was
found that it is mainly the outer hydrogen layer that is destabilized, while
the interface hydrogen layer brings a stabilizing contribution. Finally, the
behavior of the MoS, coating leads to an overall stabilization of the structure,

dominated by the molybdenum atoms. In this regard, and generally speaking,
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the stabilizing effect was quantitatively more effective by a factor of 4 in the

perpendicular orientation compared to the horizontal one.

The results presented above reveal a relation between the MoS, coating
thickness and the relative orientation above a diamond substrate, which is in
line with the experimental results mentioned above. This study is a perfect
example of scientific power when experimental and computational techniques
are combined. Firstly, we found a shortcut to overcome the unavailability of
the current FFs by simplifying the system under study. Secondly, our results
contributed to the characterization of the stacking orientation of the system
through structural deformation and charge polarization. In principle, our anal-

ysis is general and can be used for other systems.

I was a contributing author of this work and carried out the computa-
tional conceptualization, computational data production and subsequent anal-
ysis, and preparing of the results for publication. All results have been given

to the corresponding author and the manuscript is in preparation.
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Conclusions

In this thesis, we have investigated the tribological behavior of solid lubricants
by employing computational modeling. The main goal of this research effort
was to obtain new insights into the fundamental understanding of the fric-
tional properties of MoS, at the nanoscale. Moreover, we aimed to elucidate
the different channels of energy dissipation present when changing the intrinsic
and/or external properties of the systems considered. Such investigations are
significant as they contribute directly to a general understanding of friction
and rationalize experimental observations. Additionally, considering the enor-
mous potential of solid lubricants on the one hand but their limited industrial

implementation on the other, validates any quest in this direction.

To realize this aim, three main projects and three side projects were
realized. The first main project (Chap. |3) consisted of a study on the struc-

tural frictional properties of pure MoS;. This project aimed to determine if
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superlubricity can be achieved through mechanisms other than incommensura-
bility. More precisely, we studied the effect of load and sliding direction on the
frictional forces of commensurate bilayer MoS, by performing non-equilibrium
MD simulations. We observed frictional anisotropy based on a relation be-
tween the sliding direction and the type of frictional behavior. In doing so,
we have shown for the first time that superlubricity can also be achieved by

sliding with commensurate contacts.

The second main project (Chap. consisted of an investigation into
the rotational energetic behavior of a bilayer heterostructure of MoS; and
graphene. The goal of this project was to relate the energetic landscape to
the rotational mismatch angles between the layers. We performed MM energy
minimizations with an in-house optimized FF based on DFT results. Our re-
sults showed a relation between the relative mismatch angle and the energy
profile. We explained our observations as an interplay between the local de-
formation of the layers and flexural phonons. The energetic behavior of this
system was found to go hand-in-hand with an out-of-plane rippling of the lay-
ers, which matched the periodicity of the Moiré pattern. Through this work,
a new perspective was brought to seemingly contradictory experimental re-
sults. Moreover, our findings could serve as guidance for the future design of
twistronics devices. Finally, the limits of epitaxy theory were revealed when
applied to this system due to the complex three-atom layered structure of
MoSs.

The third main project (Chap. [5)) consisted of an investigation of the ef-
fects of water contamination on the tribological behavior of pseudo-bulk MoS,.
Here, we wanted to gain insights into how the frictional properties of MoS,
are quantitatively affected by the presence of water during sliding, and to
determine if there is a relation to the type of H-bond water network. This
was achieved by modeling the effect of load and sliding velocity on the fric-
tional properties of a six-layered commensurate MoS, structure during sliding
in the presence of water via non-equilibrium MD. In general, it was found that
a thin layer of water forms and that the orientation of the H-bond network
is related to the frictional behavior. Moreover, it was concluded that water

could act both as a contaminant and a lubricant. On the one hand, these
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outcomes enhanced the understanding of the frictional mechanisms at play for
solid lubricants in the presence of water. On the other, they provided a general

starting point for the design of nanoscale devices in ambient conditions.

The first side project (Chap. @ studied the conformational behavior of
MoS; on top of a diamond surface. This project aimed to provide an atomistic
explanation of the different structural orientations found during an experi-
mental study on the optoelectronic properties of this specific structure. By
performing MM energy minimizations, we studied the energetic behavior of
various coating thicknesses and orientations of MoSy atop diamond. Our re-
sults supported the experimental findings and explained the conformational be-
havior of MoS, coatings through local distortions and redistribution of charges

— information that is not directly accessible via experiments.

The final two side projects, which are not discussed in this thesis because
only minor contributions were made, can be found in Appxs. [D] and [E] One
consists of a large viewpoint on atomic-scale design protocols. Here, our con-
tribution consisted of a review and outlook on the principles behind electricity
generation through tribology, e.g., by triboelectric nanogenerators. This view-
point concluded that to realize the true potential of functional nanomaterials
and their application in industry, the scientific community should focus on
a synergy between theory (atomistic simulations) and experiment (advanced
AFM techniques). The other relates to a study on the frictional properties
and edge pinning effects within MoSy and graphene, and MoS, and boron ni-
tride heterostructures. Here, the importance of interface steps and edges in
determining the frictional behavior in large lattice mismatch heterojunctions

was confirmed by MD simulations.

To conclude, the works presented in this thesis have actively contributed
to the general understanding of the different friction mechanisms at play dur-
ing sliding, for various internal and external conditions, of MoS, and solid
lubricants in general. Furthermore, the robustness of using computational sim-
ulations to complement experimental results has once more been highlighted.
These insights have been disseminated at international conferences, which pro-

vided the opportunity to translate feedback from world-renowned tribologists
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into improvements and refinements of some fundamental concepts that under-
pin this work, alongside establishing strong research collaborations for future
endeavors. As a result, this thesis can facilitate the next step towards making

the large-scale industrial implementation of solid lubricants feasible.

The outcomes presented here also hint at where the focus should be
in future works. We have seen that MD simulations are capable of provid-
ing a wealth of information on the processes determining nanoscale friction.
However, we have also been confronted by their limitations. Firstly, reliable
FFs are not readily available. Here, machine learning algorithms may offer
a workaround in providing a systematic way of extending the library of FFs.
Also, including the concept of aging into the FFs could enormously benefit
the accuracy of the outcomes. Secondly, the mismatch between the timescales
of nanoscale experiments and MD results impedes a one-to-one comparison
and prevents tracing back to the fundamental origin of nanoscale stick-slip
dynamics. The development of more coarse-grained methods could prove to

be a valuable approach.

Finally, developing a framework to generalize the observations made for
specific solid lubricants, both at the nanoscale and macroscale, could enor-
mously benefit the search for novel 2D materials and increase the pace of
industrial implementation. This, in combination with ever-increasing compu-
tational power, means one can only dream of the possibilities that might be

available in the coming decades.

If I have seen farther than others,
1t is because I was standing on the

shoulders of giants.

Sir Isaac Newton
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List of Publications

In this chapter, the publications that have been produced during the period
2017-2021 are listed. This list is divided into projects that are directly related
to this thesis and those that are not. All works have been published in im-
pacted, peer-reviewed journals. Where I am not the main author of the work,

the paper is listed under the subcategory of ‘contributing author’.
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The Bootstrap method

The Bootstrap method is a random sampling approach with replacement. Given a certain reference data
set, one randomly selects data points from the reference data set (allowing the multiple selection of a data
point) until an equal number of data points as present in the reference set is collected. In our case, the
reference set was the instantaneous force. Next, the average of the randomly sampled set is calculated
and this process is repeated 2000 times. Finally, one calculates the average and the standard deviation of
the averages found for every set. In the present study, we calculated five bootstrap averages per sliding
conditions, due to the fact that we simulated five independent trajectories. We then considered these as
independent values and we calculated the final average and standard deviation.

Selected sliding MD trajectories

Projections of MD trajectories in the zy-plane of the S2° COM superimposed on the static potential
energy surface at zero load, given per unit MoS,, for all sliding angles.
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Supporting Information for Exploring the Stability

of Twisted van der Waals Heterostructures
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In the following, we present in more details the methods and technical details used in
this work. In the first section, we describe the protocol used to obtain the supercells of the
heterostructures. We also provide a table with the parameters of all structures used in this
study. In the second section, we explain the protocol used to refine the force field parameters,
including the updated parameters. In the third section, we prove that the enhancement of
the LJ parameters does not alter the actual physics of the problem. In the fourth section,
we discuss the phonon dispersion and how we extracted from it the quantities required as
input for the NM approximation. In the fifth section, we further investigate the limits of the
NM theory by modelling a constrained system midway between pure NM assumptions and
a fully free bilayer. Finally, in the sixth section, we present a benchmark of the force fields

used.
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1 Supercells for twisted lattices

Here, we explain the procedure used to obtain the twisted lattice supercells. Let I, and I,
be the spacing of the Bravais lattices of layer a and layer b, respectively and a; = () be
one of the primitive versors of the first lattice, aligned with the z axis; the lattice with the
desired periodicity is generated by a primitive vector, a; = [,4;. The matrix representing
the discrete rotational symmetry of the lattice by an angle Q = 7/3 is:

cosT/3 —sinm/3 /2 —V/3/3

= = (S.1)
sinw/3  cosw/3 V3/3  1/2

thus, the second versor defining the lattice is a5 = ﬁnél' Since the second lattice, b, has the
same symmetry but it is rotated with respect to the first one by an angle 6, versors defining
it are (Bl,bg) = (ﬁeél, @nﬁgél), where

cosf —sinf

= (5.2)
sinf cosf

describes the misalignment between the lattices. A heterostructure supercell will be com-

patible with both periodicities if the individual lattice cells match exactly at the edges, in

other words, if the following matching condition is satisfied
la(nlél + TLQéQ) = lb(T)’Lllg)l + mgf)g), (SS)

where ny,ny, my, mo represent the repetition along the corresponding versor of the unit cell
of the first and second lattice, respectively. An overview of the matching condition is given

in Figure S1. This condition can be rewritten with a matrix formalism to:

S-2
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C =a(na +nya,)

Figure S1: Graphical overview of the matching condition in Eq. (S.3) for unit cells with
different lattice constants a and b at imposed angles 6. Colored arrows refer to primitive,
repeated and supercell lattices, as indicated by the labels. The low-opacity lines connect the
points of the Bravais lattice described by the primitive vectors.

S-3
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la, . . . .
E(nlal +nall, - a) = miRR)-a +meR - R &

ny my
p<11 gﬂ)- :(}1 §Q>~ ‘R, (5-4)
Ty mo

where I is the identity matrix, we used the definition of the lattice vectors, introduced the
mismatch ratio p = [, /I, grouped the matrices and the indexes in vectors and simplified &,
from both sides.

Although the mismatch ratio of a system is fixed by the equilibrium values of the lattice
parameters, it would be impractical to approximate a real number using integers, as the
size of the supercells would easily exceed our computational capabilities. Instead, we follow
instead the inverse procedure: given the four indexes {m;, n;}i—1 2, we can invert the system
and find the mismatch ratio p and the misalignment angle 6 that satisfy the matching
condition of Eq. (S.3). This means that {m;,n;}i—1 2 are now fixed parameters of Eq. (S.3),
while p is a variable, along with 6. Next, we find an expression for p and € in terms of
{m;,n;}iz12 that satisfies Eq. (S.3). In the following paragraph, we address the problem of
selecting sets of indices, whose corresponding p is close enough the real value fixed by the
system pg. We solve the equation Eq. (S.4) for the matrix R , and for p under the constraint

that R, is a rotation matrix, namely:

-1 ’n,l
eeloions) (s )
= (S.5)

Ty

det@e =1.

S-4
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The first line in Eq. (S.5) is readily solved by

R p [ mam + mang + 1/2(myng + many) —\/g/Q(mlnz — many)
B
Ny V3/2(ming — many) ming + mang + 1/2(myng + many)
14
= A S.6
24 (56)

where N, = m?2 4+ m32 + mymsy is the number of Bravais lattice points in the b lattice! and
A, implicitly defined in the last step, is shorthand for the matrix of known coefficients.
Substituting Eq. (S.6) into the second line of Eq. (S.5) yields an expression for p: det R, =
]@—E det A = 1. Substituting this back into Eq. (S.6) gives us the solution of (p,6) of Eq. (8.3)
at chosen {m;, n;}i—1 o

Ny
det

p =

i

= (S.7)
0 = (§6)11 = arccos (ﬁAn)

Finally, the first vector of the supercell is given by one of the members of the equality in

Eq. (S.3) and the second is obtained by symmetry, i.e.,

Cl = la(nlél + ngég) (SS)

Cz = QQ . C]_ = —lanlél + la(nl + ng)ég. (89)

In order to obtain a system with the desired misalignment 6, and a p that is an acceptable
approximation of the equilibrium mismatch py, we consider all combinations of integers
n;, m; within the range (—200,200) and select the supercells which satisfy 6 € [0°,60°] and
|Ap| = |p—po| <1 x 1077 We then bin the resulting supercells with a spacing of Af = 0.01°
and select the cell with the fewest Bravais points within each bin. Note that this procedure

does not guarantee that the resulting supercells will be evenly spaced with respect to the

LAn equivalent relation holds for the other lattice N, = n? + n2 + niny

S-5
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mismatch angle.

The indices defining the supercells used in this work for the MoS,/G heterostructures are
reported in Table S1, along with the misalignment angle, p — pg, and the number of atoms
in each layer. For this system, po = lg/lMos, = 2.460 1878A/3.093 6827 A = 0.7952295,
and the number of atoms in each lattice is given by the number of Bravais lattice points
multiplied by the number of atoms in the crystal basis, i.e. Niot = NBravais - Mbasis With Tpasis
is equal to 2 and 3 for G and MoS,, respectively. In creating the supercell, the strain ¢ due
to the approximated mismatch p is applied to MoSs. The residual strains for different values

of the tolerance Ap = p — py are reported in Figure S2.

-+ PRI L 4 T T T
8x107> 4 R oA st ey A e
6x1075 4 . , :
4x1075 - . 8
N 2x107> 4 -8
£l
F 0 -
Il
Y _2x1075 oo o @ . L.
—10-4
—4x1075 P max(Ap) =10
max(Ap) =107
—6x1075 1 oy = 10-5
—8x1075 1 max(Ap) = 1077
0 10 20 30 40 50 60

CAR!

Figure S2: Strain applied to the MoS, lattice versus angle imposed to the supercell according
to Eq. (S.7) for different values of tolerance. The tolerance value used in the work is Ap <
1 x 1077, The lattice spacing is obtained as [ = lg/p, where p is the solution of the Eq. (S.7).
The inset in the upper right corner reports the logarithm of the absolute value of the strain
€.

0[°] ny ng my my P — o Ng Nitos,

0.23 -135 -104 -108 -82 9.8e-08 86162 81732

0.58 -192 61 -153 50 8.1e-08 57744 54774

0.79 -184 -41 -148 -30 9.8e-08 86162 81732

1.01 -113 -182 -86 -148 -6.2e-08 132916 126081
S-6
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85012

54774
85068
81732
41493
81732
71784
90972
73260
81732
24000
54774
17361
81729
81729
50349
54774
84333
54774
24000
81732
54774
50349
41493
55164
54774
81729
80640
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51.36 | -145 145 -124 20 1.2e-08 42048 39885
51.86 | -118 12 -24 -75 9e-08 25302 24000
52.06 | -172 169 -24 146 -8.3e-08 58152 55161
52.82 | -152 -99 55 -195 3.5e-08 95906 90972
54.05 | -164 -41 -168 118 1.5e-08 70600 66969
54.66 | -185 63 -63 -86 4.6e-08 53076 50349
55.07 | -191 -48 -195 140 3.5e-08 95904 90972
55.83 | -184 33 -127 142 8.1e-08 57744 54774
56.95 | -118 12 -15 -81 9e-08 25302 24000
57.12 | -184 -41 -182 140 9.8e-08 86162 81732
57.89 | -138 -99 -189 104 -2.2e-08 85012 80640
58.61 | -109 39 -33 -54 -5.7e-08 18300 17358
58.76 | -176 -59 -188 137 4.3e-09 89682 85071
59.21 | -184 -41 30 -178 9.8¢-08 86162 81729
59.42 | -192 61 -50 -103 8.1e-08 57744 54774
59.77 | -135 -104 82 -190 9.8e-08 86162 81729
Table S1: Parameters of the rotated supercells used in this work. The lines relative to the

four misaligned geometries shown in Figure 5 in the main text are highlighted in bold font.

2 Force Field refinement

As part of this study, we refined the LJ coupling parameters for the heterostructure of

MoS; and G. As a starting point, we took the parameters provided in Ref.! However, our

preliminary results revealed some significant discrepancies, both quantitatively as well as

qualitatively, with the results obtained via accurate DFT calculations. This motivated us to

perform a recalibration of the parameters.

In order to do so, we applied the Simplex algorithm

S-11

as implemented in SciPy.? This
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algorithm samples the N-dimensional (N=number of LJ parameters) phase space using a

convex polygon. This algorithm acts on the following objective function:

X*lfl = % /0 " forr(r) — fu(r)Pur)dr (S.10)
1 Tcut )
o Z | forr(ri) = fu(ri)Pw(r), (S.11)

where o = 14.5 A, beyond the LJ potential cutoff in LAMMPS and enough to consider
negligible the LJ interactions in VASP. The function fppr is the reference, in our case the
Lennard-Jones binding energy profile from DFT, whereas fi, is the same binding energy
profile computed with LAMMPS using the current ¢ and 0. We used the weight function
w(r) = exp[—(%)Z] to ensure that the most relevant part, the minimum of the Lennard-
Jones at 1o = 4.94 A and its directs surroundings, are represented correctly. The amplitude
of the relevant interval around the minimum is tuned with the ¢ parameter. Both the
reference energy profile and the one from LAMMPS are obtained by fixing the interlayer
distance between G and MoS,. In our case we fixed the carbon atoms and the outermost
sulfur atoms in the z direction. The heterostructure itself results from a 4x4 MoS, unit cell
repetition and a 5x5 G unit cell repetition, in which the residual strain of 2.6% is applied to
MoS;. The results of this optimization can be found in Table S2 and Figure S3.

Table S2: Optimized LJ parameters for the interlayer interaction between G and MoSs.

3 LJ enhancement

Optimized LJ Parameters
Atoms € [meV] o [4] ¢ [4]
C-S 1.64 3.640 0.30
C-Mo 4.55 4.391 0.30

The LJ-coupling between the layers of MoS, and G was enhanced during the constraint

simulations as mentioned in the main text. This was done because the strain posed on the

S-12
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Figure S3: Refining of LJ-parameters. Binding energies (normalized by the cell area) versus
the interlayer distance in A. The black line is the reference binding energy obtained through
DFT, whereas the red and the blue line are the starting and final binding energies obtained
through LAMMPS, respectively. The dashed line represents the weight function around the
energy minimum enhanced by a factor of 50, as guide for the eye. The inset shows the
objective function x? versus the number of the iterations of the optimization algorithm.
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MoS, lattice, in order to create a supercell suitable for the application of PBC, results in a
noise significantly affecting the energy profile upon rotating the lattices. In Figure S4, we
report the underlying energy profile E(6) for different values of the scaling factor f in € = fe.
From Figure S4, it can be seen that this computational trick does not alter the physics, but
purely amplifies the energy trends that otherwise get progressively hidden by the noise.
Figure S5 reports the scaling relation at § = 30°, showing an almost quadratic behaviour.
In order to make comparison between Fig. 1 and Fig. 2 in the main text easier, we scaled
back the value computed at €;; = 100ez; according to E'°(30°)/E'(30°) = 1751.57. In
other words, both the minima and maxima remain located at the same angle, however, their

absolute energy value is scaled according to the LJ-coupling.

E(6)-E(0) [meV/atom]

L L L L L
0 10 20 30 40 50 60
CAN|

Figure S4: Enhancement of the LJ-coupling. The plot reports the energy F(6) in meV /atom
versus angle 6 for rigid MoS, and soft G for increasing values of LJ coupling f, as reported
in the legend.
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Figure S5: Scaling relation between the maximum energy ratio and the LJ coupling param-
eter e. Blue circles represent the energy at = 30° computed at a given enhancement factor
f, with respect to f = 1, versus the scaling factor f. The light-blue line shows the fitted
power law reported in the legend with parameters a = 0.217837 and b = 1.9572.

4 Phonon dispersion and sound velocity

Figure S6 reports the phonon band structure along the path I' - M — K — I of G and
MoS,, panels (a) and (b) respectively. These figures allow us to compare phonon dispersion
computed from quantum forces, at the DFT level, and from classical forces. We focus on
the acoustic modes first. Quantum and classical dispersion are in good agreement around
I', the center of the Brillouin zone; this means that the long wavelength distortions at the
base of NM theory are well-described by the classical force fields. As we move to the edge
of the cell, towards shorter distortions, the two dispersions start to deviate. For example,
the splitting of quantum-computed transverse and longitudinal branches observed at M
point in G is shifted to a different &k in the classical results. Similar observations can be
made for the region around K and for the MoS, phonon bands. The general trend is that

the classical treatment underestimates the energy of acoustic branches and overestimates

S-15
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35

————— —— LAMMPS |

(b)
Figure S6: Phonon band structure of (a) G and (b) MoSs computed with LAMMPS (solid

lines) and VASP (dashed lines). The y axis reports the phonon energy, while the z axis
marks the distance from the origin along the pathI' - M — K — T'.
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the optical ones. However, strong quantitative agreement is not needed for the qualitative
statements developed in the main text and, in order to obtain the sound velocity needed as

input of the NM theory, only an accurate description around the I" point is required.

20 | | |
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Figure S7: Sound velocity fit from the phonon dispersion in G (shades-of-blue symbols) and
MoS, monolayer (shades-of-red symbols). The y axis reports the frequency v in THz and
the z axis the distance from I' in A=!. The color-matching lines report the linear fit of that
branch, i.e. v; = v;k.

As explained in the main text, the NM theory describes the distortion of a 2D layer
due to interaction with a rigid substrate in terms of long wavelength phonons. The theory
yields analytical predictions in the limit of linear dispersion w;(k) = v;k, where ¢ = L, T
labels either the transverse (T) or longitudinal (L) branch and v; is the speed of sound of
the corresponding branch ¢. This is defined as the slope of the phonon dispersion near I':

dw(k)

Ui = ok | Figure S7 shows the longitudinal and transverse branches close to I" of G and

MoS,. The plot also shows the linear fits obtained from the points, including their fitted
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slopes representing the sound velocities, as reported in Table S3. This leads to the values

Table S3: Sound velocity of transverse and longitudinal phonon branches in G and monolayer
MoS; extracted from Figure S7. The uncertainty arises from the linear fitting procedure.

Material vr[km/s] vp[km/s]
G 18.9403 £+ 0.0005 10.5298 £ 0.0005
MoS, 0.2608 £ 0.0005 0.131 £ 0.002

0c = 2.235 and dyos, = 2.968 used to evaluate Eq. 4 in the main text.

5 NM approximation limits

We discuss the difference behaviour between the pure NM theory reported the main text
(see Figure 2 in the main text) and free 2D system. More specifically, we consider a bilayer
MoSy/G where atoms are free to move in the zy plane but the z coordinate of each atom is
frozen. This corresponds to lifting the rigid substrate assumption of the NM theory, while
enforcing a constant interlayer distance. Figure S8 reports on the results for this case. The
NM theory does not cover this scenario, as here none of the two layers is rigid. As a result,
the two layers can mutually influence and distort each other, reaching configurations not
included in the NM model. A minimum at 6 &~ 8° is clearly visible, midway between the two
rigid substrate approximations. This means that the physics described in the NM theory
still applies to this case, even though the model does not describe the mutual interaction
between the layers and does not provide a prediction for the the minimum-energy angle. The
behaviour of the system is thus qualitatively different from the h-BN/G heterostructures
studied by Guerra et al.* In that case the NM theory was found to explain quantitatively
the energetics of the rigid and z-frozen scenario, i.e. blue and red lines in Figure S8, but
removing the rigid substrate constraint changed the behavior qualitatively: the non-zero
minimum-energy angle predicted by NM disappeared from the energy profile of the system.
From this observation, we can conclude that in our system, comprising of 2D and 3D ML,

when the assumption of a rigid substrate is relaxed, a non-zero minimum angle dominates
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Figure S8: Energy per atom E(6), in meV/atom, as a function of the imposed angle 6 in
degrees for different 2D models: red squares refer to flexible G on top of rigid MoSs,; blue
circles refer to flexible MoS, on top of rigid G. Gray triangles refer to flexible MoS, on top
of flexible G. The reference value of the energy scale is set by E(0) and the values have
been corrected according to the initial LJ enhancement. Red and blue segments mark the
minimum angle predicted by the NM theory for the first and second case, respectively.
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the energy landscape and, thus, the NM argument still describes the physics of the system.

6 Force Field Benchmark

In this section, we present a benchmark of the force fields used in this study compared to

experimental results and first principle calculations.

Table S4: Structural parameters obtained by authors using the SW model for MoSs, the
REBO model for graphene together with reference data from X-ray diffraction experiments
and density functional theory (DFT) calculations. The DFT results were obtained using the
following previously mentioned computational details.

SW | REBO | DFT Experimental
Lattice constant graphene(A) - 2.4602 | 2.4668 | 2.4589,%2.464(2)°
Lattice constant MoS, (A) | 3.0937 - 3.1901 3.15,73.16258
C-C bond distance (A) - 1.4204 | 1.4242 -
Mo-S bond distance (A) 2.3920 - 2.4112 -

7 Magnitude of the out-of-plane displacements

In this section we compared the out-of-plane displacements of G layer with the MoS, one.
The thickness of a ML is defined as 7(0) = zmax — Zmin in the relaxed geometry. In the case
of MoS, since it comprises 3 atomic layers, the analysis has been carried out on the separate
components: bottom S layer, Mo layer and top S layer, as reported in Figure S9. The
bottom S layer of MoSs, being the closest to G, shows the larger displacements and shows an
opposite trend compared to G. This is due to the fact that the less convenient it becomes for
G do modulate, the more important is the contribution from the MoS; modulation; albeit
still small if compared to the G signal. The Mo layer shows an appreciable modulation only
after § = 20°, when G starts to flatten. Finally, the top S layer, furthest from the interface
with G, remains essentially flat throughout the spectrum and the small fluctuations can be

regarded as numerical noise.
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Figure S9: Thickness of the atomic layers as a function of the mismatch angle. The y axis
is reported in logarithmic scale for better comparison.

The total variations A between all values @ are reported in Table S5. The last column

reports the variations with respect to the one occurring in G (Ag): the modulation in MoSy

is at least 2 orders of magnitude less than in G, thus supporting our claim that the structural

distortion representing the leading order in lowering the energy occurs in the G layer only.

Table S5: Minimum and maximum thickness across . Variation of thickness A = maxy(7)—
ming(7). Variation relative to the one occurring in G.

Atom layer | ming(7) [A] | maxe(7) [4] | A [A] | A/Aq

G 0.0026 0.0291 0.0265 1

Bottom S 0.0007 0.0013 0.0006 | 0.021

Mo 0.0003 0.0008 0.0005 | 0.018

Top s 0.0001 0.0004 0.0002 | 0.009
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l" frontiers

Supplementary Material

1 INTRODUCTION

In the Supplementary Information we address more details regarding the techniques and methods used.
Firstly, we present a benchmark of the force field. Secondly, we describe the bootstrap method. Thirdly, we
present the results of the ideal water network used as a reference in the main text.

2 BENCHMARK

The force field used to perform the classical molecular dynamics simulations was developed by Srehst et
al.(Sresht et al., 2017). Here, we will present a benchmark by means of comparison with density functional
theory (DFT) (Ref. (Levita et al., 2014)) and experimental data (Ref. (Schonfeld et al., 1983)). Table
S1 presents the most relevant structural parameters, comparing the different methods. A more elaborate
description of the parameters can be found in Ref. (Nicolini and Polcar, 2016).

MD Experimental | DFT

Lateral lattice constant (A) 3.1741 3.161 3.198
Perpendicular lattice constant A) | 12.409 12.295 12.454

Mo-S distance (&) 2.397 2.366 2.425
Mo-S-Mo (¢) angle (°) 82.910 83.816 82.504
S-Mo-S (9) angle (°) 82.910 83.816 82.504
S-Mo-S () angle (°) 80.284 79.064 80.829
S-Mo-S (w) angle (°) 135.057 134.634 135.247

Table S1. Structural parameters obtained via the Sresht er al. force field (MD) (Sresht et al., 2017) compared to DFT (Levita et al., 2014) and experimental data
(Schonfeld et al., 1983).

3 BOOTSTRAP METHOD

To obtain the average frictional force from the instantaneous frictional forces experienced while sliding
the top layer, we resorted to the random sampling bootstrap method. This method works as follows. First,
starting from the original dataset, one generates a new set (with the same number of data points) by
randomly selecting points from the original set. During this step, the order of the data may change and
some data points may be present multiple times, while others may be missing completely. Next, the average
over the new data set is calculated. Finally, the process is repeated 2000 times, after which the final average
and the standard deviation are calculated.

4 |IDEAL WATER NETWORK

Here, we present the outcomes for the ideal parallel and antiparallel water networks. We performed two
additional MD simulations of 100 ps with the same parameters reported in the main text. Here, no MoS»
was present (i.e., we simulated the water network only). Moreover, the water layers were fixed in the
z-direction to mimic 2D confinement. Although no sliding happened in these simulations, the black arrows
indicate the sliding direction as in Fig. 4 of the main text. Please refer to the main text for the discussion of
the outcomes.
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Figure S1. Top view representation of the ideal parallel (panel A) and anti-parallel (panel B) water network.
The blue diamond serve as guide for the eye in distinguishing the pcd configuration. The bottom row (panel
C-D) represents the angles of all the hydrogen bonds for every time step with respect to the x-axis, in red
the corresponding histograms are depicted. Figure obtained with VMD (Humphrey et al., 1996).
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Viewpoint

[ was a co-author of this work and was, together with my supervisor Dr. Paolo
Nicolini and another Ph.D. student from our group Florian Belviso, responsi-
ble for Section 13 ‘“TRIBOLOGY AS A NOVEL FIELD FOR ELECTRICITY
GENERATION’. All results of this study have been published in the Compu-
tational Materials Science journal [145]. This is an impacted journal, which
had an impact factor of 4.825 in 2019 and belongs to the quartile category Q1
in the field of inorganic and nuclear chemistry. A copy of the manuscript is
attached below.
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Inorganic Chemistry

ABSTRACT: Nanostructured materials are essential building
blocks for the fabrication of new devices for energy
harvesting/storage, sensing, catalysis, magnetic, and optoelec-
tronic applications. However, because of the increase of
technological needs, it is essential to identify new functional
materials and improve the properties of existing ones. The
objective of this Viewpoint is to examine the state of the art of
atomic-scale simulative and experimental protocols aimed to
the design of novel functional nanostructured materials, and
to present new perspectives in the relative fields. This is the

result of the debates of Symposium I “Atomic-scale design protocols towards energy, electronic, catalysis, and sensing
applications”, which took place within the 2018 European Materials Research Society fall meeting.

1. INTRODUCTION

Modern technology has a huge impact on our everyday life.
For example, nowadays a vast number of tasks can be
performed with a couple of clicks. Functional materials, that is,
materials exhibiting adaptive capabilities to external stimuli,"
form the basis for a wide range of technologies. Their societal
impact is tantamount in energy harvesting/storage, sensing,
catalysis, magnetic, and optoelectronic applications.

During the last years, intensive research activities have been
devoted to the synthesis and characterization of nanomaterials.
The discovery of novel materials with desirable properties,
however, requires that we understand the atomic structural
principles governing the functional response. In this
perspective, the Symposium I “Atomic-scale design protocols
towards energy, electronic, catalysis, and sensing applications”,
which took place within the 2018 European Materials Research
Society fall meeting, focused on the recent developments of
design strategies for smart materials. Here, the outcomes of the
Symposium’s debates are reported.

This Viewpoint first focuses on general technical aspects of
performing first-principles calculations, on creating integrated
data infrastructures and extracting useful information from
them, and on issues related to machine learning techniques.
Materials and processes for energy conversion through
catalysis and hazards in energy storage in batteries are then
addressed. A broad range of functional materials is covered in
the remaining sections of this Viewpoint, from molecular solids
and metallic multilayer composites, oxide thermoelectrics, and
“ferroelectric” metals to hybrid organic—inorganic perovskites
and triboelectric materials. These examples illustrate the
challenges in understanding and improving functional

materials, but they also demonstrate the progress that has
been made on an atomistic level by advanced techniques, both
in theoretical and experimental studies. Particular emphasis has
been put on synergistic investigations involving experimentals,
materials informatics, and computational approaches, which
can provide the fundamental understanding of these materials
as well as new insights necessary to guide and accelerate the
search of materials with targeted functionalities.

2. PREDICTING THE BAND GAP OF COMPLEX
MATERIALS: COMPUTATIONAL METHODS AND
PROCEDURES

The prediction and interpretation of materials properties
requires the combination of advanced theoretical models and
accurate numerical schemes. For decades, density functional
theory (DFT)™’ has been the primary method to estimate the
ground-state properties of materials, and it still represents a
common methodological scheme for studying a wide variety of
physical phenomena, including those reviewed in the present
Viewpoint. Despite its great success, DFT has some limitations
arising from the approximation used to construct the exchange
and correlation functionals that hinders its performance. An
archetypal shortcoming of DFT is the calculation of the band
gap, a property of fundamental importance and crucial for all
practical applications, including energy, electronic, catalysis,
and sensing applications, which are the main focus of this work
and will be elaborated and discussed more extensively in the
following sections. A variety of quantum-mechanical methods
has been proposed to cure this problem, including local
corrections inspired by the Hubbard-based models* (e.g,, DET
+U and self-interaction corrected schemes), hybrid functionals
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Figure 1. Comparison between calculated and experiment band gaps. (a) Hybrid functionals for a data set including 30 semiconductors and (b)
GW applied to a perovskite data set including 3d, 4d, and 5d transition metals. Adapted from refs 10 and 12.
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(e.g, see refs 5—7), quasiparticle approaches® (GW), and, for
what concern the optical excitations, the Bethe-Salpeter
equation (BSE).”

2.1. scPBEO Hybrid Functional. A promising compromise
between the computational cost and the accuracy of the
calculated band gap value is represented by hybrid functionals.
Figure 1 shows a selection of hybrid functional band gaps
computed for a wide set of insulating and semiconducting
materials.'’ Despite the research effort made so far, further
investigation is still needed to improve the prediction of the
band gap value, which mainly relies on mixing parameters at
the basis of the hybrid energy functional formulation. As an
example, the procedure to carry one scPBE0'? calculation is
here concisely described, which is one of the last members of
the hybrid family.

The scPBEO hybrid energy functional is based on the self-
consistent evaluation of the mixing parameter @, which
controls the amount of HF exchange.'’is the This is done by
means of an iterative calculation of the static dielectric constant
using the perturbation expansion after discretization (PEAD)
method."! Specifically, one starts the self-consistent loop by
using the standard mixing a;, = 0.25. At the end of this
iteration the output mixing @, is determined as the inverse of
the mean value of the diagonal elements of the dielectric
function evaluated by PEAD; that is, 0y, = 1/€,, where &, is
the ion-clamped static dielectric tensor. This new value of « is
then used to start a new iteration. The self-consistent
procedure stops when o, — @, is smaller than the desired
accuracy (usually ~1072).

The results obtained by fixed-a (PBEO and HSE03) and self-
consistent (scPBE0) hybrids (Figure 1 show that scPBEO
performs better for band gaps smaller than ~8 eV, whereas for
larger gaps PBEO appears to be a better choice. The
nonempirical extension of range-separated hybrids, in which
not only the mixing parameters & but also the screening length
(typically labeled y in HSE-like hybrids), represents a possible
route for improvement. Following this idea, a new class of
nonempirical hybrid functionals based on a model dielectric

out

function has been recently proposed that indeed predicts
accurately band gaps for both narrow- and wide-gap semi-
conductor.”® The next level of theory, which allows the
computation of quasiparticle energies and guarantees an
improved prediction of band gaps, is the GW method.®

2.2. GW Method. The GW method is probably the most
accurate approach presently available for condensed matter
physics calculations. Alternative advanced methodologies have
been developed in other sectors, for example, quantum-
chemistry methods, such as Moller—Plesset perturbation and
coupled cluster theories,"* which are however still computa-
tionally too demanding when applied to complex extended
systems. The essence of the GW scheme is the inclusion of the
self-energy, defined as £ = iGW (where G is the single particle
Green’s function, and W is the screened Coulomb interaction),
in the generalized Kohn—Sham equations. Regrettably enough,
despite its success, the proper use of the GW method is not
well-established from a technical point of view, yielding to
nonconverged solutions. In fact, the convergence criteria
requires a summation over many empty states (N) and a
sufficiently dense k-points mesh resulting in large computa-
tional cost and memory requirements. However, two different
routes can be followed to obtained converged results:'>

1. Basis-set extrapolation. The core aspect of this scheme is
to extrapolate the quasi-particle (QP) energies obtained
using a finite-basis-set to the infinite-basis-set limit
through the formulawhere E(N},N) is the calculated QP
energies with N k-points and N bands, E(N;, N,,) is the
corresponding extrapolated (N — o0) QP energies, and
the variables n; and N, indicate the number of k-points
in the small and large k-point mesh, respectively.

2. Conventional scheme. This method attempts to converge
the QP energies with respect to a set of three
parameters: number of bands, energy cutoff for the

Ak(N)
Eoo(Ni, Noo) & Exo(ni, Noo) — E(ng, N) + E(I
_

An(nx)

N) ()

plane wave expansion for the orbitals E,,, and the
number of k-points.

An important aspect to consider when performing GW
calculations is the choice of the pseudopotential. Even though
accurate results can be also obtained with ultrasoft
pseudopotentials, it is recommended, when possible, to
adopt norm-conserving pseudopotentials. Following the
above consideration one can achieve a remarkably good
fundamental band gap for a wide set of transition metal
perovskites, as shown in Figure 1.

An additional ambiguity, which is often a source of
confusion, is the difference between fundamental electronic
gap, that is, the energy difference between the lowest
unoccupied state and the highest occupied one, and the
optical gap, which includes electron—hole interaction and is
lower than the fundamental electronic gap by an amount that is
typically referred to as excitonic energy." Excitonic effects, not
included in the GW scheme, can be accounted for by using the
Bethe-Salpeter equation, in which the response function is
computed from the Dyson-like equation.'®

2.3. BSE Calculations. The procedure to conduct BSE
calculations consists of four steps:'

1. Standard self-consistent DFT calculations. If the DFT
ground state turns out to be metallic it is necessary to
add a small U or a scissor operator (only in this step).

2. Additional DFT step to compute the one-electron wave
functions and eigenenergies of all virtual orbitals
evaluated by an exact diagonalization.

3. GyW, runs to compute the QP energies and static
screened interaction W, and

4. BSE run (typically in the Tamm-Dancoff approxima-
tion'®) to compute the frequency-dependent macro-
scopic dielectric function

s(w)=1—§i§zv(q)2[ 1 _ 1 . ]

Tlo—-Q +in o+ Q —in

x {Z o Y <u/{k|z‘q"|y/”k>X$k} x fe.c. )
k

v,c

@

with the oscillator strengths S, associated with the
optical transitions defined by
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Figure 2. Experimental and calculated optical conductivity spectra 6(@) of (a) Sr,IrO, and (b) Sr;Ir,O,. The gray vertical lines represent the
oscillator strength whose contributions to @ and f§ peaks are highlighted in red and blue colors, respectively. (c, d) GW band structure. (e, f) GW
total density of states. The red and blue arrows in (¢, d) represent the dominant interband transitions for the a and f§ peaks, respectively. The width
of the arrows denotes the normalized amplitude of BSE eigenvectors IX2,l. Adapted from ref 17.

Sy = Tr, z Wy Z (ylckle"‘"h//vk)Xﬁk X {c.c}
k v,c

(©)
In the last two equations, Q4 and X“ are BSE

eigenvalues and eigenvectors, respectively, V is the
bare interaction, 7 is a positive infinitesimal, and w are
the k-point weights, while ;. and y refer to occupied
and unoccupied DFT(+U) wave functions, respectively.

With these prescriptions, excellent optical properties are
obtained for the challenging spin—orbit coupled Dirac-Mott
properties of Sr,IrO, and St;Ir,0,,"” as shown in Figure 2.
Note that step 3 is rather expensive and does not scale
favorably with the number of k points. Considering that the
calculation of BSE spectra requires many k points to reach a
good level of convergence, it can be useful to adopt an
analytical treatment of the screening as input in the BSE run

(step 4):

_ _ _ Iq + GI?
cqa(@) =& + (1 - 8001)[1 - exr{—qth]

)

where &, is the static ion-clamped dielectric function in the
long-wave limit, and the screening length parameter A is
derived by fitting the screening ™' at small wave vectors with
respect to Iq + Gl with q and G being the wave vector and
lattice vector of the reciprocal cell, respectively.'”

2.4. Outlook. In conclusion, a set of state-of-the-art first-
principles schemes have been briefly scrutinized; these are
capable to deliver a good estimation of band gaps, not only for
standard semiconductors but also for complex oxides with
different electronic configurations, magnetic orderings, struc-
tural characteristics, and spin—orbit coupling strength. These
methods, in particular, GW and BSE, are computationally very
demanding, and much care must be taken in setting up the
computational protocol. As future challenges, it would be
desirable and useful (i) to find common standards for the
automation of these complex sequences of simulations
(streamline workflows), (ii) to build a high-quality beyond-
DFT materials database (“Quantum Materials Repository”)
and, possibly, (iii) to envision smart ways to accelerate the
calculations without loss of accuracy (machine learning

14942

techniques). This would facilitate a paradigmatic shift in the
materials modeling community from massively DFT-based
calculations to beyond-DFT schemes, which would be
beneficial for the quality and accuracy of the results and
therefore for the prediction and understanding of material-
specific functionalities.

3. DATA-DRIVEN MATERIALS SCIENCE: BUILDING
MAPS OF MATERIALS PROPERTIES

3.1. Descriptors in Materials Science. High-performance
computing (HPC) is used for the search and design of novel
functional materials with improved functionalities. According
to the Springer Materials database,'” ~250 000 inorganic
materials, including stable and metastable phases, are known to
exist. Unfortunately, even somewhat basic properties—such as
elastic constants, electrical and thermal conductivity, and
similar—are systematically known only for very few of them.
Computational hi%h-throughput initiatives like Materials
Project,20 AFLOW,”" and OQMD?** have collected informa-
tion on hundreds of thousands of possible materials and made
them available in open-access databases. However, while
electronic structure calculations provide a wealth of
information, the majority of these data are not efficiently used.

Recently, a manifesto™ on how scientific data should be
handled has been proposed: It goes under the acronym FAIR,
which stands for findable, accessible, interoperable, and
reusable/repurposable. The recently established Novel Materi-
als Discovery (NOMAD) Laboratory”**® already complies to
the FAIR principles. This is made possible by the NOMAD
Repository & Archive, as of end of 2018 containing more than
50000 000 open-access single-point calculations of millions of
different chemical compositions and atomic structures, mainly
bulk materials. These include also calculations from the above-
mentioned databases and more. For all the calculations,
original input and output files are stored in the Repository, and
a code-independent representation of all calculations’ data is
accessible in the Archive, thanks to a remagping of the raw
data into a hierarchical metadata framework.”*

It is easy to realize that the number of possible stable and
metastable materials is to all practical purposes infinite. This
suggests that novel functional materials with superior proper-
ties for any conceivable application should exist but are not yet
known. High-throughput scanning of the compositional and
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structural materials space may not be an efficient approach
when used with accurate electronic-structure methods, because
the latter are computationally demanding in terms of CPU/
GPU hours.

A promising alternative approach is to construct models
almost as accurate as reliable electronic-structure methods but
running at a fraction of the cost by means of learning
algorithms. This is the realm of artificial intelligence or (big-
)data analytics that is data mining, machine/statistical learning,
deep learning, compressed sensing, and others. In the past 10
years, more and more such approaches have been developed
and applied to the wealth of materials-science data.’*™>’ The
first blind-test, crowd-sourced competition for the machine
learning of properties from materials-science data—the
NOMAD 2018 Kaggle competition38—has been a recent
turning point toward widespread acceptance of good-practice
protocols in data-driven materials science. Besides, it
confirmed (Gaussian) kernel methods or, alternatively, the
similar Gaussian-process regression, artificial neural networks,
and tree-regression methods as the most popular and versatile
artificial-intelligence approaches.“

In all the cited works, the crucial step is the identification of
descriptors that capture the underlying mechanism of a given
material’s property or function and are the numerical input for
the machine-learning model. The descriptors are carefully
designed by the researcher, via imposing known physical
symmetries and constraints. Alternatively, the descriptors can
be learned from the data; more precisely, the best descriptors
can be identified among a possibly immense set of candidates
by exploiting a signal-analysis technique known as compressed-
sensing (CS).**

3.2. Compressed Sensing. The compressed sensing (CS)
approach reconstructs a high-quality “signal”, starting from a
sparse set of “observations”.""*' Mathematically, given a set of
samples measured incoherently (P) CS finds the sparse
solution (c) of an undetermined system of linear equations
D¢ = P, where D is the sensing matrix with the number of
columns much larger than the number of rows. The recasting
of CS into materials-science challenges39'42 starts from a set of
materials (m;) with observable properties listed in vector P; and
a possibly immense list of test features d]-, which form the
features space. The projection of each i-material into the j-
feature is the i,j component of the sensing matrix D. The sparse
solution of arg min, (||P — Dcll,> + 4l|cllo), where |[c||, is the
improper norm of ¢ (i.e., its number of nonzero components),
gives the optimum Q-dimensional descriptor, that is, the set of
features “singled out” by the € nonzero components of the
solution vector ¢. The first term in the minimized expression is
a familiar mean square error, as in least-squares regression; the
second term is known as regularization. In this case, a “penalty”
is paid for every nonzero component of c. Effectively, CS
performs a dimensionality reduction from the large input
features space to the selected low-dimensional descrigtor.
Differently from most dimensionality-reduction schemes,* CS
provides an “inspectable” solution, in the sense that the
components of the selected descriptor are among the input
features.

The sure independence screening and sparsifying operator
(SISSO)* is a recently developed CS-based method, designed
for identifying low-dimensional descriptors for material
properties. It is an iterative scheme that combines the sure
independence screening scheme (SIS)* for dimensionality
reduction of huge features space and the sparsifying operators

(SO) for finding sparse solutions. SISSO improves the results
over the conventional CS methods, such as the linear absolute
shrinkage and selection operator (LASSO)***4¢ and greedy
algorithms,47‘48 when features are correlated, and can
efficiently manage immense features spaces.

For applying SISSO, a feature space D, is constructed by
starting from a set of primary features and a set of unary and
binary operators, such as +, —, exp, 1/, etc. The features are
then iteratively combined with the operators, where at each
iteration each feature, or pair of features, is exhaustively
combined with each unary/binary operator, with the constraint
that sums and differences are taken only among homogeneous
quantities. The index q in @, counts how many such iterations
were performed. The primary features are typically atomic
properties (e.g., ionization potential, radius of s or p valence
orbital, etc.) and compounds properties (e.g., formation energy
of dimers, volume of the unit cell in a given crystal structure,
average coordination, ...)*". @, contains features in terms of
mathematical expressions; when the values of the features are
determined for each material m, the matrix D is constructed.
The atomic properties are repurposable and therefore can be
used for many descriptors and model learning. For easier
reference and reusability, the atomic features used in this work
and other related works™”*>***’ can be accessed online at the
NOMAD Analytics Toolkit: https://analytics-toolkit.nomad-
coe.eu.’” A tutorial’' shows how to access these quantities and
use them in a python notebook.

Next, a sketch of the SISSO approach for one important
class of problems in materials science will follow: constructing
materials-properties maps. Then, one application of the
method is shown.

3.3. SISSO for Building Materials-Properties Maps. A
materials-property map (Figure 3) is a low-dimensional
representation of the materials space, where each material is
represented by means of a convenient descriptor. The
components of the descriptor are the coordinates in the low-
dimensional representation, such that all materials sharing a
certain property (e.g., being metal or topological insulator) are
located in the same convex hull. In a useful map, hulls
containing materials with exclusive properties (e.g, metals vs
insulators) do not overlap.

The mathematical formulation of SISSO for classification**
substitutes a measure of overlap between convex hulls to the
usual mean square error adopted in continuous problems.**
For a property with M categories, the norm for classification is

defined as

M-1 M
¢ = arg min Z 2 O]](D, c) + A llclly
c I=1 J=I+1 ©)

where Oy(D, ¢) is the number of data in the overlap region
between the I and ] domains, c is a vector with 0 or 1 elements,
so that a feature k (the kth column of D) is selected
(deselected) when ¢, = 1(0), and 4 is a parameter controlling
the number of nonzero elements in ¢. Oy; depends on (D, ¢) in
the sense that the nonzero values of ¢ select features from D
that determine the coordinates of the data and the shape of the
convex hulls.

The SISSO algorithm provides an efficient solution to eq 5
also when the number of columns of D (size of the features
space) is immense.”* SISSO has been successfully applied to
identify descriptors for relevant materials-science proper-
ties.***>*%3 A5 a showcase application of SISSO, we
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Figure 3. Material-property map for the metal/nonmetal classification
(see ref 44 for the data and a more detailed discussions). The axes are
the components of the descriptor, as found by SISSO, by imposing
that materials classified as metal are represented in a (convex) region
that does not overlap with the region containing materials classified as
nonmetals. In the descriptor, x is the atomic fraction, IE is the
ionization energy, y is the electronegativity, V., is the volume of a
sphere with radius equal to the covalent radius of the element, and
V. is the volume of the unit cell of the considered material.** The
red circles/blue squares are the training metal/nonmetal materials.

eV)

summarize here the recently introduced new descriptor for the
prediction of stable ABX; perovskites.*’

3.3.1. Stability Prediction of ABX; Perovskites. Perovskite
materials possess exceptional properties for a variety of
applications such as electrocatalysis, proton conduction,
ferroelectrics, battery materials, as well as photovoltaics and
optoelectronics.”*™>° ABX, perovskite crystal structures are
defined as a network of corner-sharing BXg octahedra
surrounding a larger A-site cation (ry > rp).

While the A and B cations can span the periodic table, the X
anion is typically a chalcogen or halogen. Distortions from the
cubic structure can arise from size-mismatch of the cations and
anion, which results in additional perovskite structures and
nonperovskite structures. The B cation can also be replaced by
two different ions resulting in a double perovskite with
chemical formula A,B'B"X,.

Predicting the stability of ABX; and A,B'B"X, compounds
remains a longstanding challenge for the discovery of new
functional materials. Most of the approaches that address this
challenge are computationally demanding, limiting their use to
a small set of materials.®*"® Conversely, descriptor-based
approaches enable high-throughput screening applications,
because they provide rapid estimates of material properties.**
A notable example of “human-learned” descriptor is the
Goldschmidt tolerance factor®®

= ra + 1y
20ty 6)

introduced in 1926 and since then used extensively to predict
the stability of ABX; perovskites based only on the ionic radii
(r;) of each ion (i = A, B, X). The prediction accuracy of t is
not very high, especially for compounds containing heavier
halides.”® Considering a data set of 576 ABX; experimentally
characterized material compositions,”” "% the overall predic-
tion accuracy of t is 74%. Using the same 576 ABX; materials,

Bartel et al.*’ set up SISSO by starting from r; and the

oxidation numbers (v;). Note that, in eq 6, v; are implicitly
used to determine r;. Out of a constructed feature space of 3 X
10° features (up to the third iteration of feature/operator
combination), the following one-dimensional (1D) descriptor
was identified:

,=@_%@_Lﬁz]
g Inry/rg (7)

This new tolerance factor (7) shows a prediction accuracy of
94% and nearly uniform performance across the five anions
evaluated (X = O*7, F~, CI7, Br, I"). Like t, 7 requires only
the chemical composition, allowing the tolerance factor to be
agnostic to the many structures that are considered perov-
skites. In addition, 7 provides a monotonic estimate of the
probability that a material is stable in the perovskite structure
(Figure 4). The accurate and probabilistic nature of 7, as well
as its generalizability over a broad range of ABX; and A,B'B"X¢
perovskites [with 5 = (rg + r5:)/2 in eq 7] allows for new
physical insights into the stability of the perovskite structure.
As a direct result, Bartel et al. report the prediction of 23 314
new double-perovskite oxides and halides."

The equations found by SISSO are not then necessarily
unique, and all components of the descriptors may change at
each added dimension. This reflects the approximate nature of
the equations and the unavoidable relationships among

t (Goldschmidt*)

t=0.825 t=1.059

7 (SISSO)

=

7=3317=418 171=592 7=12.08
Figure 4. 1D maps for Goldschmidt ¢ vs the newly proposed 7 for
perovskite-stability prediction. The green (gray) areas are the
domains of predicted stability (instability) of perovskites. The
boundaries of Goldschmidt's ¢t were trained via a decision-tree
classifier over the same data set used for SISSO, hence, the asterisk. In
the case of 7, the darker green and gray areas are regions of 100%
prediction accuracy. So, if for a material 7 is smaller than 3.31 or larger
than 12.08, its classification is certain. At 7 = 4.18, the predicted
probability that a material is a perovskite is 50%, and the probability
to be perovskite smoothly decreases from left to right.

features. In words, one or more primary features may be
accurately described by nonlinear functions of a subset of the
remaining features. It is also noted that the mathematical
constraints imposed in order to obtain the minimally
overlapping convex hulls are very flexible but not complete;
that is, the found descriptor — property relationship is
intrinsically approximate.

3.4. The NOMAD Analytics Toolkit. Artificial intelligence
approaches like SISSO are promising tools that could become
part of the modern materials scientist’s set of skills. In this
respect, it is fundamental for any researcher adopting such
methods to share not only the data used for training the
algorithms but also the (implemented) learning algorithm
themselves. This has both educational/tutorial purposes and
the merit of improving scientific reproducibility. Besides
maintaining a large (and growing) Repository & Archive, the
NOMAD Laboratory also provides the infrastructure to share
data-analytic tools, in terms of python (or other languages)
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notebooks. By logging in at https://analytics-toolkit.nomad-
coe.eu, users can find tutorial notebooks, for instance,
introducing the CS method and allowing for the reproduction
of published results such as those presented in refs 35, 39, 42,
44, 49, 52, and more.

3.5. Outlook. Compressed-sensing-based descriptor iden-
tification is a promising approach for the artificial-intelligence-
assisted determination of maps of materials properties. In
particular, SISSO is a powerful tool for the identification of
descriptors starting from a huge number of candidates.
However, this approach is currently limited to scalar features.
This seems to be not a severe limitation in cases where the
chemical composition of a material corresponds to a well-
defined structure, including crystal symmetry and atomic
arrangement. In this case, suitable descriptors depending on
properties of free atoms are readily found. When poly-
morphism is present, the atomic (local) environment appears
to be a necessary input, but currently the approach described
in this section lacks a systematic strategy to construct
environment-dependent features of increasing complexity, to
be used as candidates in the feature space.

4. IDENTIFYING ERROR IN MACHINE LEARNING
MODELS

The design of new materials has long relied on DFT, molecular
dynamics, phase field calculations, and more. While these
approaches are very useful, they are also costly in terms of
computational resources and time, limiting their utility. In the
past decade, we have seen a surge in interest in applying
machine learning (ML) techniques to help address these
challenges.m_72 For example, fewer computations need to be
performed if an ML algorithm is able to prescreen compounds
of interest.”>”*

Despite increasingly broad acceptance of ML in the
discovery of new materials, there remain common and often
valid criticisms,”® which include:

(i) Necessity of data. Is there sufficient data in the literature,
and how do we organize it in a way that is useful?

(ii) ML algorithms are a black box. As such they lack the
ability to provide physical insight from a mechanistic
perspective.

(iii) Suspicions about the ability to extrapolate beyond the
training data.

(iv) We often do not consider the error, or uncertainty,
associated with model predictions.

(v) Reported error does not represent the actual ability to
predict targets due to overfitting.

(vi) Given relatively recent adoption of data science into
material science, there remain numerous instances of
bad data practices.

The ML community has begun to identify and address these
issues in a number of ways.”*”” Next, a tool to allow materials
research practitioners to leverage their chemical knowledge to
identify model error is explored.

4.1. An Interactive Tool to Visualize Model Error and
Chemistry. The error identification in ML is accomplished by
providing an interactive tool to visualize error and chemistry.
In our experience, materials researchers want to rely on their
own chemical intuition as they address the following questions:

(a) Do I have enough data for meaningful learning?
(b) Do my data provide the required diversity to predict
across a variety of chemistries?

(c) Is my data set skewed toward certain types of chemistry?
(d) Is my model error artificially low due to overfitting?

At the heart of these questions are two key problems: (i)
understanding the error associated with sparse representation
of chemical classes, and (ii) recognizing the extent of chemical
clustering and how clustering may effect performance. As we
seek to understand the role of chemistry in model error, it is
best described with a model system.

Consider this preliminary tool’”® built using a model that
predicts experimental band gap. The model was trained on
2483 compounds where experimental band gap was known,
and the details of the model are reported elsewhere.”” The first
thing that this tool provides is a periodic table (Figure ),
where elemental prevalence in the data set is visualized using a
heat map. Sorting the data by elements allows us to not only
express elemental prevalence but also demonstrate the error
versus number of entries. The overall model may look
acceptable, but on closer investigation one can see that certain
classes sufferer from systematic error.

Figure 6a provides evidence whether the error in these
classes could be reduced by obtaining additional entries in this
class. In other words, additional data from compounds
containing these elements should be gathered to improve
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Figure S. Interactive periodic table allows for quick and efficient
exploration of chemical space. The tool is described in detail in ref 78.
Such tool will also be generalizable for any machine learning model
where chemistries are being explored, not just for bandgap.

accuracy. This same periodic table could be toggled to have the
heat map represent the absolute error for compounds
containing each element. Moreover, hovering over and clicking
on individual elements could then provide element-specific
information.

In Figure 6b the distribution of residual values for vanadium
are shown. It is also possible to display information regarding
the average band gap, the variance in band gap, the percent
error, or even things like feature values. Extending this
approach to include AND/OR logic (formula contains: O, F,
and/or Al) is also possible and would allow for a more
nuanced analysis. For example, the residual error associated
with hydroxides or fluorooxides can be considered as opposed
to the broader class of oxides. This allows users to visualize if
the error is a function of trends from the periodic table—which
chemists already know and understand such as bonding,
electronegativity, size, screening, etc.

Interacting with the periodic table to select elements can
also allow for a better analysis of residual plots. The current
practice of examining outliers that contribute large errors could
instead be replaced by examining whole classes of materials at a
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containing vanadium highlighted in orange. (d) Extreme example of grouping for compounds containing oxygen on the t-SNE.

time and seeing where their error lies compared to the average
model residual error. This can be seen in Figure 6c, where the
actual versus predicted band gap of compounds containing
vanadium is shown in orange color, while the remaining
compounds are shown in blue. This visualization allows a user
to easily observe an overprediction trend in this class of
materials. This observation is confirmed when the residual
error histogram for vanadium versus all compounds is
compared in Figure 6b. Furthermore, selecting elements
from an interactive periodic table can also provide information
about clustering. The dimensionality reduction technique, t-
distributed stochastic neighbor embedding (t-SNE),” has
been used to cluster data together, but determining whether
clusters are grouped by chemistry is not straightforward.®’
Users will have to test point-by-point as they seek to establish
chemical trends in the clusters.

Visualization of compounds containing specific elements
allows for easy identification of which clusters belong to
specific chemistries and which chemistries do not cluster. An
example is shown in Figure 6d, where the t-SNE plot clearly
shows clustering, and one cluster is identified as primarily
containing oxides. Is it possible to anticipate that future ML by
materials researchers will utilize information from elemental t-
SNE diagrams as they select cross-validation training sets to
prevent overfitting due to interpolation in overly similar data
sets.”!

4.2. Outlook. As researchers embrace the philosophy of
data-driven science, we expect great progress to be made in the
materials front. In particular, open-source projects revolving
around sharing of materials data could revolutionize how we
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think about the field of materials science and engineering.
Within this paradigm, the training and sharing of ML-based
tools has already become popular for the purpose of predicting
materials properties. Although this is an exciting prospect, we
should be cautious that the data and modeling efforts give
appropriate answers. In particular, the types of materials
included in these modeling efforts are often skewed toward
specific chemistries. This can lead to a systematic error that is
otherwise not accounted for in the reported model accuracies.
The increased use of data visualization techniques will allow us
to probe these models from a domain-driven perspective.
Using both materials knowledge and data visualization
techniques, we can provide researchers with a strong intuitive
feel for how a model performs while also providing a way to
visualize and identify common problems that occur in the
modeling process.

5. ACCELERATED AB INITIO MOLECULAR DYNAMICS
APPLIED TO THE SIMULATION OF
HETEROGENEOUS CATALYSIS

The experimental identification of intermediates and surface
sites under reaction conditions is challenging. To this purpose,
computational approaches based on quantum-chemical calcu-
lations have become a fundamental tool to understand reaction
mechanisms and investigate active surface sites in heteroge-
neous catalysis."*** The establishment of DFT as an efficient
method to solve the electronic structure problem®* combined
with the development of high-performance computing facilities
has fostered the investigation of reaction mechanisms
occurring on the solid surfaces.

DOI: 10.1021/acs.inorgchem.9b01785
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as the simulation proceeds in time (e.g, t; and t, shown in (b)).

The evaluation of reaction mechanisms on surfaces based on
DFT calculations (Figure 7a) generally consists of (i) the
postulation of possible pathways, that is, sequences of bond-
forming and -breaking elementary steps that transform
reactants into products; (i) the geometry optimization of
selected initial guesses, locating stationary points of the
potential energy surfaces (PESs) and calculating the
(electronic) energy of minima and transition states along
each postulated reaction pathway (at 0 K); and (iii) the
estimation of entropic contributions via partition functions,
often assuming that the stationary points of the PES are locally
harmonic.*® These procedures allow to obtain the free energy
surfaces (FESs) at the reaction temperature. These FESs are
then used to discuss the relevance of the different possible
reaction mechanisms. In spite of the popularity of such an
approach, two severe shortcomings may be associated with it.
First, the surface of the catalyst can be highly covered by
chemisorbed species under reaction conditions (formation of
adlayers), for instance, during the industrially relevant
Fischer—Tropsch synthesis and the methanation reactions,
among other reactions.®® For these cases, the energies of
reaction intermediates and transition states can be influenced
by complex adsorbate—adsorbate interactions. Second, the
evaluation of adsorbate entropy by the harmonic oscillator
model may be oversimplified when anharmonic,” ™ transla-
tional/rotational,”*~** or confugurationalg5 degrees of freedom
are relevant for the evaluation of the free energy of minima and
transition states. Aside from the above-mentioned standard
approaches, it is worth mentioning a recent computational
method, namely, Normal-Modes Transition Approximation,
which rephrases the search of transition paths in terms of
eigendisplacements of the dynamical matrix of the system.”®
Such method allows to identify possible reaction paths from
the only knowledge of the phonon modes of the stable
geometry, showing how to control reaction barriers through a
fine-tuning of the eigenfrequencies of the system.

In this section, modeling approaches to evaluate reaction
mechanisms in heterogeneous catalysis are based on molecular
dynamics (MD). This technique has recently emerged as a

promising alternative to overcome the limitations of the PES-
based approaches.””*’

5.1. Ab Initio Molecular Dynamics. Ab initio molecular
dynamics (AIMD)'”'*" is the molecular dynamics method of
choice for the study of reaction mechanisms in catalysis. The
electronic structure is explicitly included (e.g,, at DFT level),
allowing the description of bond-breaking and -forming events.
During MD simulations, starting from a given initial structure,
nuclei positions and velocities are evolved in time subjected to
determined thermodynamic boundary conditions. The collec-
tion of visited states at finite temperatures (trajectory) can
then be used for the calculation of free energy differences.
Compared to the common evaluation of discrete points of
PESs, the free energies obtained from MD simulations include
additional contributions that are fundamental to overcome the
limitations of modeling surface reactions on adlayers. The
calculation is performed on a large number of configurations
explored during the simulation at finite temperature—and not
only on selected geometry-optimized structures at 0 K—which
increases the chances of capturing relevant adsorbate—
adsorbate interactions that affect the energetics of surface
reaction mechanisms. Furthermore, the free energy is not
calculated using a posteriori correction to the PES, but it is
instead obtained on-the-fly during the simulation. This means
that the partition functions simultaneously include transla-
tional, rotational, and (anharmonic) vibrational degrees of
freedom. Despite such benefits, the evaluation of free energy
differences by AIMD is computationally demanding. In
particular, surface reactions involving energy barriers much
higher than thermal energy require relatively long trajectories
resulting in prohibitive calculations. This problem can be
avoided by coupling the AIMD with the Metadynamics
(MetaD) technique.”'?>~'%

5.2. Metadynamics. MetaD consists of the exploration of
the phase space using a reduced configurational space defined
by a set of selected reaction coordinates, called collective
variables (CVs). At regular time intervals during the AIMD
simulation, a history-dependent potential (e.g, Gaussian
functions) is applied forcing the system to escape from
(local) already explored minima on the reduced phase space
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Figure 8. (a) CO activation at Fischer—Tropsch reaction conditions (200 °C) modeled by AIMD/MetaD simulations: Ru flat and stepped model
surfaces (containing step-edge sites shown in the inset) covered with CO/H adlayers and (b) FESs for observed mechanisms: HCO vs COH
intermediates on the flat and stepped surfaces, respectively (shown in the insets). (c) CO activation at methanation reaction conditions (400 °C)
modeled by AIMD/MetaD simulations: FES for mechanism identified on the stepped Ru surface involving multiple hydrogen transfers and water
elimination (reaction intermediates shown in the insets). Ru, C, O, and H atoms are shown in blue, gray, red, and white, respectively. The Ru
atoms of the top layer in the Ru stepped surface are shown in lighter blue. The simulation cell is shown in black (a 2 X 2 supercell is represented).

(a, b) Adapted from ref 97; (c) adapted from ref 99.

(Figure 7b). For sufficiently large simulation times, the applied
MetaD potential approximates the FES, and the meta-
trajectory follows the minimum free energy pathway. The
use of MetaD therefore replaces the need to postulate,
beforehand, the detailed sequence of elementary steps. The
combination of AIMD with MetaD has been used to unravel
the mechanisms of catalytic processes on molecular systems'®”
as well as on oxide-supported clusters and metal surfa-
ces 27108110

5.3. A Case Study: The Fischer—Tropsch Synthesis.
The Fischer—Tropsch synthesis (see eq 8) with n > 1, which
converts syngas (CO/H, mixture) to hydrocarbons, is an
example of complex reaction taking place at high adsorbate
coverage, whose mechanistic understanding has benefited from
the use of AIMD (in this case Born—Oppenheimer MD'?*'°")
coupled with MetaD simulations at 200 °C.””"® By using
ruthenium flat and stepped surface models covered with
coadsorbed CO and H species (Figure 8a), the effect of adlayer
on the favored reaction mechanisms and the active sites for
CO activation, the highly debated key step of the reaction, was
addressed.

nCO + (2n + 1)H, 5 CH,, ) + nH,0

AHjzy = —167 kJ/mol (8)

AIMD/MetaD simulations were performed by using a set of
three CVs, namely, C—O distance, C—H coordination number,
and O—H coordination number. The simulations allowed to
capture, simultaneously, several mechanisms involving zero or
several hydrogen transfer steps to both C and O ends of the
adsorbed CO molecule, in any order, before the actual
elementary step of C—O cleavage. It was found that the CO
activation mechanism via the formyl intermediate (HCO) is
the most likely one on the flat surfaces (Figure 8b), in line with
previous proposals."'' Conversely, in the case of the stepped
surface, hydrogen-assisted routes via the COH intermediate
are the most favored ones (Figure 8b).''> This is because
adsorbed H preferentially bound to step-edges can be easily
transferred to carbon monoxide O end at high coverages. The
comparison of the reaction intermediates stability calculated by
the evaluation of discrete points of the PES and the AIMD/
MetaD approach reveals that the dynamic effects are hardly
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captured by the static approach, due to complex adsorbate—
adsorbate interactions.

The methanation reaction on ruthenium (eq 8, with n = 1)
was also studied, using the same models and methodology at a
higher temperature (400 °C).”” The simulations revealed that,
in the presence of step-edges, an unusual low-energy
mechanism, involving four hydrogen transfer steps and the
simultaneous C—O cleavage with the formation of CH, species
and H,0, is available on the stepped surface (Figure 8c). This
mechanism is entropy-driven, since the C—O bond activation
step involves the formation of a water molecule, which readily
desorbs from the surface. These results reveal how valuable can
be the AIMD/MetaD approach in capturing entropy-driven
mechanisms at higher temperatures. Despite the use of MetaD
to accelerate the AIMD simulation, the computational effort
needed for such simulations, which need the evaluation of the
electronic structure at each time step of the MD run, is still
high, and some of the limitations of the approach are
associated with it. If on one hand the MetaD potential allows
crossing of energy barriers, on the other hand the simulation
time scale (in the order of ps) is not long enough to allow
equilibrating of gas-phase species with the surface. This means
that the coverage is fixed during the simulations and needs to
be carefully determined beforehand via, for instance, ab initio
thermodynamics.''® The accuracy of FESs calculated by
MetaD'®*"''* depends on the shape of the biasing potential
(Gaussian hill height and width) as well as on the frequency at
which it is applied; there is thus a compromise between the
accuracy and the length of the simulated time. Larger hill width
and height applied more frequently, for instance, will enable
quicker exploration of the free energy landscape but will also
smear out the details of the FESs and increase the error of the
simulation. Another limitation of the MetaD technique is
related to the choice of CVs, since mechanisms that are not
described by the chosen set cannot be accessed.

5.4. Outlook. The application of the AIMD/MetaD
techniques to catalytic processes, occurring on the materials
surface, shows its potential to unravel favorable reaction
mechanisms in heterogeneous catalysis. Such techniques result
to be particularly useful in the case of reactions that occur at
high coverages, where adsorbate—adsorbate interactions
modulate the preferred pathways. Nevertheless, the high cost
of the simulations is still a drawback. The recent development
of accurate and less resource-consuming representation of the
PES by statistical methods''> represents a promising

alternative to overcome such limitation, which could enable
the systematic analysis of reaction networks in heterogeneous
catalysis by AIMD simulations.

6. PREDICTIVE DESCRIPTION OF CATALYTIC
SYSTEMS USING MICROKINETIC MODELING

Ab initio-derived free energy landscapes embedded within
kinetic and Monte Carlo models''™"%" are a recent evolution
necessary to bridge the gaps between theory and experiment in
catalytic systems modeling (Figure 9a). This gap can either be
bridged in a top-down fashion, using parameter fitting and
regression analysis, or in a bottom-up fashion, using ab initio
data 120131

Within the bottom-up approach, temperature and pressure
gaps can be sufficiently bridged by the embedding of a
computational reaction network (computational reaction
kinetics) within kinetic model and/or Monte Carlo models.
However, it remains challenging to make a realistic atomistic
model, which should be representative enough for the studied
catalyst.

Recently, ab initio-based kinetic and Monte Carlo models
have demonstrated their usefulness to get insights into reaction
mechanisms onto various catalyst models, such as metal
nanoparticles,'*> periodic metal surfaces,'”*'*>'** as well as
oxides,>*'?” and even metal-oxide interfaces.'>>'*%'3° The
computational catalyst development has frequently used
simplified reaction networks by exploitation of scaling
relations. These have been known in various subfields of
chemistry for several decades as Bronsted relations, Evans—
Polanyi relations,"**'** and Hammett equations.'*® The
computational prediction of qualitative structure—activity
relationships or QSARs facilitates the development of more
active new catalysts. Within the last two decades, Norskov and
co-workers have focused on the application of DFT on metal
surfaces to identify computational activity descriptors.'>*™'*
Plotting the logarithm of the turnover frequency in function of
one or more descriptors allows the construction of one- or
multidimensional “volcano-plots” (Figure 9b). A famous
example of a descriptor is the N, dissociation energy (EN-
N) in case of the NH; synthesis."**'* Besides numerous
examples of energy descriptors, for example,'**'**'*1*2 there
are other freguently used descriptors, such as the d-band
center.*®'*'*™ The d-band center can, for example, be
employed to rank metals for their CO dissociation
potential.'*>'*® By constructing scaling relations and embed-
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ding these within ab initio Micro-Kinetic Models (MKM), it is
possible to map the catalytic activity onto a 1D or two-
dimensional (2D) descriptor space and obtain activity and
selectivity maps.'*” The resulting activity maps can be viewed
as a quantitative implementation of the classical Sabatier
principle.'*” This screening approach is applied frequently to
metal surfaces,"*”"*® and it allows the selection of optimal
metal alloys.

The computational screening approaches that exploit scaling
relations between activation energies and reaction energies are
also dependent on (i) the reaction mechanism and (ii) the

1136713914 Eyrthermore, the simplified scaling

atomistic model
approach still lacks complexity and is unable to describe
possible catalytic interface effects and support effects, confine-
ment effects, etc. In most cases adsorbate—adsorbate
interactions on metallic systems and adsorbate pairing effects
on oxides are also neglected when scaling relations are
constructed. This explains why most state-of-the-art kinetic

models cannot predict catalyst activities and selectivities

14950

reliably. It is thus clear that existing microkinetic models can
be improved by the addition of more complexities.

6.1. Embedding Complexities within the Microkinetic
Modeling on Interface Catalysts: The Case Study of CO
Oxidation on PtSn. Sometimes it happens that the classical
reaction route can be circumvented by another reaction route,
for example, a route taking place at a catalytic interface. Then,
the computational description of interfaces becomes impor-
tant, since the presence of interfaces creates new reaction
mechanisms.

In recent years, a variety of atomistic models and/or
computational reaction pathways have been presented
describing reactions onto catalytic interfaces, for example, for
CO, conversions' 2#"3%150715% and CO oxidation.'*¥' %7162
While the reaction networks are studied in detail on these
interface catalysts, they are frequently not included within
microkinetic models, and even for developed existing ab initio
kinetic models'>*'**'3 there is still room to implement more
complexities.
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For CO oxidation on PtSn nanoparticles, the low-temper-
ature CO oxidation activity arises from the presence of a
SnOy/Pt interface.'”® The idea that SnOy/Pt interfaces were
responsible for the catalytic activity was postulated initially by
the renowned Somorjai group in 2014."> The likelihood to
form such SnO,/Pt interfaces can be studied via ab initio
thermodynamics, by ranking different studied phases according
to their most stable surface energy in function of the chemical
potential (Ay;) for CO and O, (Figure 10).

As chemical potentials are functions of temperature and
pressure, it is possible to plot the corresponding pressure axis
for each temperature, for example, at 400 K (Figure 10a). At
regular operating conditions for CO oxidation, that is, pO, and
pCO > 0.01 bar, the segregated system of a Pt-skin and SnO,-
bulk is thermodynamically more feasible compared to the bare
alloy phase. However, a more likely situation is presented in
Figure 10, where a bulklike SnO, rod is formed that is 0.72 eV/
S$nO, higher in energy compared to bulk SnO,,'>* the dotted
line in Figure 10. Different sites can be present at a SnO,/Pt-
skin interface. Therefore, a representative number of interface
sites should be evaluated and included within kinetic and
Monte Carlo models.

For the SnO, rod (Figure 10b), a reaction scheme can be
constructed based on the three different possibilities into
which oxygen can react with CO (A, B, and C in Figure 11a).
This results in a network containing eight different states of the
rod (*Si, where i is the state, Figure 1la), which can be
embedded as a microkinetic model with 23 elementary
reactions, accounting for regeneration steps as well as transfer
steps between states of the rod with the same number of
oxygen atoms.' >

This microkinetic model for CO oxidation at the chosen
SnO,/Pt interface can then be compared with a model for CO
oxidation on Pt(111) (Figure 11b). The cocatalytic role of a
SnO, rim is clearly manifested in an enhanced activity at low
temperatures. Furthermore, the interface is even found to
solely contribute to the CO oxidation rate below 600 K. To
make this kinetical model for CO oxidation work, several
complexities need to be included: coverage-dependent
adsorption energies and CO oxidation barriers. Moreover, for
a mean-field microkinetic model, also a realistic determination
of a representative site distribution is required (SnO,: 12.6%,
interface: 15.7%, metal: 71.7%) as well as diffusion possibilities
for CO from metal to near (SnOy/Pt interface)-sites.

6.2. Outlook. Within computational catalysis, there is a
trend to validate whether the catalytic model systems are
representative at operating conditions based on ab initio
thermodynamics. The reaction network is closely related to the
type of active sites, and the coupling of various routes within
microkinetic models allows to distinguish which routes are
more feasible based on rate control analysis, which is a
promising technique to evaluate microkinetic and Monte Carlo
methods."**™'*” The technique allows to extract the rate-
controlling reaction mechanisms, that is, those that contribute
most to the turnover frequency.'*>'*°

The computational determination of the apparent activation
barrier and reaction orders for a given reaction condition
remains necessary to achieve a good comparison with the
experimentally measured activation barriers and reaction
orders.'>® Nevertheless, the type of active sites can vary a
lot, especially within model systems describing interfaces,
which means that a representative distribution of sites needs to

be investigated before a correct activity picture can be
constructed.

Catalyst changes during a catalytic run remain hard to
describe. No models can yet describe the adsorbate
restructuring of metal nanoparticles upon adsorption. Never-
theless, kinetic Monte Carlo methods have been successfully
implemented to describe the aggregation of different catalyst
particles as a function of temperature.]68 However, it remains a
major challenge for the future to describe the restructuring
based on adsorbates. For CO oxidation on metal nanoparticles,
this restructuring during reaction could include a coordination
number and coverage-dependent scaling of adsorption energies
and barriers, as successfully implemented for nanoparticles of
different shapes‘]32 Summarizing, bridging the pressure and
temperature gaps becomes feasible via using ab initio
microkinetic models or Monte Carlo models, and implement-
ing catalyst dynamics to bridge the materials gaps remains a
major challenge for the future.

7. ATOMIC DESIGN PRINCIPLE FOR SAFER BATTERY
MATERIALS

One of the main concerns with respect to high-energy batteries
is safety. Li-ion batteries exhibit so-called dendrite growth'®
that can lead to short-circuits and to subsequent battery
fires.'””"”" The process of dendrite growth is rather
complex,171 and the reasons for its occurrence are not fully
understood yet. Interestingly, while Na-ion batteries also show
dendrite growth,'””> Mg-ion batteries do not."”* Unfortunately,
existing models for dendrite growth are typically not element-
specific and, therefore, are not able to explain why Li and Na
exhibit dendrite growth but Mg does not.

7.1. The Dendrite Growth Problem. Growth processes
require mass transport, and recently it was suggested that there
might be a correlation between the height of diffusion barriers
of Li, Na, and Mg and their tendency toward dendrite
growth.'”* Indeed, DFT electronic structure calculations found
that Mg has a diffusion barrier on its most stable surface
termination that is 1 order of magnitude smaller than the
corresponding diffusion barriers of Li and Na.'”* On the basis
of these results, it was argued that low diffusion barriers lead to
a high mobility of the deposited metal atoms so that they can
easily attach to existing step edges and lead to the growth of
smooth surfaces. In contrast, high diffusion barriers lead to
immobile surface atoms, which are the origin of rough surfaces.

Concerning the growth environment of dendrites, it was
found in Li deposition experiments that the formation of
needles occurs both in an electrochemical environment as well
as under vacuum conditions.'”® This indicates that the growth
of Li dendrites is an inherent property of lithium itself.
Moreover, it is important to note that, for the growth of
smooth surfaces also the diffusion barrier across step edges, the
so-called Ehrlich-Schwdbel barrier,'”*'”” is critical. When
metal atoms are deposited on top of an existing island, two-
dimensional growth will only result if the atoms are easily able
to propagate to the lower terrace. Now, the transfer from the
upper to the lower terrace across the step is typically hindered
by rather large barriers, as the diffusing atom has to propagate
through an energetically very unfavorable low-coordinated
configuration. This is illustrated in the upper right panel of
Figure 12, which indicates that the diffusion process across the
step in the so-called hopping mode is hindered by a large
barrier.
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Figure 12. Illustration of the relation between diffusion barriers across step edges and the tendency toward dendrite growth in batteries. The two
upper panels depict diffusion paths from the upper to the lower terrace, whereas the two lower panels illustrate the consequences of the diffusion
barriers on the growth mode of the deposited metal atoms. (right panels) If diffusion from the upper to the lower terrace occurs in the hopping
mode, large barriers result. Thus, the deposited metal atoms tend to stay on upper terraces and islands, leading to rough surfaces and eventually
dendrite growth. (left panels) Diffusion across the step in the exchange mode is usually associated with small barriers. Thus, deposited metal atoms
can easily move to the lower terraces leading to the growth of smooth flat surfaces thus prohibiting dendrite growth.

In a recent DFT study, diffusion barriers of Li, Na, and Mg
across steps, as illustrated in the upper panels of Figure 12,
were considered.'”® Furthermore, the study was extended to
the diffusion of zinc and aluminum, which correspond to
promising beyond-Li battery systems.'”*”** On the one hand,
these calculations confirmed the previous findings, showing
that the Li and Na body-centered cubic (bcc) metals also
exhibit relatively large barriers for diffusion across steps. On
the other hand, on the hexagonal close-packed (hcp) metal
Mg, propagation across steps is facilitated through the
exchange mechanism,'® which is illustrated in the upper left
panel of Figure 12. Instead of hopping from the upper terrace
to the lower terrace across the step through a low-coordinated
configuration, as shown in the upper right panel of Figure 12,
the adatom from the upper terrace pushes a step atom away
from the step onto the lower terrace thereby replacing it.
Although in this mechanism two atoms have to move, they
maintain a high coordination number along the minimum
energy path making it energetically favorable. The lower panels
of Figure 12 illustrate the consequences of these two different
mechanisms. On the one hand, if the barriers to propagate
from an upper terrace to a lower terrace are large, then atoms
deposited on upper terraces or islands will remain there, which
will lead to rough surfaces. These could then act as nuclei for
the dendrite growth, which can cause short-circuits in the
batteries and thus battery fires, as indicated in the right panels
of Figure 12. If, on the other hand, the diffusion barrier to
propagate to the lower terrace are rather small, then atoms
deposited on the upper terraces will easily leave these upper
terraces, attach to the step edges at the lower terrace, and thus

lead to the growth of smooth surfaces, as illustrated in the left
panels of Figure 12.

Diffusion on aluminum and zinc, whose most favorable
surface terminations like Mg correspond to densely packed
hexagonal structures, is also only hindered by rather small
barriers. However, it is well-known that the 1growth of
dendrites in Zn-based batteries is a serious issue.'"®* Thus, on
the one hand, it seems that there is an inconsistency between
Al and Mg on the one side and Zn on the other side, as far as
the correlation between the height of the diffusion barriers and
the tendency toward dendrite growth is concerned. On the
other hand, it has been shown that, in fact, the conversion of
Zn to ZnO during battery discharge is critical for the
occurrence of dendrites in Zn-air batteries.'*”"*" Typical Zn
anodes are made of loosely connected Zn powder and polymer
binder. Upon discharge, resistive ZnO forms between the
particles interrupting the interparticle conductivity, which has
been proposed to lead to dendrite formation.'® Zn dendrite
growth can in fact been suppressed, if the Zn anode is kept
metallic by using a spongelike Zn anode with interconnected
continuous Zn domains.'**'*" This indicates that dendrite
growth is caused by the formation of ZnO needles, that is, by
the loss of metallic properties. Consequently, it does not
correspond to an inherent property of Zn, as also suggested by
the calculations presented above. Thus, from the theoretical
considerations together with the experimental observations, a
design principle for dendrite-free metal anodes can be derived,
as illustrated in Figure 12. It will help to select a metal with low
self-diffusion barriers, thus preventing the dendrite growth, and
to maintain the metallic properties during charging and
discharging.'”®
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Figure 13. (a) Structure of a general Pt(II)-“pincer” complex, where the symbol X may represent NACAN, NANAC, or CANAC depending on the
chosen ligand skeleton. (b) Vertical stacking through supramolecular assembly or in the solid state leads to overlap of the Pt d.> orbitals, producing
a new metal—metal do* orbital higher in energy than the pincer-based 7 orbitals.

7.2. Outlook. Note that, in the study described above,'”®

no full theory of dendrite growth was presented. Rather a
correlation has been found between a property of the
considered material, the height of self-diffusion barriers, and
an observable related to this material, namely, its tendency
toward dendrite growth. Hence the height of the diffusion
barriers can be used as a descriptor for possible dendrite
growth. The concept of descriptors has been discussed in detail
in Section 3 of this work. There it was shown how descriptors
can be learned from gathered data of materials in a machine
learning approach. Here the descriptor has been rather
proposed based on physical reasoning. Independent of how
the descriptor has been identified, it represents a very powerful
tool for improving materials properties. A very first selection of
promising materials does not need to be based on a full study
of its desired properties but rather on whether the materials
value of the descriptor for the desired property falls in the
desired range. Furthermore, it also provides a design principle
for materials with the desired properties. In the case of
dendrite growth in batteries considered here, the results
presented above suggest that diffusion of metal atoms
deposited on the electrode should be kept facile.

Still it should be kept in mind that here no simulations of
dendrite growth have been reported. Note that also for Mg the
formation of dendrites during electrodeposition has been
observed,"** although it is typically assumed that Mg does not
exhibit dendrite growth.'”* Hence further theoretical studies
are required to clarify the connection between self-diffusion
properties and the tendency toward dendrite growth,'®* taking
the electrochemical environment at the interface between
electrode and electrolyte more realistically into account.'®

8. RESPONSIVE MOLECULAR SOLIDS

Molecular solids are an attractive prospect for low-to-medium
temperature device applications, *’™'* because molecular
design can access virtually limitless chemical diversity and
can tap into the large body of knowledge on synthetic routes,
structure—property relationships, supramolecular assembly and
crystal engineering to match the properties to the application.
Many molecular materials are amenable to solution processing,
providing flexibility for incorporating them into device
structures, and can meet increasingly important practical
concerns such as being nontoxic and prepared by environ-
mentally friendly chemical processes from earth-abundant
elements and sustainable chemical feedstocks.
Quantum-chemical modeling has long been instrumental to
understanding structure—property relationships in molecules,
and advances in techniques for modeling periodic systems and
the capabilities of high-performance computing (HPC) have

led to an explosion in theoretical screening studies on
inorganic solids.'”® The generally larger and lower-symmetry
crystal structures formed by molecular solids pose a bigger
challenge, but capabilities are rising to meet demand. As we
will see, modeling studies play an increasingly valuable role in
understanding the link between the molecular species, solid-
state structure, and physical properties of functional molecular
solids, and they are particularly powerful when combined with
state-of-the-art experimental techniques.

Two example classes of responsive molecular solids are
reviewed here, with a particular focus on highlighting the
interplay between experiment and theory that has led to a
fundamental understanding of their behavior and properties.

8.1. Vapochromism in Pt-“Pincer” Complexes. Cyclo-
metalated square-planar Pt(II) complexes based around
tridentate “pincer” ligands (Figure 13a) are widely studied
for their tunable luminescence'”'™"** and have applications as
organic Iight-emittin§ diode (OLED) emitters and biological
imaging agents."*’ ™"

Stacking of the planar molecules through supramolecular
assembly in solution or in the solid state causes the occupied
Pt d_? orbitals to interact, producing a frontier molecular orbital
(MO) above the 7 MOs on the aromatic ligand (Figure
13b)."*” This results in strong metal—metal ligand charge-
transfer (MMLCT) optical absorptions that in the solid state
are highly sensitive to the crystal packing.'”® The stacking also
produces channels allowing small molecules to diffuse into the
crystal and interact with functional groups, either on the pincer
scaffold or the ancillary ligand at the fourth Pt coordination
site,"*°™*”® which modulates the energies of the frontier
orbitals, widens or narrows the energy gap, and shifts the onset
of absorption.'”®

There are several examples in the literature of pincer
complexes exhibiting vapochromic responses to small-molecule
analytes. [PtCl{C4H,(CH,NMe,),-2,6-OH-4}] undergoes a
reversible solid-state reaction with SO, gas on the time scale of
minutes, which is accompanied by a change from colorless to
orange.'” [Pt(Me,bzimpy)Cl]CI2H,0 (Me,bzimpy = 2,6-
bis(1-methylbenzimidazol-2-yl)pyridine) changes from yellow
to red on exposure to methanol, chloroform, ethanol, and
acetonitrile, while the corresponding PF¢~ salt shows a
selective color change from yellow to violet when exposed to
acetonitrile.'” A similar response is also shown by the
dimethylformamide (DMF) solvate [Pt(Me,bzimpy)Cl](PF)-
DME 20

Recently, a new vapochromic system was identified based on
the 1,3-di(2-pyridyl)benzene (NACAN) pincer skeleton with R
= C(O)OMe and L = CN~."”° Quantum-chemical calculations
were used to screen potential ancillary ligands, from which the
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cyanide complex (Figure 14a) was selected based on (1) a
high-energy Pt d: orbital, placing the solid-state MMLCT
band within the visible spectrum (Figure 13b), and (2) the
high polarity and potential to form strong hydrogen bonds to
guest molecules in the crystal structure. Microcrystalline thin
films coated on glass or impregnated flexible polymer films
showed selective subsecond responses to dry gases, water, and
methanol, changing between a yellow empty structure, a red
hydrate, and a blue methanolic form (Figure 14b).

Figure 14. (a) Molecular structure of the Pt complex reported in ref
196, taken from the X-ray structure without guest molecules (CCDC:
GEJTOH). (b) Image of a microcrystalline thin film of the compound
showing the desolvated (“bare”) yellow form and the vapochromic
responses to H,O (red) and MeOH (blue).

With synchrotron radiation, high-quality single-crystal X-ray
structures of the dry (yellow) form and the hydrate and
methanol solvate (red/blue) were obtained, allowing the
electronic structures to be modeled. The calculations
confirmed the conceptual picture in Figure 13, with the
highest-occupied crystal orbitals (HOCOs) being degenerate
chains of antiphase Pt d MOs and the lowest-unoccupied
crystal orbitals (LUCOs) being pincer-based 7 MOs
supporting strong MMLCT absorptions. By comparing the
empty and solvated crystal structures, it was shown that the
different patterns of H-bonding between the solvents and
ancillary CN ligand changed the Pt—Pt distances and the offset
between the Pt centers, modulating the degree of orbital
overlap and the resulting HOCO energy. The calculations also
revealed secondary interactions between LUCOs which led to
a further cooperative reduction in the gap and red-shifted
absorption with increasing overlap.

This study highlights the role of modeling both at the
molecular-design phase and in understanding the links
between solid-state structure and properties, and it also
illustrates the strong synergy between experiment and theory.

8.2. Photoactivated Linkage Isomerization. Linkage
isomers are coordination complexes where one or more ligands
display several distinct binding modes to the metal centers.

Reports of linkage isomerism date at least as far back as the
1900s, when the color difference between the yellow and red
forms of the Co complex [Co(NH,)5(NO,)]Cl, was explained
by the nitrite (NO,") ligand coordinating to the metal through
either N or O (Figure 15a). '®O-Labeling experiments showed
that the ONO-coordinated isomer was a kinetic product and
converted to the more stable NO, isomer via an intramolecular
rearrangement.201 By using spectroscopic techniques, it was
also shown that the isomerization occurs both in solution and
in the solid state.”*” The isomerization between both forms

can also be effected photochemically by irradiating at an
appropriate wavelength.”"*
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Figure 1S. Examples of linkage-isomer complexes: (a) NO, binding
modes in [Co(NH;)5(NO,)]*; (b) NO binding modes in [Fe-
(CN)5(NO)J*™ (nitroprusside); and (c) SO, binding modes in
[RU(NH3)4(H20)(SOZ)JZ*-

Photoswitchable materials are of interest for a number of
applications. The photoexcitation in [Nd(dmf),(H,0);(u-
CN)Fe(CN);]-H,O is accompanied by a change in magnetic
susceptibility, raising the possibility of optically switched and
magnetically read molecular data storage.’** Photochromic
materials have also been investigated for data storage and have
a wide range of other potential uses including as optical
switches and photocontrolled catalysts.”*> More recently, a
linkage-isomer system was identified where the photoactivated
isomerization induces rotation of a neighboring benzene ring,
thus acting as a transducer between solar energy and
mechanical motion.”*

In the solid state, linkage isomerism results in the movement
of whole atoms and typically proceeds without loss of
crystallinity, allowing the process to be followed with single-
crystal X-ray diffraction. Pioneering “photocrystallography”
experiments conducted by Coppens et al,>*” in which single
crystals were irradiated in situ on the diffractometer and the
fractional occupations of the ground and metastable isomer(s)
refined from the data, conclusively identified three NO binding
modes in sodium nitroprusside Na,[Fe(CN);(NO)]-2H,0
(SNP; Figure 15b), and the technigue has remained of huge
importance to the field since then.””"

Following the seminal work on SNP, several families of
organometallic linkage isomers have been identified and
characterized, including systems based on nitrite
(NO,7),* ™' sulfur dioxide (SO, Figure 15¢),”0%*'>*13
and (di)nitrogen (N,) ligands.>'* Key material parameters are
the speed and extent of the photoconversion and the thermal
stability of the metastable state. Earlier studies focused on
maximizing photoconversion, and in 2009 Warren et al
demonstrated 100% conversion in [Ni(dppe)(NO,)Cl)]
(dppe = 1,2-bis(diphenylphosphino)ethane) by using the
bulky dppe ligand to engineer a large “reaction cavity” to
facilitate the isomerization.”’® More recently, attention has
turned to increasing the so-called metastable limit—the
temperature above which spontaneous decay of the metastable
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state can be observed—toward room temperature, with a view
to eventual device applications, and a limit of 240 K was
recently achieved with [Pd(Bu,dien)(NO,)]BPh, (Bu,dien =
N,N,N’,N’-tetrabutyldiethylenetriamine, BPh, = tetraphenyl-
borate).>'°

Computational modeling is regularly employed alongside
experimental measurements on linkage isomers to study the
energetics of the isomerization and to identify possible
conversion pathways and the associated activation ener-
gies.”'7?'® A recent study on the [Ni(Et,dien)(1*-O,0N)(5'-
NO,)] linkage-isomer complex used time-dependent density-
functional theory (TD-DFT) to examine the photochemical
conversion between the ground-state NO, and metastable-
state ONO binding modes.”’” Redistribution of electron
density, due to low-lying metal-to-ligand charge-transfer
(MLCT) absorption bands, was found to populate antibonding
states and reduce the activation barrier to isomerization.
However, as this particular system also shows thermal
isomerization, which was studied using molecular-dynamics
simulations,”"” it is also possible that strong vibronic coupling
could promote isomerization by leaving the system in a
vibrational “hot” ground state after de-excitation.

Another area where modeling plays an important role is in
studying the isomerization kinetics. Improvements in X-ray
sources and detector technology, particularly at synchrotron
facilities, have made it feasible to probe the kinetics of the
forward (excitation) and reverse (decay) isomerization
processes with time-resolved X-ray diffraction experi-
ments.”***'? At low temperatures, the metastable isomer is
sufficiently long-lived that the sample can be cooled,
photoexcited, and warmed, and the decay can be monitored
by collecting sequential single-crystal data sets. A similar
procedure can be followed for the ground — metastable
excitation by interspersing light pulses with data collections at
temperatures below the metastable limit. At higher temper-
atures, the balance of excitation and decay leads to a
temperature-dependent steady-state population of the meta-
stable isomer, which can be probed by collecting structures
while the sample is under continuous illumination. One could
also envisage using synchrotron radiation and fast detectors to
perform pump—probe X-ray diffraction experiments, although
such experiments have so far been confined to measurements
of carefully chosen Bragg reflections rather than complete data
sets.”>’

It is typically found that the population of the metastable
state () during excitation and decay follows Johnson-
Mehl-Avrami-Kolmogorov (JMAK) kinetics:

_ 0 oo\ —kt"
s = s + (s — apsle

)
where ays and af% are the initial and final metastable state
populations, respectively, k is the rate constant, and n is the
Avrami exponent, which is usually close to integer and related
to the dimensionality of the growth of the incipient phase by D
=1 —n (ie, n = 4 implies three-dimensional (3D) growth, and
n = 1 implies homogeneous conversion throughout the bulk
with no cooperativity). It is further found that the decay rate is
strongly temperature-dependent and follows an Arrhenius law
with an activation energy E,, that is

k(T) = AcB/RT (10)

where R is the gas constant, and the prefactor A relates to the
attempt frequency and is assumed to be temperature-

independent. By combining the JMAK and Arrhenius
equations and assuming a 100% initial population of the
metastable isomer (i.e., @3 = 1), an analytical expression for
the halflife of the decay can be derived as*"’

1 1 1/n
tos(T) = [—Zln(z)eEA/RTJ (1)

Taking the [Pd(Bu,dien)NO,]BPh, linkage isomer studied
in ref 219 as an example, the measured activation energy of 60
kJ mol™ corresponds to half-lives from 10° s (>24 h) to 1 s
over a temperature range from 200 to 300 K. The predictable
variation of the metastable-state lifetime with temperature
makes these systems very well-suited to the fundamental
development of time-resolved spectroscopic methods that
could then be adapted to other photoactive systems of interest
such as photocatalysts.

8.3. Outlook. In this section, two classes of responsive
materials have been discussed. Pt-pincer complexes show solid-
state vapochromic responses to small-molecule analytes, and
the solvent selectivity and color change can be controlled
directly through the chemistry of the molecule and indirectly
through the crystal packing in the solid state. Photoactivated
linkage isomerism is a canonical example of a single-crystal-to-
single-crystal phase transition, and the ability to study the
isomerization using single-crystal X-ray diffraction and to
control the lifetime of the metastable state with temperature
provides the scope to develop novel time-resolved techniques
for studying photochemical reactions in molecular solids.

Both examples demonstrate the utility of modeling at all
stages of the material “lifecycle”, from selecting an initial
synthetic target to providing complementary insight into
spectroscopic measurements and suggesting material mod-
ifications to optimize physical properties toward the intended
application. Atomistic simulations using, for example,
electronic-structure methods such as DFT are particularly
powerful and are becoming increasingly commonplace, but
more “phenomenological” modeling, such as using empirical
rate laws fitted to experimental data to predict kinetics, remains
an important complementary technique. As first-principles
modeling and advanced spectroscopic techniques continue to
become more widely available, tighter integration between
theory and experiment will be a key factor in establishing new
insights that will ultimately yield novel functional molecular
materials with tunable properties to meet contemporary
challenges.

9. MATERIALS FOR NUCLEAR REACTORS

The first electricity-generating nuclear power plant, with an
experimental breeder reactor, began operation in 1951 in the
United States; since then, a lot of effort has been spent toward
improved efficiency and safety.”*'~>** Most common chal-
lenges are the effects of radiation and temperature on the
structural materials, which are key elements for containment of
nuclear fuel and the fission products. During fission, a particles
are emitted becoming helium particles by capturing electrons
from the surrounding structural materials. Initially He radiation
damage appears in the form of local defects; however, these
defects quickly agglomerate and interact with the underlying
structure causing undesired effects such as blistering.”*>>*’
Helium atoms can rapidly diffuse through interstitial sites even
below the room temperature.””® Usually, they form bubbles,
which cause embrittlement within the material, resulting in
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degradation of its mechanical, thermal, and electronic proper-
ties. Several classes of structural materials have been
proposed”” to guarantee the successful operation, main-
tenance, and long life span of the reactor; nonetheless, defect-
induced blistering and helium embrittlement are still issues to
be handled.

9.1. Nanoscale Metallic Multilayer Composites. It has
been known for decades that surfaces, grain boundaries, and
interphase boundaries act as sinks for radiation-induced point
defects and traps for He.”*" However, the detailed mechanisms
at the level of the atomic structure of an interface, which
enable a nanocomposite to be stable under high irradiation flux
or high concentration of He, are only just started to be clarified
through studies of model systems, where ion irradiation is
integrated with atomistic rnodeling.231 The emergence of new
concepts using nanoscience in the design of bulk structural
materials shows promise to provide the breakthroughs needed
for future nuclear energy systems. In particular, the design and
control of interfaces and complex defect structures could lead
to self-healing materials with extremely low sensitivity to
radiation damage. Such a concept has the potential to make
radiation damage a much less critical factor in technical design
and opens new horizons for nuclear energy sector.

Nanoscale metallic multilayer composites (NMMC), which
contain many interfaces between different types of metals,
represent a step-change in the design of nuclear materials, with
the potential to overcome limitations of existing technologies.
Recently, a promising heterophase interface design approach
was proposed, where interfaces could be produced to act as
efficient sinks for irradiation-induced vacancy-interstitial
(Frenkel) pairs, leading to their enhanced recombination and
thus restoring part of the material to its undamaged state.>*
Such concept has been illustrated using a Cu/Nb nanolayered
system. 231233241

A Cu/Nb multilayer composite is produced using magnet-
ron sputtering technique and is shown in Figure 16a,b as an
example. The combination of such interface with a multi-
laminate material design concept™'>** has been shown to
produce nanostructured materials exhibiting ultrahigh
strengths (hardness ~S—7 GPa for Cu/Nb) and enhanced
radiation damage tolerance.”*”***™>** The unique ability of
Cu/Nb interfaces to trap and recombine Frenkel pairs created
during irradiation-induced collision cascades can be traced
back to the unusual properties of interfacial point defects in
Cu/Nb multilayer composites. One of the most noticeable
differences between the behavior of such defects and the ones
present in perfect crystalline environments of the correspond-
ing element is the greatly reduced formation energy of
interfacial point defects compared to the latter. For example,
in the Cu/Nb system, vacancy formation energy drops from
1.3 to 0.3 eV for Cu and from 2.8 to 1.1 eV for Nb,**”*** while
in the Zr/Nb system, the same energy drops from 2.0 to 0.8 eV
for Zr*** as the vacancy migrates to the interface. Vacancies
and interstitials that migrate to the Cu/Nb interfaces are
effectively trapped there and undergo accelerated recombina-
tion due to the enhanced diffusivity and effective size of
interfacial point defects.>?>*3>210241,246.247

Unlike vacancies and interstitials, helium atoms cannot be
annihilated via recombination, thus remaining as impurities
within the material. Two prospective interfaces are mostly
studied including irradiation testing: Cu/Nb>*’7>** and Cu/
W?3*7257 both experimentally and computationally. In copper-
based systems, relevant mechanisms governing the He
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Figure 16. Various NMMCs produced using magnetron sputtering
method (a) Cu/Nb, (b) Cu/Nb enlarged, (c) Zr/Nb systems. (d)
The unit cell used in DFT calculations to model the system in (c):
pink, green, and blue spheres represent Nb, Zr, and He atoms,
respectively. The blue line represents the migration path of He atom
(from right to left) toward the interface.

dynamics seem to be identified,** and the total amount of
He atoms that can be trapped at the interface is obtainable by
considering two key quantities: the misfit dislocation
intersections (MDIs) density, which depends on geometrical
and chemical parameters and finally identify the availability of
nucleation sites, and the maximum number of He atoms that
can be accommodated into a cavity preventing a “platelet-to-
bubble” transition to occur. Furthermore, these systems also
show promising progerties in the sequestration and arrest of
He bubble growth.”**>* Structural analyses on implanted
samples showed interfaces decorated by He bubbles thus
underlying the key role also played by Cu/X interfaces.
However, Cu exhibits significantly lower energy barrier with
respect to X for vacancy formation (0.5 eV for Cu and 2.18 eV
for W at the interface) and migration (vacancy migration
barrier of 1.07 eV inside Cu and 1.79 eV inside W) in Cu/W
multilayer system, and self-diffusion barrier (0.7 eV/atom for
Cu and 1.2 eV/atom for Nb) in Cu/Nb multilayer
system.”****® In combination with lower Cu homologous
temperature, He bubbles formation occurs exclusively in Cu
layers.”> The unbalanced He bubbles distribution between
constituent elements is accompanied by development of
complex residual stress distributions in W layers and leads to
the degradation of mechanical and functional properties
already at ambient temperature. Moreover, in generation IV
reactors, temperatures greater than 500 °C are expected;
unfortunately, this strongly limits the use of copper, since
temperature-driven recrﬁysta.llization and crystal growth already
occur at ~300 °C.>**7?°! On top of that, at high temperatures,
functional properties (hardness, toughness) of Cu/Nb*** and
Cu/W>* films drop significantly. Because of the issues
mentioned above, although Cu/X is profoundly studied as a
model material to understand the role of interfaces in radiation
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environments, its employment in nuclear industry would be
rather limited. This appealed for the selection of other
materials with suitable thermal and structural stability. It was
evident that Cu is a weak point in the interface design;
substitution of Cu by Zr could indeed represent the key
solution allowing for a prompt introduction of this class of
materials in the future of nuclear industry. Among various
systems, the Zr/Nb one has been identified***>**7>%7 5
appropriate from mechanical and thermal stability point of
view. Zr/Nb system outperforms mechanical properties of Cu/
Nb and W/Cu above 300 °C; indeed Zr—Nb alloys are
currently used in CANDU-type reactor.”*® Zr/Nb interfaces
have recently been preparedZSS'ZM_Z(‘7 in a multilayer
architecture using magnetron sputtering method (Figure
16¢). The results indicate that the Zr/Nb system retains
high hardness (reaching as high as 13 GPa) even at 400 °C and
shows remarkable resistance to 7*°° and heavy Si ion”’
radiation. High interface-to-volume ratio due to small
crystallites is expected to have exceptional positive effects on
the self-healing properties of the materials subjected to
radiation damage.

DFT calculations®® indicate Zr/Nb multilayer systems
retain most of the mechanical properties of their bulk forms,
thus becoming promising candidates for nuclear applications.
The electronic structure calculations further reveal that He
atom prefers to sit at the low electron density region within the
material. He atom is either trapped by a vacancy or is drawn to
the Zr side of the interface, due to the charge transfer at the
interface, which makes Zr side positively charged. The unit cell
for this calculation and the migration path for He toward the
interface is shown in Figure 16. Similarly, it is energetically
favorable when the vacancy within the material is in the Zr side
of the interface, so as to minimize the stress that is generated
by the presence of the vacancy in the first place. Therefore,
both He atom and the vacancy are drawn to the Zr side of the
interface, although due to different reasons. To sum up,
evolution of nuclear technology allows us today to harvest
energy from nuclear reactions by means of nuclear power
stations in a controlled and safe way. However, there are still
problems related to the structural components of the reactors
limiting the harvested energy and life span of the reactors
themselves. Although many of these issues can be resolved
through the use of proper materials, defect-induced blistering
and He embrittlement have yet to be worked out. Recently
proposed NMMCs can be a solution to these final
problems.”*' So far, Zr/Nb multilayer composites appear to
be a great candidate, but still further research is required.

9.2. Outlook. Several possible NMMCs can be designed.
For example, Mg/Ti (hcp/hcp) interface, similar to Zr/Nb,
could be an interesting candidate owing to the mutual
immiscibility of the constituent elements, which may lead to
high thermal and compositional stability.”*® The lattice
mismatch and consequently misfit strain (~8.6%) between
Mg and Ti would give birth to a misfit dislocation network well
acting as a sink for helium atoms. Moreover, the high
mechanical stiffness-to-weight ratio makes this combination
also particularly suitable where high specific strength is
requirecl.270 Even if the He atoms are attracted to the
interface, a way to prevent their accumulation and hence
bubble formation must be identified.

It has been shown®* that He atoms follow the lower
electron density regions inside the material. Therefore, by
manipulating the charge density within the material, it might

be possible to lead He atoms out of the system, thus taking the
He embrittlement part of the problem totally out of the
picture.

10. NOVEL MECHANISMS FOR IMPROVED OXIDE
THERMOELECTRICS EXPLORED FROM FIRST
PRINCIPLES

Transition-metal oxides where electronic correlations play an
important role’”"*”> are an attractive materials class for
thermoelectric applications. They exhibit a substantial
chemical and thermal stability and are generally environ-
mentally friendly. Considerable experimental and computa-
tional””**”* effort aims at finding oxide thermoelectrics with
improved performance, usually by maximizing the electronic
contribution to the thermoelectric figure of merit ZT = cS*T/
(Kq + Kyy), namely, the electrical conductivity ¢ and the
Seebeck coefficient S at temperature T. At the same time,
electronic and lattice contributions to the thermal conductivity,
K and K, need to be as small as possible.

In bulk materials, n- and p-type thermoelectric response is
commonly attained by doping,”*~>"” a prominent example
being La-doped SrTiO; (STO) single crystals,””® or epitaxial
films.””**** A different route is to utilize the impact of epitaxial
strain on the electronic structure. Specifically, the delafossite
PtCoO, exhibits a remarkable change in thermopower when
varying from tensile to compressive strain.”®" This is related to
a reconstruction of the Fermi surface topology, that is, a strain-
induced shift of additional bands through the Fermi energy. An
alternative strategy is to exploit heterostructuring and dimen-
sional confinement,”*>”* a concept that is not only applied to
oxides”®**°? but also used in Heusler/oxide magnetic tunnel
junctions293 or Heusler/metal hybrid systems.w 2% This is
based on the recent ability to grow transition-metal oxide
superlattices (SLs) with atomic precision.””” >’

Next, three different approaches to design thermoelectric
properties are described, which go beyond the initial proposal
by Hicks and Dresselhaus.”®” Such approaches rely on the
insight that can be obtained from atomistic simulations within
the framework of DFT combined with Boltzmann transport
theory. The focus is on the correlated metal LaNiO; (LNO)
heterostructured with the band insulators STO>° or LaAlO,
(LAO),*”"*** materials that can be grown epitaxially “cube-on-
cube” in their natural perovskite ABOj structure,”*>%* as well
as in the form of Ruddlesden—Popper/perovskite hybrid
structures.”””**>** ‘While LNO and STO result in polar
interfaces, the LNO/LAO materials combination is nonpolar
but, nonetheless, shows intriguing properties concerning
confinement and strain. A discussion and an outlook on the
influence of the phonon system close this section.

10.1. Impact of the Interface Polarity on the
Thermoelectric Response. An efficient thermoelectric
energy conversion requires both n- and p-type materials that
are structurally and electronically compatible. It has been
recently shown that this can be realized in oxide SLs by
exploiting the interface polarity.m In particular, the mecha-
nisms of electronic reconstruction at polar oxide interfa-
ces”*7?% have attracted significant interest in the past decade.

In LNO/STO(001) SLs, variation of the stacking sequence
at the interface generates different types of SLs, particularly an
electron-doped one with n-type (LaO)*/(TiO,)° interfaces
(IF-n), or a hole-doped one with (NiO,)™/(SrO)° interfaces
(IF-p). The resulting stoichiometries for SLs with three layers
of each material are (LNO);/(STO), s for the n-type SL and
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(LNO),s/(STO),5 for the p-type SL. Both structures are
displayed in Figure 17a. DFT+U calculations show that the
charge mismatch at the interfaces is exclusively accommodated
in the nickelate region by shifting upward/downward the
Fermi level for the SL with n-/p-type interfaces, while STO is
rather a spectator. This is in sharp contrast to the much-
studied LAO/STO(001) system, where the Ti 3d states are
involved.***%  Transport calculations within Boltzmann
theory show that the distinct band alignment between LNO
and STO in the two stacking sequences leads to either n- or p-
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Figure 17. (a) Side views of the optimized geometry of LNO/
STO(001) SLs with interfaces of opposite polarity (IF-n or IF-p)
grown on STO. The La—Sr distance dy, g, across the interface acts as
a fingerprint of the interface type, being elongated for an electron-
doped SL and compressed for a hole-doped SL. In both cases,
significant octahedral tilts are induced in the STO part. (b)
Thermoelectric response of the SLs. The sign of the cross-plane
Seebeck coefficient S is consistent with the polarity of the interfaces
(negative/positive for n-/p-type). Additional doping (i, see ref
290) enhances the performance. (c) Illustration of a thermoelectric
generator based on n- and p-type SL legs composed of the same
materials combination (Adapted from ref 290).

type thermoelectric response of the SL in cross-plane direction
(Figure 17b). While in the n-type case the electronic transport
involves tunneling through the insulating STO region, the
particular position of the STO valence band maximum directly
below the Fermi level in the p-type SL strongly boosts the
thermoelectric response with a Seebeck coefficient of +135
#V/K at room temperature.

We note that a related concept was proposed by Botana et
al*'® for CrN/MgO(111) SLs, which however differs in the
strong charge mismatch at the interface (formal charge of the
layers at the interface: 27/3") that may drive the formation of
compensating defects, and the fact that the voltage builds up
perpendicular to the thermal gradient. Since polar interfaces
occur also in many other systems, for instance, in group IV/
III-V semiconductor heterostructures such as Ge/GaAs,*"'
the outlined concept is not restricted to oxides but may be
relevant for other classes of materials.

10.2. Epitaxial Strain as Control Parameter in a
System with Confinement-Induced Metal-to-Insulator
Transition. In doped bulk materials or epitaxial films,*757280
the carrier concentration is used as control parameter to
maximize the power factor PF = 65 The highest power factor
is usually found in the intermediate regime between semi-
conducting and metallic behavior, which provides the best
tradeoff between Seebeck coefficient (which reflects the
transmission asymmetry near the chemical potential y and
thus benefits from the band gap in a semiconductor) and
electrical conductivity (which is largest in a metal). In the
following, it is shown that epitaxial strain can take on a similar
role in artificial transition-metal oxides.

Nonpolar LNO/LAO(001) SLs are an intensely studied
system.*0%30%312313 [ the ultrathin limit, epitaxial strain
together with quantum confinement drive a metal-to-insulator
transition in (LNO),/(LAO);(001) SLs (Figure 18a).”"*'*
The emerging band gap for tensile strain (~0.3 eV for agro)
leads to a strong enhancement of the thermoelectric response,
as one can infer from Figure 18. A particularly interesting
aspect of this system is that the short-period SL design in the
[001] direction (cross-plane) considerably improves the in-
plane thermoelectric performance. Consequently, the in-plane
power factor outperforms the cross-plane one due to the much
higher in-plane conductivity. Comparing the conductivity
obtained from DFT+U for (LNO),/(LAO);(001) SLs with
experiment,304 the relaxation time at room temperature was
estimated to be 7 & 4 fs. This results in in- and cross-plane
Seebeck coefficients of +600 #V/K and an in-plane power
factor of 11 yW/K?* cm at approximately room temperature,
making the system comparable to some of the best-performing
oxide systems such as La-doped STO>"*7>* or layered
cobaltates.>** Further increase of the epitaxial strain (e.g, as
induced by a DyScO, substrate) does not lead to an additional
enhancement, but on the contrary it reduces the power factor
again due to a decrease of the in-plane conductivity at the
edges of the further increased band gap.”"

Increasing the thickness of both constituents to three layers
each in (LNO);/(LAO),(001) SLs deteriorates the thermo-
electric performance due to the two-dimensional metallic
nature of the LNO region and the too-thick large-band-gap
LAO spacer layer, irrespective of the epitaxial strain. This
underlines the key role of quantum confinement.

It is then concluded that a significant enhancement of the
thermoelectric properties can be obtained in oxide SLs such as
(LNO),/(LAO),(001) at the verge of a metal-to-insulator
transition.

10.3. Transport Resonances Tuned by Strain Engi-
neering of the Orbital Polarization. Above it has been
discussed that n- and p-type thermoelectric response can be
induced in polar oxide SLs by a selective design of the stacking
sequence at the polar interfaces.”° In the following, it is shown
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Figure 18. (a) In ultrathin (LNO),/(LAO),(001) SLs, increasing the
substrate lattice constant from a;,o (compressive strain) to dagro
(tensile strain) drives a metal-to-insulator transition,*'” as one can see
from the band structure diagrams and the corresponding transmission
7. (b) This is accompanied by a drastic enhancement of the
thermoelectric response (Seebeck coefficient S and power factor PF),
both in-plane and cross»lplane‘ Further increase of strain was found to
be counterproductive.”” Adapted from ref 291.

that the same goal can be achieved in nonpolar SLs by strain
engineering of the orbital polarization.””>

Designing the thermoelectric response of a system
necessitates quantum control over the asymmetry of its
spectral transmission function 7~ around the Fermi en-
ergy.””>*"> Mathematically, it has been shown decades ago
that transport resonances are attractive for thermoelectric
applications.“ﬁ Nevertheless, the explicit use of these
resonances has been limited to model studies.”'”*'® To pursue
this route, (i) a transmission function 7 exhibiting sharp
resonances must be designed, and (ii) a mechanism that allows
for a precise tuning of the transport resonances with respect to
the Fermi energy is required.

This concept has been demonstrated on the basis of first-
principles calculations in (LNO);/(LAO),(001) SLs,*** which
are displayed in Figure 19. The confinement of three layers of
LNO separated by a single LAO spacer layer induces the
formation of distinct Ni 3d,>_- and 3d>-derived quantum well
(QW) states, while at the same time permitting cross-plane
electronic transport through the single LAO spacer layer. This
leads to the emergence of sharp cross-plane 3d:-derived
transport resonances (Figure 19b). Epitaxial strain strongly
impacts the orbital polarization in this system and thus the
relative energy and occupation of the 3d,>_- and 3d_-derived
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Figure 19. (a) Side view of the optimized geometry of a nonpolar
(LNO),/(LAO),(001) SL (a = 3.79 A), together with the Ni e,
orbital polarization in the interfacial LNO layers as a function of the
substrate lattice parameter a that varies from —6% (compressive
strain, red shaded) to ca. +3% (tensile strain, blue shaded). (b)
Confining three layers of LNO separated by a single LAO spacer layer
leads to the formation of distinct QW states with Ni e, character.
Their relative occupation (and thus the orbital polarization) can be
precisely tuned by epitaxial strain. In particular, resonances emerge in
the cross-plane transmission 7~ (black arrows) that are associated
with the 3d-derived QW states (white arrows) and can be shifted
with respect to the Fermi energy by moderately varying the degree of
strain. (c) With this strain engineering of the orbital polarization,
considerable n- and p-type thermoelectric response can be achieved in
the system. Exemplarily, some (rare-earth) aluminate substrates are
marked. Adapted from ref 292.

QW states (Figure 19a). Because of this charge redistribution
mechanism, the 3d-derived transport resonances can be
shifted with high precision relative to the Fermi energy.
Thereby, considerable n- and p-type thermoelectric response
(ca. —60 to +100 pV/K at approximately room temperature)
can be obtained in one and the same materials combination by
moderately varying the control parameter epitaxial strain
between —1.5 and —2.8% (Figure 19¢). It has been shown that
this concegt2 is robust with respect to the formation of oxygen
vacancies.

This work exemplifies how the thermoelectric properties of
oxide heterostructures can be controlled and optimized by
varying layer thickness, quantum confinement, and epitaxial
strain. Moreover, it manifests an application for the control of
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orbital polarization, which is intensively pursued in artificial
transition-metal oxides.’'>*'?73*?

10.4. Outlook: The Role of Phonons. On the one hand,
the focus of most theoretical studies lies on improving the
electronic contribution to the thermoelectric figure of merit
ZT, that is, optimizing conductivity ¢ and Seebeck coefficient
S. On the other hand, the impact of phonons, which affect (i)
the relaxation time 7 and (ii) the lattice contribution to the
thermal conductivity Ky, is often neglected. Both quantities
can be obtained from first-principles: The relaxation times have
been calculated very recently for bulk Si*>* and for elemental
noble metals,*** employing a combination of DFT and many-
body perturbation theory. On the one hand, because of the
high numerical demand, this approach has not been applied so
far to more complex systems such as the oxide SLs discussed
here. The thermal transport, on the other hand, has been
calculated recently for bulk MgO by a comglete solution of the
linearized Boltzmann transport equation.’>® Larger systems
such as Fe/MgO/Fe(001) magnetic tunnel junctions have
been treated within a Green’s function framework.**®

Exploiting interface scattering of phonons by heterostructur-
ing is a viable strategy to reduce the lattice thermal
conductivity.”*>**’73*° In SLs, the periodicity has a strong
impact, and it has been demonstrated experimentally that at
the crossover point between incoherent to coherent phonon
scattering in oxide SLs the lattice thermal conductivity exhibits
a minimum.>** However, the parameters corresponding to this
optimal point have to be determined in each specific case.
High crystalline quality is beneficial for electronic properties,
but simultaneously it can lead to coherent phonon heat
conduction, and it has been shown for GaAs/AlAs(001) SLs
that the thermal conductivity can even increase with the
number of layer repeats.’®’ In short-period SLs the thermal
conductivity can exceed that of the constituent materials, as
has been demonstrated for Si/Ge(001) SLs.*** This highlights
that further effort is required to explore the influence of
heterostructuring on the phonon system from first principles.

11. POLAR, FERROELECTRIC, AND MULTIFERROIC
METALS: THREE CASE STUDIES

Here, case studies of polar,’;3 and multi-

ferroic®®® metals are discussed, where polar symmetry—and in
some cases, polarization itself, is actually realized in metals.
The idea of ferroelectric metals harkens back to a suggestion
by Anderson and Blount®® that some metals may possess, or
acquire, polar symmetry, that is, one compatible with the
existence of electric polarization. Whether a polarization and
attendant phenomena, would actually materialize as a
consequence was left unspecified, and this is one of the issues
being investigated, mostly theoretically so far.

It is appropriate to have a checklist for the definition of a
ferroelectric metal: it should

3 . 334
ferroelectric,

(i) be a metal.
(ii) have polar symmetry.

(iii) have a measurable or computable zero-field polarization
P.

(iv) optionally support a polarization-induced depolarizing
electric field when cast in finite form (e.g, thin film),
which would imply the actual switchability of P.

The last requirement is optional, because even bona fide
ferroelectrics often do not satisfy it: a large polarization in a

film causes a large depolarizing field, which destroys the polar
distortion and, ultimately, the polarization itself.

11.1. Metascreening in Metalized Ferroelectrics. Polar
metals should satisfy the (i) and (ii) requirements. A further
distinction can be made between metals that are or can be
rendered polar and polar insulators, which are made robustly
metallic. Among the former, let us briefly mention LiOsO; and
related composite systems, which stands out in both
experiment and theory,”””~**? and the general guidelines laid
out for their search.>*

In this section, the mechanism that causes metalized
ferroelectrics to conserve polar distortions, that is, to become
polar metals, is discussed. Figure 20 shows the amplitude of the
polar distortion as a function of free charge density of either
sign, normalized to the value at zero added charge, for a limited
selection of the materials discussed in ref 333. Evidently, all
materials exhibit stable polar distortions as a function of charge
density of both signs, except three of them whose distortion
dies out at high n-type density.
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Figure 20. Normalized polar amplitude vs carrier density for a sample
of metalized ferroelectrics. In the legend, BaTiO,;, PbTiO;, KNbO,,
BaMnOj;, LiNbO;, and BaFeO; compounds are represented by the
element initials, respectively. For example, 0.1 lel/formula unit are 1.5
% 10?' em™ in BTO. Figure adapted from ref 333.

BaTiO; (BTO) is an interesting case, as it allows to monitor
the transition from polar to nonpolar phase. As detailed in ref
333, in an 80 A long supercell of cubic BTO perturbed by a
dipolar displacement of a plane of Ti atoms, it is found that
free charge screens out long-range interactions over a typical
length scale of less than 10 A from the perturbation. Doping
produces a concurrent short-range effect (referred as
metascreening) that enhances the distorting forces on the
atoms in the immediate vicinity of the perturbation;
specifically, a lattice distortion near the perturbation
accommodates the screening electrons or holes, and it is
essentially indistinguishable from the original polar distortion
in the undoped case.

To prove that this effect is not a consequence of incomplete
screening but indeed due to short-range effects, one can
calculate the stiffness constant for the soft ferroelectric mode

S= sT-F-s, with F the force constant matrix calculated at the
I" point and s the soft-mode eigenvector. Another stiffness S,
is calculated, just the same way as S, except that the force
constants between neighboring Ti atoms are always those of
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the undoped case, independently of the doping level: the
shortest-range interactions are thus frozen into the undoped
configuration. On the one hand, as Figure 21 reports, S is
negative for all free carrier densities up to ca. +0.05 lel/formula
unit, predicting a polar distortion in accordance with Figure
20; on the other hand, S, is always positive, corresponding to
stability against polar distortion, except in the undoped case.
This shows directly that the metascreening short-range forces
are the key enabler of the survival of the distortion in the
doped system.

Soft-mode stiffness constant [eV/A?]

-0.10 -0

.05 0.00 0.05 0.10
Free charge (|e|/formula unit)

Figure 21. Force constants vs carrier density for metalized BaTiO;.
Negative values of the stiffness indicate the occurrence of a polar
distortion, while positive values correspond to stability against polar
distortion.

11.2. A Ferroelectric Metal. A proper ferroelectric metal
obeying all the requirements in the checklist has been found®**
in a different, and so far unique in this respect, class of
materials: the layered perovskites of the A, X, O3, class, which
features prominently n = 4 ferroelectrics and multiferroics such
as La,Ti,0; and La,Mn,0,**" The n = 5 class is trivially
metallic from electron counting with a density of ~3 x 10*'
cm™>, but the ferroelectric mechanism active in n = 4
materials®*> does not apply. Luckily, it turns out that
BisTisOy; (BTO-5517 below) has polar symmetry Pm2n,
with polar axis equal to the stacking direction b, due to local
chemical Bi—O dipoles (analogous to BiFeO;), and, thus,
BTO-5517 is a polar metal in agreement with points (i) and
(ii).

The computability of zero-field polarization P, point (iii), is
potentially contentious, because the Berry phase polar-
ization®* is ill-defined in its original form if the number of
occupied bands change along the k integration direction
(parallel to P itself), as expected in metallic conduction bands.
The conduction bands in BTO-5517, however, are very flat
along P (i.e, k") direction; thus, for all numerical intents and
purposes, the number of occupied bands will not change along
ky, and a convergent P will be obtained as usual on a finite grid
made up of string parallel to the P direction. To cure the
unavoidable occasional crossings (the bands are not perfectly
flat), P is calculated as the 2D average of a renormalized phase
subject to a charge conservation constraint.*** Physically, this
corresponds to Fermi surface sections that are quasi-1D lines
when projected on the k; plane (i.e., with zero measure in that
plane, perpendicular to the integration direction) as is the case
in BTO-5517 or to conduction charge that is strongly localized
within the blocks and not very mobile. The latter view suggests

to also estimate the polarization simply as the dipole of a single
block. The modified Berry approach and the block-dipole
approximation give similar values for the conduction band, ~$
uC/m?; summing up the dominant valence and ionic
contributions, a large total P = 35 uC/ m? is obtained, in the
same league as ferroelectrics such as BaTiOs.

To complete point (iii) and address point (iv) in the
checklist, it is here demonstrated that the material can support
a depolarizing field (i.e., the polarization can be switched). To
this end, a BTO-5517 layer is cladded with the insulator
Ba,Zr,0; this configuration is an open circuit with no current
flow, which will instead occur if BTO-5517 is contacted
directly. In Figure 22, showing the electrostatic potential
difference of the polar and nonpolar superlattice, the metallic
layer screens only partially the polarization-induced depolariz-
ing field. The polarization will thus switch, as in ferroelectrics,
upon application of a field exceeding the depolarizing field (i.e.,
the finite screening ability of the layer). The free-charge
response in the finite system is limited by the small amount
and localization of the mobile charges, and the screening ends
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Figure 22. Potential difference of the polar and nonpolar BiTiO-
5517/BiZr0O-227 SL, exhibiting the sawtooth shape due to interface
polarization charge. The two lines correspond to two different
running-average filters. Figure adapated from ref 334.

up being incomplete; the multilayer is in effect a dielectric
medium with finite low-frequency, low-wavevector dielectric
function in agreement with recent results on sub-nanometer
metal—air multilayers.***

Single-domain BTO-5517, not only polarized but also
sustaining a polarization-generated depolarizing field, contra-
dicts the usual assumption that a large polarization cannot
survive its own depolarization field in a thin film.

In this respect, BTO-5517 is unlike other ferroelectrics
precisely because of the self-screening mechanism that cancels
in part the depolarizing field, while not destroying the
chemically driven polar distortion. In this context, BTO-5517
behaves as a limiting case of hyper-ferroelectric,** and it might
be dubbed a self-screened hyper-ferroelectric metal.

11.3. A Three-Order-Parameter Multiferroic Metal.
Thinking along the same lines as for BTO-5517, a natural
extension is to look® for possible multiferroicity in
Bi;Mn;O;, (BMO henceforth), where magnetism is expected
due to Mn ijons and metallicity. The result is partially
analogous to BTO-5517, in that Bi—O dipoles again cause
ionic polarization; the symmetry is the same as in BTO-5517,
but the polar axis is now ¢, the (110)-like axis orthogonal to the
stacking axis. The total polarization, calculated in the same way
as before, is ~5 C/cm?; the conduction contribution is minor,
~0.05 uC/cm?; the Fermi surface is indeed flat, sheetlike, and
closely parallel to the ¢ axis.
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As hinted above, due to the Mn ions interacting via double
exchange, BMO is a ferromagnet with average moment 3.2 5.
In fact, it is a half-metallic ferromagnet, with a metallic majority
spin channel and insulating minority (with a gap of ~3 eV
using self-interaction corrections). Interestingly, the polar-
ization is nonzero in both spin channels and larger in the
majority than the minority spin channel by roughly a 3 to 1
ratio.**® A definite point of interest in the O-rich layered phase
BMO is that, according to the calculations,®® it is
thermodynamically favored over the known BiMnOj; normal
perovskite phase in a sizable window of O chemical potential,
favoring the synthesis of BMO unlike that of BTO-5517, which
has not been achieved yet.

Demonstrating the existence of a depolarizing field in BMO
is trickier than in BTO-5517, because there is no natural way
of stacking BMO and an insulator along c. Eventually, cladding
BMO with the n = 5§ compound BaLa,Zr;O,, (with a gap of
~2 eV) ended up doing the trick. Again, as in the case of BTO-
5517, there is a charge monopole at the metal—insulator
interfaces and a residual field inside both the metal and the
insulator. The screened-field energy density is much lower than
the stabilization energy of the polar distortion (which is a bit
larger than that of BaTiO;, suggesting thermal stability up to at
least 400 K), so the distortion is not affected by the
depolarizing fields. Hence BMO checks all the boxes in the
checklist and qualifies as a ferromagnetic ferroelectric metal.

Actually there is more to the story: BMO turns out to also
have ferrotoroidic order; that is, its magnetic symmetry allows
for a nonzero toroidal moment T, a polar vector that inverts
under time reversal. The symmetry group is the only one such
that T, P, and M are all mutually orthogonal, and since
noncollinear magnetic calculations show that the magnet-
ization M points along g, it eventually turns out that T & P X
M in this case. Both time reversal and inversion breaking are
needed for a nonzero T, which implies that T would be
nonzero even if P were suppressed by electronic screening, as
long as the symmetry remains polar. Finally, magnetoelectric
coupling also occurs in BMO; it happens to be off-diagonal
(i.e., cross-field), and its value seems rather large.

11.4. Outlook. The just-discussed work on metalized
ferroelectrics, especially layered perovskites, has revealed a
wealth of unexpected effects. Among the open issues, the
possible existence of energy-degenerate ferroelectric and
antiferroelectric states, and the related (probably unusual, if
not exotic) properties and dynamics of domain boundaries
appear worth addressing, while waiting for experimental
endeavor to prove predictions about metallic ferroelectricity
in general.

12. ELECTRIC MAGNETO-OPTICAL PROPERTIES IN
MULTIFUNCTIONAL HYBRID MATERIALS

Hybrid organic—inorganic perovskites (HOIPs) are similar to
inorganic perovskites in terms of their ABX; topology,
although the combination of organic and inorganic compo-
nents provides for geater compositional flexibility.**” In
common perovski'ces,‘48 A and B are cations, and X is an
anion that is coordinated to B. The A atoms are normally
larger than the B atoms, and the B cation is sixfold coordinated
with the X atoms to form BX; octahedron (Figure 23). The
resulting octahedra are corner-shared to form a three-
dimensional framework in which the A site cations are located
inside the framework cavities. In addition to their physical
properties, many of their functionalities are controllable with

external stimuli—for instance, magnetic field, pressure, electric

field, and light.

Magnetic Halides MOF

Inorganic ABX,

A = organic cations A = organic cations

B =TM atoms B =TM atoms

X = Halogen atoms X = organic ligands

Figure 23. Starting from an inorganic ABX; perovskite: magnetic
halides and metal—organic frameworks (TM: transition metal).

Hybrid organic—inorganic materials have emerging applica-
tions as multiferroics, photovoltaics, gas sensors, and trans-
parent conductors.>*” HOIPs have a number of advantages
compared to perovskite oxides. First and foremost, the A and/
or X sites are occupied by organic cations and/or organic
linkers, respectively (Figure 23).°*7*" At the same time,
molecule-based HOIPs often have overall lower energy scales
than their corresponding oxides. Quantum phase transitions—
driven by magnetic field, pressure, and electric field—can thus
occur at experimentally realizable conditions and be more
easily controlled. These materials are also well-suited for the
development of structure—property relations. For instance, the
variations of the organic and inorganic components offer wide
possibilities to create innovative and promising HOIPs in
accordance with the generalized Goldschmidt tolerance
factor.>>> This can serve as a guide for the rational design
and synthesis of new HOIPs using compositions with desired
functionalities and dimensionalities.**>*>* The metal—organic
frameworks (MOFs) are a particularly interesting class of
HOIPs (Figure 23). Here, the metal ions are linked together
by organic bridging ligands, for example, carboxylate ligand
(HCOO™).*** As a result, they have complex hydrogen-
bonding networks that can be adjusted as a function of
temperature. These materials display diverse properties
including electrical, magnetic, catalytic, optical properties,
multiferroic behavior, that is, coexistence of electric and
ma§p.etic ordering,\%ssf‘%6 and magnetoelectric behav-
ior,”>>73 that is, the coupling between the two long-range
orderings. Like many other quantum materials, the MOFs are
tunable in magnetic and electric fields.

Another emerging class of HOIPs is hybrid halide perovskites
based on the semiconductive methylammonium (MA) lead
halide MAPbX;, where X = Cl, Br, 1153677373 The replacement
of the inorganic cation (A) by an isoelectronic organic moiety
such as MA* (CH;NH;)* provides a unique way of tuning the
chemical bonding and consequently also the optical and
electronic response.”’* %!

The hybrid perovskite is a very versatile family of
compounds with a large catalog of chemical components for
the A and B sites.” For example, (i) for the A site:
(NH,),CH", CH;NHZ, NH,NH}, (CH,),NHZ, CH,CH,NH;,
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Figure 24. (a) 6y as a function of the incident photon energy for different value of normalized amplitude of the polar distortion A from —1 to +1.
(b) Color scheme representation of different points in (P,M) space. Black curve represents the magneto-electric states, while the green line
represents the locus of points with zero Kerr angle for the selected energy 3.8 eV. (c—f) Switching properties of the Kerr angle for different states in
(P,M) space: green (red) lines connect states for which the Kerr angle does (not) switch.**> The results are shown for the [C(NH,);]Cr(HCOO),

MOF.

C3N,H{, C(NH,)J, (CH,;);NH;, (CH;);NH",
(CH,),N*;*>* (ii) for the B site: Cr’*, Cu*', Fe*, Mn®,
Co?*, Ni**;***3%3 and (iii) for X site: I, Br~, CI5, CN7,
HCOO7, N3, [N(CN),]".

Moreover, the possibility to reduce the dimensionality by
considering novel hybrid 2D materials appears an interesting
direction to explore. For example, very recently, a novel
magnetic 2D hybrid compound has been synthesized based on
chromium-chloride-pyrazine, that is, CrCl,(pyrazine),.***~*%
Organic molecules and magnetic metal ions can be used as
molecular building blocks for synthesizing novel types of 2D
materials exhibiting both electrical and magnetic properties,
possibly cross-coupled to magneto-optical properties. Magnetic
hybrid 2D materials are now at their infancy, and there is
certainly room for new interesting physics to explore.

12.1. Symmetry Breaking and Physical Properties of
Materials. 12.1.1. Multiferroicity and Magnetoelectricity.
Breaking of time-reversal (T) and inversion symmetry (I) leads
to interesting changes in physical properties of crystals. If both
symmetries are broken, the compound may have coexisting
magnetic and ferroelectric order (multiferroicity).***™>** It
may happen that the two order parameters, that is, magnet-
ization (M) and electric polarization (P), are coupled

14963

(magnetoelectricity)***™*** with the possibility to tune the

electric polarization by an external magnetic field and, vice
versa, to tune the magnetization by an external electric
field.** 7% It is interesting to explore the unique effects of
cross-coupling of ferroelectric and magnetic orders, which
leads to the aforementioned multifunctional properties, on
magneto-optical properties.‘mg_392

12.1.2. Magneto-Optical Kerr Effect: Tunable and Switch-
ing Properties. The magneto-optical Kerr effect (MOKE)
describes the change of linearly polarized light when reflected
from the surface of a magnetic material. The change consists of
two parts: a rotation of the polarization plane, the so-called
Kerr rotation O, and a phase difference between the electric
field components perpendicular and parallel to the plane of the
incident light, the so-called Kerr ellipticity ny.*”> The Kerr
rotation can be exploited to read suitably magnetic stored
information by optical means in modern high-density data

3947397 or to probe the magnetic behavior of

398

storage technology
two-dimensional systems.

The Kerr effect is described by the Kerr angle ¢y, a complex
number defined as
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—0,

Gy 1+ (Z)”xx (12)

where the complex numbers o, and o, are the diagonal and
the off-dia§onal elements of the conductivity tensor,
respectively.””** Equation 12 is widely used in literature
and is valid only in the polar geometry, for compounds with
higher than threefold rotational symmetry.**”*" The con-
ductivity tensor can be calculated from the electronic structure
of the solid, and, therefore, Kerr effect can be evaluated based
on density functional theory.*”” In a system possessing
inversion symmetry I, linear magneto-optical activity (Kerr
effect) arises from breaking time reversal (T), like in a
ferromagnet. If the system is anti-ferromagnetically ordered,
the material is expected to be magneto-optical inactive. Despite
this expectation, a multiferroic MOF has been recently
found,*” with chemical formula [C(NH,);]M[(HCOO),,
where M = Cu®* or Cr*, exhibiting magneto-optical activity
even in its anti-ferromagnetic state. This result suggests that a
magnetic compound may become magneto-optically active
when the combined TI symmetry is broken.

If the system is invariant under T and I symmetry,**' = it
does not have either magnetic or ferroelectric ordering.
Breaking of T gives rise to magnetic ordering, while breaking
of I is necessary for ferroelectricity. Breaking both T and I is
necessary for a system to be multiferroic and/or magneto-
electric. When breaking the TI szrmmetry, the compound may
be magneto-optical active.*"'~*

Moreover, in MOFs the Kerr angle can be tuned not only by
M, as a common belief, but also by the ferroelectric
polarization (P).**> This raises the exciting possibility that
the Kerr rotation angle could be controlled by M, P, or both—
depending on the circumstances. This is an under-explored
avenue for achieving the combination of functional behavior
needed for logic and information storage in magnetic materials
and nanostructures.

12.1.3. Switching Properties of Magneto-Optic Kerr Effect.
As a proof of principle, a series of Kerr spectra calculations on
a MOF compound showing ferroelectric and magnetic
ordering have been performed.*”*

Figure 24a shows the variation of the Kerr rotation & as a
function of the incident photon energy (E) for different values
of the normalized amplitude of the polar atomic distortion (4).
A = 0 represents the paraelectric state (centrosymmetric), while
A = +1 represents two ferroelectric states with opposite electric
polarization. The parameter A smoothly changes from —1 to +1
through zero, and it is codified by a color scheme from blue to
red through white: by changing 4, fx changes continuously,
and the switching occurs when A changes sign. Since 4 is
proportional to P in the material, this leads to the interesting
conclusion that Kerr angle can be tuned by P and switches its sign
when switching P. These results have been derived in the case of
a magnetoelectric compound:*** one would naively expect that
this ultimately recovers the standard case of 6 «x M, since P
M. However, as shown below, calculations can be generalized
by considering M and P as independent variables:

O = aP + pM (13)

Ok can be expressed as linear function of both P and M as
reported in eq 13. In Figure 24b, 0 (P,M; E = 3.8 eV) is shown
as a color code. The coordinates were normalized to P, and
M4 respectively. For each point in (P,M) space, a color that

corresponds to a well-defined value of the Kerr angle is
associated. Figure 24b represents the following property by a
color code in (P,M) space: Ox(P,M; E) = —0¢(—P, —M; E),
that is, O can be switched only when both P and M change
sign. This property is more general and can be extended to
other ferroelectric and magnetic compounds—even in absence
of a net magnetization.

In Figure 24c—f, simulations considering P and M as
independent variables in the calculations are shown. According
to eq 13, O cannot be switched if only M or P is reversed when
both M and P are different from zero. This is shown in Figure
24c¢e: in (c) +P (or —P) state is considered, and +M switched
to —M; in (e) +M (or —M) state is considered, and +P
switched to —P. On the one hand, no switching occurs. On the
other hand, when M = 0 (e.g,, anti-ferromagnet), 6 changes its
sign when reversing P. This leads to the important result that
O can be tuned and reversed by P in ferroelectric anti-
ferromagnets (see Figure 24d, upper panel). When P = 0 (e.g,
nonpolar compound), f can be tuned and reversed by M.**>
This would correspond to the standard case of a centro-
symmetric ferromagnet (Figure 24d, lower panel). In general,
O can be switched only when reversing both P and M as shown in
Figure 24f. Results can be summarized in the (P,M) space.
Each couple of states considered in the panels (c—f) are shown
as black and white circles in this space. The black and white
circles are connected by a green or red line representing the
switchability or nonswitchability of the Kerr angle between
them. In summary, these results suggest that (i) the Kerr angle
can be modified not only by M but also by P; (ii) 6 changes
its sign only when switching both P and M; (iii) it may be
possible to tune and switch the Kerr angle in antiferromagnetic
compounds; (iv) it could be possible to design novel memory
devices, where the information is stored by the direction of the
local ferroelectric domain, and the read-out is performed by
exploiting the Kerr rotation depending on the direction of the
dipole. On the basis of these predictions, it will certainly be
interesting to explore the emerging class of hybrid organic—
inorganic quantum materials with the potential of cross-
coupling magnetic and electric order to the magneto-optical
properties for active tunable photonics.

12.2. Outlook. It is important to design general principles
from which material properties can be rationalized and
qualitatively predicted, by focusing on the dimensionality,
composition, and functional groups—by assessing their effects
on the relevant properties such as P and M, which are expected
to be cross-coupled to the MOKE in the materials outlined
here. The Bilbao Crystallographic Server (BCS, http://www.
cryst.ehu.es/ ) is useful for analyzing the magneto-optically
activity (MTENSOR tool in BCS). The multilinear relation 6
= aP + M requires (i) the evaluation of the two a, f
parameters for a specific material, together with their
dependence on the functional groups (A,B,X) of HOIPs*>”
and (ii) understanding the microscopic mechanism of the
switching properties of Oy in terms of the underlying electronic
structure, symmetry, and structural properties.*”> This will
open new directions in magneto-optical Kerr engineering in
complex functional materials in connection with antiferro-
magneticGSpintronics4‘]5_411 and topological quantum materi-
als 1241
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13. TRIBOLOGY AS A NOVEL FIELD FOR ELECTRICITY
GENERATION

Tribology is defined as the study of interacting surfaces in
relative motion.*'” It involves various and complex phenom-
ena, such as friction, wear, and corrosion, and it has severe
implications for energy saving. It has been estimated that
~23% of the world’s total energy consumption originates from
tribological contacts;*'® fortunately, several progresses have
been achieved in the last decades regarding the comprehension
and control of microscopic mechanisms related to friction,
partly due to the advances made in simulation techniques.*'”

Despite the fact that one of the main goals of tribology is
energy saving, an emerging topic is the conversion of friction
into usable work. The importance of the latter becomes clear
when considering the increasing demand of energy production
in sustainable ways and is therefore discussed below. More
specifically, the focus will now be on the production of energy
through a clever control of the triboelectric effect.

In the past years, with the quick growth of electronic
miniaturization, a remarkable number of novel devices (e.g,
sensors, actuators, wireless transmitters) have been invented
and introduced in many different fields, among which are
health care, environmental and structural monitoring, the
Internet of things, wireless transmission, security, and nano-
robotics, among others.*’***' These devices generally require
only small-scale power (UW to mW)*** and traditional
approaches (i.e., batteries) but present several drawbacks,
including the problematic implementation of wireless sensor
networks with a huge number of distributed sensor nodes** or
issues related to recycling.*”"*** This directly calls for the
development of sustainable, maintenance-free and self-
sufficient power generators that can ideally harvest energy
from the environment and be integrated into such devices.

Almost every environment has an abundance of all sorts of
energy: thermal, mechanical, solar, chemical, etc. Among these,
mechanical vibrations may exist in most of the environments in
which a power generator can be placed. Conventional power
production is obtained through electromagnetic alternators
based on Faraday’s law of induction. However, these types of
power generation technologies can only harvest high-frequency
mechanical energies efficiently.*”® This means that a broad
range of energy sources in the environment (e.g., water waves,
human body motion, thermal vibrations) cannot be effectively
exploited through conventional electromagnetic generators
(EMGs).*?

To effectively convert these different small-scale energies
into an electrical output, Wang and Song proposed the first
nanogenerator (NG) in 2006.%° The idea behind this device
was based on the piezoelectric effect (i.e., the accumulation of
electric charge in response to an applied mechanical stress),
and it was made of a zinc oxide nanowire array. A few years
later, Wang and co-workers presented the first NG based on
the triboelectric effect.””” The triboelectric effect (or tribo-
electric charging) is a phenomenon that leads to the formation
of charge separation between certain materials after they come
into frictional contact. This effect is very common in everyday
life and has been known for a long time (almost everybody has
felt a small electrical shock after walking across a carpet and
then touching a metallic surface). In general, both in scientific
and in technological applications, this effect is considered to be
negative.

The operation of triboelectric nanogenerators (TENGs) is
based on triboelectrification and electrostatic induction,
described by Maxwell’s displacement current and change in
surface polarization.*”” The power density of TENGs is related
to the charge density produced in tribological conditions; this
led researchers to investigate the role that bulk and surface
structural composition and geometry have in the tribocharge
formation, together with the related dynamic features. The
distinct abilities for attracting electrons of the two triboelectric
surfaces result in a transfer of electrostatic charges from one
surface to the other. When one triboelectric layer is displaced,
the movement of charges breaks the original electrostatic
balance, resulting in a potential difference being built between
the two electrodes. A current through an external load can then
be driven by such potential difference to rebalance the
electrostatic status. Therefore, under periodical mechanical
triggering, an alternating current (AC) output can be obtained
via the TENG, and its functionality is characterized by the
voltage between the electrodes, the charge transferred between
electrodes, and the relative displacement between triboelectric
layers.

13.1. Available Setups for Triboelectric Nanogener-
ators. Currently, four different working modes have been
identified:**>*** vertical contact separation (CS), lateral sliding
(LS), single electrode (SE), and freestanding triboelectric layer
(FT).

All modes are schematically represented in Figure 25. CS-
mode TENGs are triggered by the process of contact and

Figure 25. Four basic operation modes for TENGs: contact
separation (CS), freestanding triboelectric-layer (FT), single electrode
(SE), and lateral sliding (LS). Blue and red boxes represent the
tribolayers, while electrodes are drawn in yellow.

separation of two triboelectric layers,"”" while TENGs
0peratin§ in LS mode exploit the relative sliding between
layers.*”® They basically differ in the kind of tribological
contact exploited (vertical vs sliding). Both modes suffer from
the common disadvantage that the triboelectric layers must be
interconnected with an external circuit. Such a configuration
might limit the application of TENGs, when one aims to
harvest energy from free-moving objects. To solve this issue,
SE- and FT-mode TENGs have been proposed, in which a
tribolayer is simply replaced by an electrode.”” In particular,
the FT mode has been used for various high-output TENGs
with record both in the maximum power output and energy
conversion efficiency.**’

The intensity of the triboelectric effect is ruled by the nature
of the materials that come into contact. So far, polymers
(which contain a naturally present dipole***) have been mostly
used as tribolayers,**" especially in implantable TENGs for
biomedical applications.*”> Common examples of Eolymer
materials are poly(dimethylsiloxane) (PDMS),*** poly-
(tetrafluoroethylene),””® poly(vinylidene fluoride),”' fluori-
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nated ethylene propylene,"** polyimide,"** and lignin.**
Typical values of output voltage and current density for such
materials are in the order of 1—10 V and from 1073 to 107" A-
m?, respectively.423 Recently, graphene has also been used as
triboelectric material in TENGs, reporting values for output
voltage and current of 5 Vand 5 X 10° Am™, respectively.d'37
In addition to this, two-dimensional materials have also gained
attention as triboactive candidates for TENGs,**>*3743%

Nowadays, the choice of materials for novel TENG setups is
made easier thanks to the availability of empirical lists of
materials ordered by their capabilitgy of becoming tribocharged
(the so-called triboelectric series).** Unfortunately, the studies
on triboelectric series are sparse, and they do not provide an
absolute assessment of the material performance. Making
current triboelectric series both quantitative and more
extended would be a welcomed progress. For achieving this
aim, large-scale databases and computational resources (e.g.,
NOMAD** and AiiDA**') may be of crucial importance.
Moreover, since the process of charge transfer in TENGs is an
interfacial phenomenon, it is obvious that the characteristics of
the surface are critical for the performance of the device. The
effects on the signal output of the presence of impurities and/
or oxides, the surface roughness, the geometry of the contact
surfaces, or even the type of pretreatment during fabrication
have already been highlighted.**> This means that materials
that are considered identical according to bulk analysis may
display completely different microscopic surface properties.
Attempts have already been made for enhancin§ the surface
charge density by plasma**® and laser treatment.™**

By design, TENGs are meant to be used to harvest energy in
various environments. It is therefore crucial to know the effect
that the tribological conditions (e.g., contact pressure,
temperature, sliding speed) can have on the TENG perform-
ance. For example, SE and FT modes can operate in open air
and, thus, are subject to different pressures and atmosphere
compositions. It was found that, under the same mechanical
excitation, the generated charge of a PDMS-based TENG
increased more than 20% when the relative humidity was
decreased from 90% to 10% at ambient pressure. However, the
interpretation of such an effect is not trivial, since a worsening
of the performance is observed when the air pressure decreases
from atmospheric pressure to 50 Torr in dry conditions.”** In
other studies, the influence of the temperature on the output
performance of TENGs was investi§ated experimentally and
supported by atomistic simulations.**®

13.2. Triboelectric Nanogenerator Upscale. Recently,
efforts have also been devoted to upscaling triboelectric
nanogenerators, mainly by integrating single TENG units into
a network. This was done to harvest low-frequency wave
energy in oceans (the so-called blue energy), as a rich resource
for large-scale clean-energy generation.4 42047 However, as
mentioned before, harsh environmental conditions, such as
humidity, have shown to significantly affect the performance of
NGs.*** One method that has proven to be promising is a
hybrid approach in which conventional principles (i.e.,, EMGs)
are combined with NGs, leading to the so-called packaging.449
More specifically, in this approach the TENG is made
waterproof by placing it within an isolating device, thus
preventing any unwanted environmental interactions. Sub-
sequently, an EMG is wrapped around, creating an indirect
driving force on the mobile part of the TENG using its
magnets. It has been shown that this approach can significantly
improve the performance of TENGs.” First of all, this is

because EMG and TENG operate in different frequency
ranges, and, by combining both, one can significantly enlarge
the working range.449 Second, both vibrations and rotational
motions can now be exploited for the generation of electricity.
This is especially relevant for harvesting blue energy, which is
characterized by a high irregularity and broad ranges of both
frequencies and amplitudes. This novel design principle allows
one to up-scale and go beyond the current efficiency of energy
harvesting of these multivariate types of energies.447

13.3. Back to Nanoscale. A common issue of the above-
mentioned TENGs is that frictional energy is converted into an
AC output, which is unsuitable for large-impact applications
such as light-emitting diodes, electronic watches, and mobile
phones. Current rectification is achieved by a supplementary
technological effort: switching circuits, combining TENGs with
storage systems, rotating-disk configurations, or double-wheel
designs have to be used to convert alternating to direct current
(DC).*** Moreover, the current density is limited due to the
high impedance, if polymer-based systems are used.**°

Recently, it has been shown that a DC current can be
generated by direct sliding of a platinum-coated silicon AFM
tip over a molybdenum disulfide thin film deposited on a
substrate.**" In addition, this setup also produced a maximum
value of current density that is several orders of magnitude
greater than the usually achievable range. In such a system,
carrier flow is attributed to the direct electronic excitation at
the interface followed by diffusion-drift conduction;*** such
excitation produces electron—hole pairs, triboluminescence,
and exolectrons under tribological conditions.**> However, no
relation among the chemical composition of the frictional
surfaces, the tribological conditions (i.e., temperature, normal
load, and sliding velocity), and the current density and voltage
have been clearly identified yet.

To conclude this section on TENGs, it is worth mentioning
the Kelvin probe force microscopy (KPEM),"* an exper-
imental technique that can provide unique information about
the tribocharging of materials at the nanoscale. Only recently
researchers started to use this technique in combination with
AFM for studying phenomena and properties related to the
triboelectric effect.”* However, it is expected that, in the
coming years, the impact of this combination of techniques will
bring significant contributions to the field. Another benefit of
the KPFM/AFM approach is that the accessible time and size
scales match very well with those available in classical
molecular dynamics simulations.*>> Such computational tools
are in fact suitable for interpreting experimental data, and
especially for characterizing the effect of the tribological
conditions and/or the nanostructure of the tribosurfaces.
Despite the fact that classical tools can successfully simulate
system sizes up to hundreds of thousands of atoms on the
microsecond time scale, they cannot provide direct informa-
tion about the electronic structure. However, hybrid (also
called multiscale) approaches can be employed. For example,
one can perform classical molecular dynamics simulations, to
assess the tribological response of the material, and then use
the configurations sampled in tribological conditions for a
subsequent deeper analysis by means of ab initio techniques.
Another promising tool is represented by the hybrid quantum
mechanics/molecular mechanics (QM/MM) scheme, where
the two levels of description are actually accessible at the same
time within a single simulation.

13.4. Outlook. From the brief review given above, one can
understand that, even though the computational tools for
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deepening our understanding of the phenomena are already in
place, there is still a huge amount of work to be done. In
particular, studies so far mainly dealt with polymer materials
and the employment of nanostructures such as nanowires (the
latter mostly for piezoelectric-based devices).**® Moreover, the
effect of the normal load on the TENG output performance
has not yet been extensively studied.””” The analysis of the
hysteretic behavior of the output showed that a low contact
force applied before a high one can enhance the charge transfer
and consequently the performance of the device. This result is
due to a dependence of the charge generation on the history of
the forces applied, and such a phenomenon might be exploited
to improve the operational performance of TENGs. Yet, the
influence of ambient parameters such as humidity, temper-
ature, and pressure on the hysteresis behavior needs to be
further analyzed, if one wants to find ways to customize
TENGs in various environments.

Important questions related to these aspects are still open.
For example, how do tribological conditions affect the surface
charge density, considered as the golden standard for assessing
the overall performance of any NG2*** Or how can the choice
for certain materials improve durability but also reduce
toxicity?

To sum up, we presented an emerging topic that directly
links tribology and energy harvesting. It is expected that
advances in this field will have a significant socioeconomic
impact. Thanks to simulation approaches, we expect to see a
vast enlargement of the list of materials used within the coming
years. Because of their superior mechanical properties,
inorganic materials are promising candidates for the selection
of novel triboactive materials. This, in our opinion, is

articularly likely to happen, considering the prelimina
fesults aerady av};ilable inP}t)he literature."37?5438’451’4‘3_463 v

14. SUMMARY

The fast advance of the contemporary technology requires the
improvement of existing materials and the discovery of new
ones. In this perspective, nanostructured materials are the
promising future for the creation of the next-generation
technology. First-principle calculations are the basic starting
point to obtain a good estimation of fundamental properties
such as electronic configurations, magnetic orderings, struc-
tural characteristics, optical properties, and eventual coupling
among these. Massive automation of such simulations would
help to build a high-quality materials database to be exploited
in “smart” systems (e.g,, machine learning, neural networks),
capable to identify existing or new materials with selected
properties. However, a common standard that ensures the
reliability of the results without loss of accuracy is still missing.
The main effort to determine maps of materials properties (i.e.,
databases) is the identification of multiparameters descriptors.
Despite SISSO being a valid engine to determine such
descriptors, the approach is currently limited to scalar features,
and the next step is to develop a systematic strategy to build
environment-dependent features to be used as candidates in
the feature space. Open-source projects that share materials
data are the most effective means to obtain a rapid expansion
of the databases. Machine-learning-based tools have already
become popular for the purpose of predicting materials
properties, thanks to the sharing paradigm. However, the
quality of the database is crucial to obtain appropriate answers:
unbalanced number of members in a family of materials could
lead to systematic errors that must be accounted for. Data

visualization techniques could help to identify such errors and
guide the correction of the predicting model.

Besides high-throughput simulation machineries, massive ab
initio molecular dynamics and meta-dynamics techniques are
another efficient tool to explore and design material properties,
especially when chemical reactions are to be taken into
account. Nevertheless, the high cost of such kinds of
simulations is still a drawback, and statistical methods like
Monte Carlo-based ones represent a promising alternative to
overcome such limitation. Another opportunity is the use of ad
hoc descriptors, which can facilitate the characterization of
specific processes and go at the same pace with the extension
of existing theoretical frameworks or the development of new
ones. This is the case of the specific applications discussed here
such as the dendrite growth in batteries, vapochromic
responses to small-molecule analytes, photoactivated linkage
isomerism, prevention of He embrittlement in containment
materials in nuclear reactors, thermoelectric figure of merit,
metalized ferroelectrics, magneto-optical Kerr effect, and
tribocharge generation. In these cases, the descriptors have
been proposed based on physical reasoning rather than from
statistical observations of gathered data.

From our perspective, atomistic simulations, automated
modeling, and experimental techniques are rapidly developing
and becoming more and more widely available. The mutual
integration between theory and experiment turns out to be
mandatory to significatively boost the advance of the scientific
knowledge and to unveil new physical insights, which will
ultimately lead to the design of novel functional materials with
tunable properties meeting contemporary challenges.
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27

28  Abstract

29 Two-dimensional heterostructures are excellent platforms to realize twist-
30 angle independent ultra-low friction due to their weak interlayer van der Waals
31 interactions and natural lattice mismatch. However, for finite-size interfaces, the
32 effect of domain edges on the friction process remains unclear. Here, we report on

33  the superlubricity phenomenon and the edge pinning effect at MoS2/graphite and
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MoS2/h-BN van der Waals heterostructure interfaces. We find that friction
coefficients of these heterostructures are below 10°. Molecular dynamics
simulations corroborate experiments highlighting the contribution of edges and
interface steps to friction forces. Our experiments and simulations provide more
information on the sliding mechanism of finite low-dimensional structures, which

is vital to understand the friction process of laminar solid lubricants.

Introduction

Friction causes massive energy dissipation and mechanical abrasion between
machine component parts in the world every year (costing approximately 119 EJ)!2.
Understanding the mechanism of the frictional processes and searching for an optimum
material combination, ideally providing a near frictionless state, are thus essential. The
concept of superlubricity was proposed by K. Shinjo and M. Hirano in the 1990s>,
which describes the phenomenon of vanishing friction between two contact surfaces
(also known as structural lubricity later). Superlubricity has been widely found in van
der Waals (vdW) materials, as their crystalline structures are kept together by weak
vdW forces*. However, superlubricity in two dimensional (2D) homostructures shows
a strong twist-angle dependence®”’. Layers prefer to rotate and lock in the
commensurate state when sliding occurs, leading to the disappearance of
superlubricity®®. vdW heterojunctions may reduce the commensuration problem since
the lattice mismatch between the two contact materials will come into play. Micro-scale
superlubricity has been uncovered in the graphene/hexagonal boron nitride (h-BN)
heterostructure with a significant reduction of twist-angle dependence’® 3. However, the
twist-angle dependence is still present in graphene/h-BN heterostructure, perhaps due
to the small lattice mismatch. Thus, it is crucial to explore the lattice mismatch
influence on the superlubricity of 2D heterostructures. Furthermore, the effect of
widespread domain edges and interface steps on the superlubricity of the finite-size 2D
interfaces may prevent superlubricity.

In this work, we characterized 2D heterojunction interfaces with different lattice
mismatches: molybdenum disulfide (MoS») /graphite, MoS»/h-BN, and graphene/h-BN
by Lateral Force Atomic Force Microscope (LF-AFM). Our results show that the
coefficient of friction of the large lattice mismatch MoSz/graphite and MoS»/h-BN

heterojunction interfaces is below 107, and the twist-angle dependence is suppressed.
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67  We demonstrate that the friction forces of these two heterojunctions are dominated by
68  pinned edges or substrate step effects rather than resistance to interface sliding, from
69 e.g. potential energy corrugation. For comparison, interface sliding resistance
70  dominates the friction process in sliding of small lattice mismatch graphene/h-BN.
71 Classical molecular dynamics (MD) simulations indicate that atoms near the edges of
72 the flake play a distinctive role during the sliding dynamics, presenting enhanced out-
73 of-plane structural distortions with respect to the rest of the flake. Given the non-
74  reactive nature of the force fields employed in the MD simulations, we also indirectly
75  prove that dangling bonds at the edge of the domains contribute mostly to the friction
76  force observed in climbing substrate steps.

77

78  Results

79  Growth and characterization of vdW heterostructures

80 VAW heterostructure samples investigated in this work include MoS»/graphite,
81  MoS2/h-BN, and graphene/h-BN with lattice mismatches of 26.8%, 24.6%, and 1.8%,
82  respectively. Figs. 1a-c show the structures of these three heterostructures. All samples
83  were prepared by an epitaxial growth technique described in our previous works'4-16
84  (see the Methods section for more details). Figs. 1d-f show typical AFM topographic
85  images; these epitaxial interfaces are ultra-clean. The heights of monolayer MoS: on
86  graphite and h-BN are 0.83 nm and 0.72 nm, respectively, and the height of monolayer
87  graphene on h-BN is 0.35 nm; all in agreement with previous reports'®!”. The arithmetic
88 mean deviation of the assessed profiles (Ra) of substrate surfaces in Fig. 1d-f are
89  0.17nm, 0.13nm, and 0.02nm, which suggests atomically flat substrate surfaces and
90  excludes the influence of the substrate roughness to the following experiments. We
91  used selected area electron diffraction (SAED) to characterize the lattice alignment of
92  our MoS»/graphite and MoS2/h-BN heterostructures. As illustrated in Fig. S1b and le,
93 the hexagonal diffraction spots of both MoS, and graphite (h-BN) have the same
94  orientation, indicating either 0° or 60° twisting angle between the as-grown MoS; and
95  graphite (h-BN) substrate. Fig. S1h shows that the period of the moiré superlattice of
96  as-grown graphene/h-BN heterostructure is ~16 nm, also suggesting a 0° twist angle.
97  Raman and photoluminescence (PL) spectra in Fig. Slc and f also demonstrate a high

98  sample quality. For more information, please refer to the Supplementary Note 1.
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Fig. 1 I Friction characterizations of 2D heterostructures. a-c Atomic structures and d-f AFM
images of three heterostructures: MoS,/graphite, MoS,/h-BN, and graphene/h-BN, respectively. g
Diagram of friction force measurements. h and i Two different strategies for friction force
characterizations of MoS,/graphite and MoS,/h-BN heterostructures: h by pushing from the edge of the
domain, or i by dragging with the tip placed at the center of the domain, the sign of the force indicates

the sliding direction.

Superlubricity behavior of vdW heterostructures

We performed friction force measurements by AFM in dry N; atmosphere to reduce
contamination from the air. As illustrated in Fig. 1d-f and Fig. S2, the thickness of our
samples is homogenous and the actual values indicate monolayer-thick samples, which
exclude the presence of contamination. Fig. 1g shows a schematic of our measurements

process. Based on a manipulation technique we developed previously'!'®

, we can slide
atop epitaxial domains on the substrate by using an AFM tip and monitor the lateral
force during the sliding simultaneously (please refer to the Methods section and
Supplementary Note 2 for more details). In the experiments, we explore two approaches

to slide on-top domains on substrates by using AFM tips. The first is illustrated in Fig.
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117  1h, where we laterally push the edge of the top domain and detect the difference of
118  lateral force before and after on-top domain sliding. The second way is shown in Fig.
119  li. For MoS»/graphite and MoS»/h-BN heterostructures, we could slide the top domains
120  back and forth laterally by engaging the tip onto the center of the domain, with a load
121 ranging from 0.4 to SuN, since the friction force between the tip and MoS; is much
122 greater than that between MoS: and graphite (or h-BN).

123 According to Amonton’s law, the dependence of the friction force F,. on the load L
124 is expressed by

125 E=u-L,

126 where u is the coefficient of friction (COF). By taking advantage of both approaches,
127 we can change the applied tip load L, from zero to a few pN (near zero tip load is
128  achieved by pushing the edge). The normal force experienced by the flake can be
129  decomposed into two contributions

130 L= Lo+ Ly,

131 with L, being the adhesion between MoS; and graphite (or h-BN) and L,;, the load
132 applied to the tip. It follows that:

133 E=p-(Lo+Lup) = t-Lo+ t-Lep = Fro+ i Lep.

134 As shown in Fig. 2a and b, under N3, the friction forces of aligned MoS./graphite and
135 MoS2/h-BN heterostructures are almost the same for different values of L;;;,, which
136  indicates constant F,, and ultralow COF. As shown in Fig. 2, the coefficient of friction
137 of both aligned MoS./graphite and MoS2/h-BN heterostructure interfaces is well below
138 107, which is considered the threshold for superlubricity'®. To calculate the friction
139  coefficient precisely from the slope in Fig. 2a and b, a much higher resolution and noise
140  reduction of the AFM signal would be needed.

141 Nevertheless, we can use an alternative approach to estimate the COF. The
142 adhesive force between MoS; domains and graphite or h-BN represents the major

143 contribution to the load L’. Thus, we can estimate the magnitude of the COF, u, by

144  using:
145 1= Fro/Lg
146 Ly=G-A

147  where G = 1.13GPa is the adhesive pressure between graphite and MoS; sheets®’; and

148  A'is the area of the domain. From Fig. S3a, the area of our largest MoS> domain on

149 raphite is A= 15.00 pm?, giving an adhesive force L, = 16.95 mN. The corresponding
g gving
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friction force is F,o = 44.15 nN, then the COF of the aligned MoSz/graphite
heterostructure interfaces is pyg = 2.60x10°. This value is almost two orders of

magnitude smaller than those reported in previous studies’?!??

. For the aligned
MoS2/h-BN heterostructure, according to Fig. S3b, the COF value is around pyz =
2.29%10°%, similar to MoS,/graphite.

To further explore the twist-angle dependence of superlubricity in large lattice
mismatch heterostructures, we performed the friction test on the MoS,/graphite
heterostructure with different twist angles. Although the heterostructures can be rotated
to any twist angle'$, they are only stable at large twist angles during sliding. We
compare the friction force between aligned structures (0°/60°) and large twist angles of
different MoS, domains. As shown in Fig.2¢, the measured friction forces from
MoS,/graphite heterostructures before and after twisting show no significant angular
dependence. This phenomenon is due to the fact that the in-plane interface friction force
is almost zero even at 0° due to incommensurability, and the influence of the twist angle
on the friction force has a negligible contribution to the total friction force. (please

refer to the Supplementary Note 3 for more details).
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Fig. 2 I Superlubricity of MoS2/graphite and MoS2/h-BN heterostructure interfaces. a and b
Friction force as a function of the tip load of MoS»/graphite and MoS»/h-BN heterostructures, obtained
by AC200TS and AC240TS tips under N gas environment. The red dashed lines are the fittings of all
data points in a and b, respectively; the blue dashed line shows the limit of superlubricity. ¢ Normalized
friction force as a function of the twist angle of the MoS»/graphite heterostructure. Fo- and Frwistea are the
friction forces of a MoS, domain before (aligned) and after twisting. The red dashed line is the fit. Error

bars are standard deviations of data points.

Edge pinning effect of large lattice mismatch vdW heterostructures
Although the interface COFs of aligned MoSy/graphite and MoS»/h-BN

heterostructure interfaces are small, there is still a constant friction force F
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179  independent of load within the normal load range considered. Previous results pointed
180  out that the friction force could be affected by many parameters, such as edges, interface
181  steps, and contaminations>*?*. To determine the origin of this constant friction force,
182  we define two parameters: shear strength S and domain edge pinning strength E.
183  Considering the finite size of our samples, S and E are defined as follows:

184 S=F/A

185 E=FE./P,

186  where A and P are the area and the perimeter of domains, respectively. We can expect
187  three situations: 1) the in-plane interface sliding resistance contributes predominantly
188  to the friction force and S is thus constant with respect to the area of domains; 2) the
189  in-plane interface friction is negligible and the edge pinning effect dominates the
190  friction process and E is constant with respect to the perimeter of the domains; 3) if
191  both effects contribute significantly to the friction force, then both S and E cannot be
192 constant.

193 We first measured the friction force of the aligned heterostructure samples with
194  various contact areas under a dry N2 atmosphere. The results are consistent even when
195  different tips were used (Fig. S3), suggesting good consistency and repeatability of our
196  calibration method. Fig. 3a shows a plot of the shear strength (S) of the aligned
197  MoSay/graphite heterostructure as a function of the domain area (A), clearly revealing a
198  non-constant profile. In contrast, when we plot the data as E vs. P, as shown in Fig. 3b,
199  the edge pinning strength E is constant with E = 1.99%3:32 nN/um. These results
200 indicate that the interface (in-plane) friction within aligned MoSa/graphite is negligible,
201  and the edges of the MoS, domains are pinned to the surface of graphite. Aligned
202 MoS2/h-BN exhibits similar behavior, as shown in Fig. 3¢ and d, where E = 1.947383
203  nN/um being very close to that of MoS»/graphite. It is also worth noting that the
204  thickness of MoS, domains has no apparent effect on the friction force due to the
205  negligible interface friction (please also refer to Fig. S2d). Please note that all edges of
206  MoS; domains in our experiment have the same zig-zag direction (supported by Fig.
207 Sl and S5). So here E is actually the zig-zag edge pinning strength. As described above,
208 the friction force of large lattice mismatch MoSy/graphite and MoS>/h-BN
209  heterostructures mainly comes from the pinned edges. Therefore, the friction
210  coefficient of edge-free, single-crystal MoS»/graphite and MoS»/h-BN heterostructure

211 interfaces should be significantly lower than 10°°.
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The behavior of the aligned graphene/h-BN heterostructure, which has a small
lattice mismatch (1.8%), is different from the MoS,/graphite and MoS»/h-BN
heterostructures. From Fig. 3e and 3f, we can see that the shear strength of the
graphene/h-BN heterostructure is constant and equal to S = 2.20 + 0.39 MPa,
suggesting that the in-plane interface friction is dominant. The dominancy of in-plane
friction in aligned graphene/h-BN can be understood considering its near-
commensurate nature at small twist angles, where the period of moiré superlattice is
larger than in the MoS,-based heterostructures'®?%2’, It needs to be mentioned that the
shear strength value of the graphene/h-BN heterostructure in our experiment is larger
than that of Ref. 10. The reason for this discrepancy can be attributed to the different
thickneses of the graphene layers in the heterostructures, which can influence the
sliding energy profile®®, the z-direction fluctuations, and the structure of the moiré

pattern®. Those properties will eventually determine the interface friction force.
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Fig. 3 I Source of friction for three different heterostructure interfaces. a and b are plots of
friction characterization of MoS,/graphite as a function of the domain area A and the perimeter P,
respectively. ¢ and d are similar plots for MoS,/h-BN. e and f Friction characterization of graphene/h-

BN as a function of A and P. Dash lines are linear fits. Error bars are standard deviations of data points.

Simulation results of the edge pinning effect for the MoS2/graphite heterostructure
To understand the origin of the edge pinning effect for the MoS,/graphene
heterostructure, we performed a set of molecular dynamics simulations. The

computational setup is illustrated in Fig. 4a and b. We considered triangular zigzag-
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237  terminated MoS; flakes with different side lengths ranging from approximately 2 to 20
238  nm. Since no reactive force fields are available for the MoS»/graphene system, we
239 described the interlayer interactions by means of Stillinger-Weber*® and AIREBO?!
240  potentials for MoS: and graphene, respectively. The interlayer interactions are modeled
241  viaa Lennard-Jones (LJ) potential, which was recently parameterized by using ab initio

242 data®?. According to this potential, the adhesive pressure between MoS; and graphite is

243 G=1.20 GPa, which is in good agreement with both experiment and ab initio

244 calculations?®. The Supplementary Note 6 reports an extensive analysis using density
245  functional theory (DFT) calculations that shows no chemical bonding between MoS:
246  edges and the graphene substrate, justifying the use of a non-reactive force field.
247  Moreover, the sliding potential induced by the LJ coupling has been benchmarked
248  against DFT calculations in a small test system. The classical force field captures the
249  shape of the potential energy surface while it slightly underestimates the barrier height,
250 as shown in the Supplementary Note 7. Thus, we expect the simulation to correctly
251  reproduce the trends found in experiments albeit scaled. All systems have been
252 equilibrated at room temperature, after which non-equilibrium simulations have been
253  performed by applying a constant speed protocol and calculating the lateral force acting
254 on the flake. For more details, please refer to the Methods section.

255 Fig. 4 summarizes the simulation results. The shear and edge pinning strength are
256  reported as a function of the MoS; domain area and perimeter, respectively. As shown
257  in Fig. 4¢, S presents a decreasing profile as A increases, while E is almost constant.
258  We also calculated the shear strength of an infinite heterostructure, Sinfinie= 1.38 kPa,
259  which is at least one order of magnitude smaller than that of our finite heterostructures.
260  These trends are consistent with the experimental observations. To get a more in-depth
261  insight into the underlying mechanisms, we analyzed the results in terms of structural
262 and energy parameters. Fig. 4d reports the map of the atomic root mean square
263  displacement (RMSD) with respect to the equilibrium positions for different atomic
264  layers of MoS», and averaged over the MD trajectory. The mean displacement of edge
265  atoms is significantly larger than for center atoms. Data distributions of the edge and
266  center regions in Fig. S4a also show that edge atoms (particularly for atoms at the edge
267  and at one lattice distance from it) have both a larger peak RMSD value and a broader
268  distribution. Moreover, from Fig. 4e it is possible to notice that the main contribution

269  to the RMSD comes from the out-of plane atomic distortions (see the Supplementary
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Note 9 for the maps related to the other atomic layers). Potential energy maps of
different atomic types within the MoS, layer (Fig. 4f) show that the edge S atoms
present a distinct behavior in terms of potential energy than the center S atoms. In
particular, sulfur atoms located at the edge are more mobile than central atoms due to
the lower coordination and thus more prone to be trapped in the energy minima of the
substrate, leading to the edge pinning effect. Edge Mo atoms also present differences
with respect to the central ones, but the behavior is not as significant as for S atoms
(please also refer to potential energy data in Fig. S4b and ¢ for a more detailed
discussion).

The MD simulations indicate that, during sliding, the dynamics of edge atoms
present peculiar traits for distortions and potential energy fluctuations, ultimately
providing the greatest contribution to the friction force. Indeed, in Fig. S5, using a high-
resolution transmission electron microscopy, we observe more pronounced lattice

distortions at the edges, which supports the simulation results.
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Fig. 4 MD simulation results of MoS: flakes sliding on graphite. a and b Side and top views of
the MD computational setup, respectively. ¢ Calculated shear strength as a function of the MoS, flake
area; the inset shows the calculated edge pinning strength as a function of the MoS, flake perimeter.
Dashed lines are the fits. Error bars are standard deviations of data points, and the error bar of the shear
strength of the smallest flake is 467.64 kPa. d Root mean square displacement maps of different atomic
layers in the MoS; flake calculated with respect to the optimized geometry for a typical trajectory (flake

size ~16 nm). e Maps of the root mean square displacement calculated on the three Cartesian components
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293 separately, and for the bottom sulfur atoms only (for the maps of the other atomic layers, refer to the
294 Supplementary Note 9). f Per-atom average potential energy fluctuation maps of different atomic layers
295 in the MoS; flake. The three bright spots in e mark the position of the fixed atoms (see the Methods
296 section for more details). For the potential energy, values are reported as the difference with respect to
297 the mean value.

298

299  Step pinning effect at MoS2/graphite heterostructure interfaces.

300 We have found experimentally that substrate steps can impede the sliding of MoS»
301  domains even when they only have the height of a graphene monolayer (~0.4 nm). As
302  shown in Fig. 5a, when we pushed a MoS> domain across a graphite step edge, we
303 observed various resistance forces during different stages (I, II, III, IV). Stage III
304 represents the MoS> domain crossing the step of graphite and finally locking on it. The
305 resistance force increases almost tenfold before the MoS, domain locks on the graphite
306  step. Here we define the interface step pinning strength P;g as

307 Pis = Fgy/d

308 where F, 4, is the maximum force of stage III, and d is the length of the step edge
309  under the MoS, domain. The interface step pinning strength in Fig. 5a is P;g~100
310 nN/um, which is two orders of magnitude larger than the edge pinning strength
311  mentioned above. Therefore, the friction force will rise dramatically if interface steps
312 are present. We also used MD simulations to monitor the friction force when a MoS;
313 flake is pushed toward a graphite step with different angles with respect to the sliding
314  direction, as shown in Fig. 5Sb and ¢. From Fig. 5¢, we can see that, regardless of the
315  orientation of the step, all profiles show a qualitatively similar behavior; the friction
316  force will rise several times when the MoS; layer approaches the step. However, this
317 increase in friction force is smaller than that observed in experiments. The difference
318  between simulations and experiments can be ascribed to the fact that our model
319  accounts only for non-bonded vdW interactions between flake and substrate (i.e., the
320 model does not allow the formation of chemical bonds between MoS: and graphene
321  atoms). Previous works show that chemical bonds on graphite steps have a strong
322 influence on the friction force®*, so we attribute the step pinning effect to the interaction
323  between the MoS: layer and the free chemical bonds on the graphite step.

324
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Fig. 5 I Effects of interface steps on friction force. a Lateral force measurement when pushing
one MoS, domain across a monolayer step of graphite. The red dashed line marks the graphite step, and
the blue arrow shows the tip route. The I, II, III, and IV tags mark the different stages of the tip
movement: I, the tip is moving on graphite; II, the tip is pushing the MoS, domain; III, the MoS, domain
is moving across the step of graphite; IV, the MoS; domain locks on the step and the tip jump onto the
MoS; surface. b MD computational setup. The dashed line marks the graphite step and the direction
normal to the sliding direction (orange arrow). ¢ Average friction force experienced by the MoS; flake

as a function of the distance traveled. The II, and III tags mark the same stages as a.

Conclusions

In conclusion, we demonstrated that large lattice mismatch MoS»/graphite and
MoS>/h-BN heterojunction interfaces provide ultralow coefficients of friction, ~107,
without any twist angle dependence. Both experiments and molecular dynamics
calculations indicated that pinned edges and interface steps in MoS»/graphite and
MoS>/h-BN heterojunctions dominate the friction process, whereas small lattice
mismatch in graphene/h-BN results in a significant contribution to the interface friction.
Our results show that the large lattice mismatch of two contact surfaces and absence of

interface steps are key components to designing a near-frictionless sliding pair.

Methods

Sample preparation. MoS> domains were grown by three-temperature-zone chemical
vapor deposition. S (Alfa Aesar, 99.9%, 4 g) and MoOs (Alfa Aesar, 99.999%, 50 mg)
powders were used as sources, loaded separately in two inner tubes and placed at zone-
I and Zone-II, respectively. Substrates were loaded in zone-III. During the growth,
Ar/O2 (gas flow rate: 75/3 sccm) was flowed as carrying gases and temperatures for the
S-source, MoOs-source and wafer substrate are 115 °C, 530 °C, and 930 °C,
respectively. Graphite and h-BN substrates were mechanically exfoliated from HOPG,
Graphenium graphite (Manchester Nanomaterials), and bulk h-BN in this experiment.

Plasma enhanced chemical vapor deposition (PECVD) growth of the graphene/h-BN
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355  heterostructure. h-BN flakes were prepared by mechanical exfoliation of h-BN crystals
356 onto 300-nm SiO»/Si substrate by Scotch tape (3M). Before growth, the substrate was
357 annealed in hydrogen at 400 °C for 30 min to remove tape residues. Subsequently, the
358  epitaxial growth was carried out by PECVD at a substrate temperature of ~500 °C with
359  pure CHy as the carbon source, and the gas pressure and plasma power were 0.2 torr
360  and 100 W, respectively. The growth period was about 1.5h.

361  Sample characterizations. AFM measurements were performed on Asylum Research
362  Cypher S with AC240TS-R3 and AC200TS-R3 tips. PL and Raman characterizations
363  were performed in a Horiba Jobin Yvon LabRAM HR-Evolution Raman system. The
364 laser wavelength was 532 nm. SAED was performed in a TEM (Philips CM200)
365 operating at 200 kV. Please refer to the Supplementary Information for the
366  characterization results.

367  Environment control and cantilever calibration. We placed Cypher S in a specialized
368  glove box. Under dry N> conditions, O2 and H>O were below 0.5ppm; the pressure of
369 the glove box was set to 4 mbar. During the experiment, the temperature inside the
370  Cypher carbinet was 35+ 1 ‘C. We used standard Sader’s method to calibrate the
371  cantilever in the vertical direction and a non-contact method for the lateral direction®**>,
372 During our measurements, two types of silicon AFM tips (AC200TS-R3 and AC240TS-
373  R3) with different spring constants were used. The velocity of the tips was 0.6um/s.
374  For more details, please see the Supplementary Note 2.

375 MD simulations. Crystal structures for MoS>>® and graphite’” were retrieved from the
376  Crystallography Open Database®®. The unit cell of bulk MoS, was transformed into a
377  monolayer structure by removing half of the atoms in the cell and adding 20 A of
378 vacuum along the direction perpendicular to the basal plane in order to avoid
379  interactions between images. The structure was replicated in the a and b directions and
380 triangular flakes with zigzag edges (ending with sulfur atoms) and varying sides were
381 cut out. The flake structures were then optimized according to the Stillinger-Weber
382 potential for MoS,*. A bilayer graphene structure was obtained in a similar way and
383 then optimized using the AIREBO description®'. The flake structures were then placed
384  on top of the substrates within an orthogonal cell and finally optimized via an energy
385 minimization with the conjugate gradient method. The interlayer interactions were
386  modeled using solely a Lennard-Jones potential. Since the parameterization available

387 in literature®® proved to be unsuitable for describing the stacking interaction of MoS:
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and graphene correctly, we refined the actual parameters using DFT calculations as a
reference. More details about the procedure can be found elsewhere®?. All structures
were then thermalized at 300 K for 50 ps using a Nosé-Hoover thermostat>®*?. In order
to obtain results with statistical significance, ten independent runs were performed for
each setup by initializing the atomic velocities to the target temperature with different
seeds for the random number generator. After this, sliding simulations of 2 ns were
carried out by imposing a constant speed of 1 m/s to three atoms (whose relative
positions were not allowed to change) within the top S layer and equidistant from the
corners of the flake. In order to prevent the whole system from moving, the positions
of the C atoms belonging to the bottommost graphene layer were tethered to their initial
positions by applying harmonic potentials with a spring constant of 0.3 N/m. A
verification of the validity of the results in the low-speed limit by means of quasistatic
simulations is presented in the Supplementary Note 8. During sliding, a Nosé-Hoover
thermostat set to 300 K and with a damping constant of 100 time units was coupled to
all non-rigid atoms. For the flake atoms, the temperature is computed after removing
the velocity of the center of mass of the flake. Forces acting on the externally controlled
group of atoms and along the sliding direction were stored and then averaged over the
production trajectory. Final averages and standard deviations over the ten independent
trajectories were then calculated and reported in the main text. For the simulations
involving the graphitic step, in order to mimic the AFM setup, the motion of the MoS:
flake was obtained by imposing a constant speed to three atoms at the center of the
flake edge opposite to the graphitic step. For all MD simulations a time step of 0.2 fs
was employed. All calculations were carried out using the LAMMPS package*!. The
schematics of the computational setup in Figs. 4 and 5 were obtained using the VMD

software*.
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