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Abstract 

Tribology, the science of friction, wear, and lubrication, plays a crucial role in improving energy 
efficiency across industrial and everyday applications. Controlling friction can lead to 
significant energy savings, as friction and wear contribute to nearly 20% of global energy 
consumption. Advances in tribology, particularly through innovative materials, offer 
substantial economic and environmental benefits, making it essential for technological 
progress and sustainability. Lubrication technologies rely on both liquid and solid lubricants. 
While liquid lubricants, such as synthetic oils, form protective films to reduce friction, they 
may fail under extreme conditions like high temperatures or vacuum. In such cases, solid 
lubricants, including graphite, diamond-like carbon (DLC), and transition metal 
dichalcogenides (TMDs) like MoS2 and WSe2, provide a more effective solution. These layered 
materials facilitate low-shear interlayer sliding, making them ideal for aerospace and 
precision engineering. Emerging 2D materials, such as MXenes and Transition Metal Carbo-
Chalcogenides (TMCCs), combine mechanical strength with self-lubrication, representing a 
promising frontier in tribology. Computational simulations, particularly quantum mechanical 
approaches, play a pivotal role in understanding tribological phenomena at the atomic level. 
These methods allow for the study of interlayer sliding, adhesion, oxidation, and 
tribochemical reactions, guiding the design of new lubricant materials while reducing 
experimental costs. 

This thesis explores the tribological properties of advanced 2D materials through a 
combination of simulations and experiments. It investigates (i) the frictional behavior of 
titanium-based MXenes via density functional theory (DFT), (ii) the synergy between MXene-
MoS2 composite coatings, (iii) the in-operando formation of MoSe2 and WSe2 lubricious layers 
from selenium nanoparticles, and (iv) the promising tribological performance of TMCCs 
(Nb2S2C and Ta2S2C). These findings contribute to the development of next-generation solid 
lubricants for demanding applications. 
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Chapter 1 

1. Theoretical Background 
The first chapter aims to overview the most relevant aspects of tribology, introducing the 

reader to this fascinating topic that permeates our everyday experience. After a brief 
summary of fundamental concepts, including common strategies to control friction, the role 
of numerical simulations will be examined. By the end of the chapter, the motivation for this 
dissertation will be made clear. 

1.1 What is Tribology? 

Tribology is defined as “the science of friction, lubrication, and wear phenomena, which 
occur whenever interacting surfaces are in relative motion”.1 From this definition, the ubiquity 
of tribology in daily life becomes immediately evident: from the friction between our shoes 
and the ground as we walk, to the interaction of gears in machines, or the movement of engine 
components in a car. Without friction, fundamental activities like riding a bike, driving a car, 
or even writing with a pen would be impossible. Indeed, tribology permeates and enables our 
everyday lives, governing processes on Earth long before humans appeared. Natural 
phenomena such as water and wind erosion, which gradually wear down the Earth's surface, 
or earthquakes caused by the buildup of friction until tectonic plates shift, are prime 
examples of tribology in action. 

Tribology has been the subject of documented studies and measurements for over half a 
millennium, but the term 'tribology' has a surprisingly recent origin. The word comes from the 
Greek 'τριβός' (tribos), meaning “rubbing”. It was first introduced in a 1966 report by Peter 
Jost, who chaired a group of British lubrication engineers, highlighting the significant 
economic impact of friction, wear, and corrosion on the UK economy.2 Nearly 60 years later, 
the economic implications of tribology remain a topic of debate. On a global scale, K. 
Holmberg and A. Erdemir estimated that friction and wear account for about 20% of the total 
energy produced.3 Even more strikingly, they predict that implementing new tribological 
solutions in road transport alone could reduce energy consumption by up to 17.5%, saving 
11.6 exajoules of energy annually, 330 billion liters of fuel, and reducing CO2 emissions by 860 
million tonnes.4 

Despite its apparently simple definition, tribology remains one of the most challenging 
areas of science, requiring a highly interdisciplinary approach that encompasses physics, 
chemistry, materials science, mathematics, biology, and engineering. Although friction is a 
constant presence in everyday life, its mechanisms under varying conditions remain unclear, 
as does our ability to accurately predict and control them. The complexity of frictional 
systems, influenced by many interacting variables, makes it difficult to develop a universal 



4 
 

theory. Instead, tribology often requires a case-by-case approach. In the following sections, I 
will present the main concepts of tribology, quickly retracing the scientists and technologies 
that contributed to their development. 

1.1.1 Historical Background 

Smart solutions to friction problems have been employed since the dawn of human history. 
One of the most famous examples is a drawing found in a grotto at El Bersheh in Egypt, dating 
back to around 1880 BC. It depicts a large colossus being hauled by numerous rows of slaves. 
In the illustration, a small figure is shown pouring a liquid, likely animal fat, onto wooden 
rollers to aid in the movement of the massive sledge carrying the statue.1 The first systematic 
studies on dry friction, however, are attributed to Leonardo da Vinci (1452–1519). Da Vinci 
sketched various apparatuses designed to study sliding friction, although he never explicitly 
mentioned the term "friction force" in his notes. Since his studies were unpublished, they 
remained unknown for nearly two centuries until the rise of modern science. 

The first two classical “laws of friction”, typically credited to Guillaume Amontons in 1699, 
state that i)  the force of friction is directly proportional to the applied load, and ii) the force of 
friction is independent of the apparent contact area. While these laws are not universally 
applicable, especially in extreme conditions like high speeds or varying normal loads, they 
have been foundational in understanding the behavior of machines. In 1750, Leonhard Euler, 
in his article “Sur le frottement des corps solides”, clarified the distinction between static and 
kinetic friction, showing that the kinetic friction coefficient is much lower than the static one. 
The use of the Greek symbol mu (μ) for the friction coefficient is in fact credited to Euler. A few 
years later, in 1785, Charles Augustin de Coulomb experimentally validated Amontons' laws 
and investigated the dependence of friction on time, velocity, material properties, contact 
area, normal pressure and humidity in his timeless book titled “Théorie des machines simples 
en ayant égard au frottement de leurs parties et à la roideur des cordages”. He also proposed 
that friction originates from microscopic asperities and the cohesion between surfaces, 
laying the groundwork for the theory of dry friction, which is still referred to as “Coulombic 
friction” in modern literature.1 

With the industrial revolution of the 18th and 19th centuries came an increasing number of 
practical friction challenges (especially in transportation technologies), highlighting the need 
for more effective friction control. Significant advancements were made in the late 1800s in 
the theory and application of lubricants. In particular, Osborn Reynolds5 and Richard 
Stribeck6,7 contributed to the understanding of liquid lubrication, leading to the introduction 
of the Stribeck curve. By the 1900s, tribological studies were further advanced by new 
instruments capable of examining friction, and scientists began to consider the role of 
adhesion and surface chemistry. In the 1950s, Frank Philip Bowden and David Tabor 
introduced concepts such as the real area of contact, adhesive friction, and wear, linking 
macro- and microscopic friction phenomena.8,9 
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From the mid-20th century, with the development of commercial electron microscopes, 
tribology experienced rapid progress. New experimental techniques, such as atomic force 
microscopy (AFM),10 allowed for the study of surfaces and interfacial layers at the atomic 
scale. Additional methodologies, such as Auger Electron Spectroscopy (AES)11 and X-ray 
Photoelectron Spectroscopy (XPS),12 enabled the post-mortem analysis of tribological 
samples and thin films on surfaces (“tribofilm”). These advancements have given rise to new 
areas of tribology, such as nanotribology (the study of friction, wear, and lubrication at the 
nanoscale, with applications in micro- and nano-electromechanical systems and magnetic 
storage) and biotribology (focused on human joint prosthetics, dental materials, and skin). 
Additionally, the discovery of superlubricity,13 e.g. extremely low friction with a kinetic 
coefficient of friction μk < 0.01, has raised hopes for significant energy savings. The advent of 
computational technologies has provided powerful tools for predictive and explanatory 
modeling. Today, computational methods enable the study of tribological phenomena across 
different time and length scales, using techniques such as finite element methods, boundary 
element methods, atomistic methods, and multiscale approaches.14 Details on atomistic 
methods, particularly in the context of Density Functional Theory (DFT), are discussed in 
Section 1.3. 

1.1.2 Fundamental concepts 

In this chapter, I will introduce the fundamental concepts and physical quantities related to 
tribology, i.e. the study of friction, wear, and lubrication. These phenomena arise from 
surfaces in contact, moving relative to each other under an external load. Surfaces are 
particularly challenging to study for two main reasons: (i) they consist of multiple layers with 
physical and chemical properties different from the bulk material, and (ii) they evolve over 
time, often undergoing significant microstructural changes in subsurface regions. Figure 1.1 
illustrates the complexity of a generic surface. 

 
Figure 1.1:  Schematic illustration of the complexity of a generic surface, highlighting the 
various layers involved in tribological phenomena. The scales range significantly, from the 
macroscale of the undeformed base material to the nanoscale of the adsorbed layer.  
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Macroscopic properties, such as hardness or strength, describe only the undeformed bulk 
material, but there are several layers on top of the bulk that form/erode during tribological 
processes. For instance, metallic surfaces often develop a passivating oxide layer, which has 
mechanical, chemical, and physical properties distinct from the metal underneath. Contact 
and friction with another surface can wear away these oxides, releasing particles that may 
either be removed or reincorporated into the surface layers, forming what tribologists call a 
chemically reacted layer or tribofilm. Similarly, contaminants from the environment or 
lubricants (e.g., lubricant additives) can contribute to tribofilm formation. The chemical 
reactions between lubricants or environmental molecules and surfaces in motion under load 
are known as tribochemical reactions. The complexity of a surface is not limited to its 
composition, as shown in Figure 1.1, but also includes its topography. No surface is perfectly 
smooth: even highly polished surfaces retain a degree of roughness. Surface roughness is a 
fundamental parameter in tribology, influencing the shape and density of asperities, which 
determines the real contact area between surfaces and the real contact stresses. The real 
area of contact (Ar) at the asperity level is typically 10-2 to 10-6 times smaller than the apparent 
area (Aa) measured macroscopically, depending on surface topography. Consequently, even 
low apparent stress can generate localized stresses that exceed the elastic limit at the 
asperity tips, causing localized plastic deformation. 

The inevitable presence of asperities significantly affects tribological processes at the 
buried interface, often governing friction and wear. Friction arises from the resistance to 
relative motion between asperities in contact. This resistance stems from adhesion forces 
(electrostatic, van der Waals, or metallic bonds that may cause cold welding) and mechanical 
forces (elastic and plastic deformation). When studying friction, scientists measure the 
coefficient of friction (μ or COF), which is defined by Amontons' law as a constant of 
proportionality between the friction force and the applied load: 

Ffriction = 𝜇Fload 

Despite this straightforward definition, the COF is far from being a “constant”. Even in 
simple tribological systems, such as steel-on-steel contacts, it is impossible to assign a 
specific COF value. This is because the COF is not a material property but rather a 
characteristic of the entire tribological system. Factors such as surface roughness, contact 
stress, sliding mode, velocity, temperature, environmental conditions, and whether the 
contact is lubricated or dry, they all influence the COF. For steel-on-steel, for example, the 
COF can range from 0.1 to 0.8, depending on these variables. 

Like friction, wear is conceptually simple: it refers to the removal (or displacement) of 
material from one surface when in contact and relative motion with another. Tribologists aim 
to minimize wear by reducing wear volume and studying the wear mechanisms. Wear is 
typically quantified by weight loss and wear rate. While several equations describe wear 
volume, Archard’s wear equation is the most widely used: 
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Wvolume = 𝑘
Fload ∙ dsliding

H
 

where k is the wear coefficient, Fload is the normal load, dsliding is the sliding distance, and H 
is the hardness of the softer material. To facilitate comparison, wear volume is often 
normalized with respect to the normal load and sliding distance. The most common wear 
modes are abrasive wear, where a harder material removes material from a softer one, and 
adhesive wear, where two surfaces adhere through cold welding. Other wear modes include 
fatigue wear (from rolling or impact), erosive wear, and fretting corrosion. These mechanisms 
often occur simultaneously, making wear measurements subject to high uncertainty. 

So far, I have discussed friction and wear in dry contacts, mainly governed by asperity 
interactions. However, as we know from everyday experience, lubrication is key to reducing 
friction and preventing (or minimizing) wear. Since the late 1800s, extensive research has 
focused on lubricated friction, examining relationships between the coefficient of friction and 
variables such as speed, load, and lubricant viscosity. Tribologists use the Stribeck curve 
(shown in Figure 1.2) to classify lubrication regimes. 

 
Figure 1.2:  Example of Stribeck curve highlighting the three lubrication regimes: boundary 
lubrication, mixed lubrication and hydrodynamic. 

The x-axis of the Stribeck curve, also known as the Hersey number, combines multiple 
factors: η is the lubricant viscosity, v is the entrainment speed, and Fload is the applied normal 
load. Since load and viscosity are usually kept fixed during experiments, the curve may also 
be intended as a COF against velocity plot. Alternatively, it can be viewed as COF versus the 
lambda ratio, defined as the ratio between the lubricant film thickness (h) and the root mean 
square of the surface roughness (Rq). According to the Stribeck curve shown in Figure 1.2, 
three lubrication regimes can be distinguished. In the boundary lubrication regime, low 
speeds and high loads lead to high friction coefficients as the lubricant is squeezed out, 
allowing asperities to come into contact. As lubrication conditions improve (e.g., reduced 
normal load), the lubricant film thickens, transitioning into the mixed lubrication regime, 



8 
 

where some asperities still make contact while part of the load is supported by the lubricant. 
As the film thickness increases further, the COF reaches a minimum, marking the onset of the 
hydrodynamic regime, in which a full lubricant film carries the load, preventing direct asperity 
contact. In this regime, the increase in friction with velocity is due to viscous shear within the 
lubricant. Having introduced the fundamentals of friction, wear, and lubrication, the next 
chapter will explore common strategies based on materials for reducing friction. After an 
overview, I will focus on solid lubricants, with particular attention to two-dimensional 
materials, the main subject of this thesis. 

1.2 Materials to reduce friction 
The term lubricant refers to any substance that reduces friction and wear while ensuring a 

satisfactory operational lifetime for a tribosystem. Lubricants can exist in solid, semi-solid, or 
even gaseous states depending on the system and application, but the majority are liquids.15 
Besides reducing friction and wear, liquid lubricants also dissipate frictional heat, transport 
wear debris, and mitigate corrosion.16 Their efficiency in reducing friction is 1 to 3 orders of 
magnitude greater than that of solid lubricants.17 However, the use of conventional oils can 
be environmentally unfriendly, potentially toxic, or restricted due to physical limitations, 
particularly under extreme conditions (e.g., high temperatures, vacuum). In contrast, solid 
lubricants have gained considerable attention for their excellent friction and wear properties 
under such challenging conditions.18 This chapter provides a general overview of both liquid 
and solid lubricants, along with an introduction of the latest advancements in the design of 
two-dimensional (2D) layered materials for friction reduction. 

1.2.1 Liquid Lubrication 

Modern liquid lubricants typically consist of two primary components: a base fluid and a 
range of functional additives. The base fluid, which can be mineral oil, synthetic oil, or bio-
based oil, provides essential lubrication properties such as viscosity and heat dissipation. 
However, base fluids alone often fall short of meeting the demanding requirements of high-
performance systems, especially under extreme conditions like high or shock loads, elevated 
temperatures, slow rotation, or variable speeds. To enhance the performance of the base 
fluid, functional additives are incorporated into the formulation. These additives can either 
modify the lubricant's inherent properties or introduce new capabilities, as summarized 
below:15,19 

• Antioxidants: to delay the aging process caused by the oxidation of base fluid 
molecules (e.g., organosulfur and organophosphorus compounds).20 
• Viscosity modifiers: that influence the viscosity-temperature relationship of the 
lubricant, minimizing viscosity changes due to temperature fluctuations (e.g., 
functionalized polymers,21 olefin copolymers).  
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• Antiwear (AW) and extreme pressure (EP) additives: these form protective tribolayers 
on surfaces, preventing direct contact and wear (e.g., zinc dialkyl dithiophosphates - 
ZDDP22, molybdenum dialkyldithiocarbamate - MoDTC23,24). 
• Friction modifiers: which create lubricating tribofilms at the interface of sliding 
surfaces (e.g., organic friction modifiers derived from fats and vegetable oils,25 oil soluble 
organomolybdenum compounds,26 and dispersed nanoparticles27). 
• Detergents and dispersants: they prevent material deposition on metal surfaces and 
the formation of larger particles due to agglomeration.28 

In practical applications, lubricants are tailored according to the lubrication regime they are 
intended for (boundary, mixed, or hydrodynamic lubrication, see Figure 1.2). In the 
hydrodynamic regime, the primary concern is the lubricant's viscosity, as the lubricant film 
must be thick enough to fully separate the surfaces. High molecular weight polymers are 
commonly used as additives in this context, boosting the lubricant’s film-forming capacity. In 
contrast, in the boundary and mixed lubrication regimes, where direct surface contact 
increases the risk of wear and friction, friction modifiers and anti-wear agents are essential.26 
These additives function by adsorbing onto the surface or forming protective tribofilms to 
prevent metal-to-metal contact. 

1.2.2 Solid Lubrication 

Solid lubricants become essential when operating conditions exceed the limits of liquid 
lubricants, such as in high-temperature environments or vacuum, or when liquids cannot be 
used, for instance, in surfaces under reciprocating motion where liquid lubricants are 
squeezed out.29 With advancements in modern coating technologies, such as physical vapor 
deposition (PVD), chemical vapor deposition (CVD), and plasma-enhanced CVD, the 
efficiency and durability of solid lubricant coatings have significantly improved.30 There are 
three main classes of solid lubricant materials commonly employed in industrial 
applications: 

• Carbon-based materials, such as graphite and diamond-like carbon (DLCs). 
• Polymeric composite coatings, including PTFE and PEEK.  
• Transition Metal Dichalcogenides (TMDs), such as MoS2 and WS2. 

Each class is discussed in a dedicated subsection of this chapter, in which their 
applications and functionalities are presented. Typically, solid lubricant coatings in 
tribological contacts result in the formation of a tribofilm, which can transfer from the 
coating’s surface to the countersurface (transfer-film).31 The formation of such passivating 
tribofilm depends on stress-induced microstructural changes and tribochemical reactions 
with surrounding environmental molecules. Thus, factors such as environment, load, 
countersurface material, and sliding speed play a crucial role in determining the tribological 
performance of solid lubricants.31–34 For example, a coating with an exceptionally low 
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coefficient of friction (COF) and long wear life in one environment may fail to perform under 
different conditions. 

In this context, research into solid lubrication follows a dual approach: extending the 
operational range of existing materials while also designing and developing new materials for 
tribological applications. In recent decades, materials scientists have synthesized new 
families of two-dimensional (2D) materials, including MXenes35–39 and Transition Metal 
Carbo-Chalcogenides (TMCCs).40,41 These 2D materials are promising candidates for solid 
lubrication due to their layered crystal structures, where strong intra-plane bonds exist, but 
the layers are weakly connected by van der Waals forces. Investigating the tribological 
performance of these novel 2D materials is the central topic of this thesis, and therefore, 
MXenes and TMCCs are discussed in detail within this introduction. 

1.2.2.1 Carbon-based Materials 

Carbon-based materials are among the most efficient and versatile solid lubricants 
because carbon can show a huge variety of chemical structures, such as graphite/graphene 
and diamond-like carbon (DLC).  

Graphite exhibits a layered structure, with sp2-hybridized carbon atoms forming a hexagonal 
honeycomb structure. The carbon atoms within the basal planes are held together with strong 
covalent bonds, whereas the interaction between graphite layers, i.e. 2D graphene layers, is 
mainly driven by van der Waals forces, which allow easy shear capability. The presence of 
environmental species like water and oxygen are essential to facilitate the interlamellar 
shearing of graphite crystals.42–44 Indeed, graphite lamellae need moisture or adsorbed gases 
to passivate the dangling bonds of their high-energy edge sites.45 Under vacuum conditions, 
graphite/graphene lose their lubricant properties since the reactive edge sites of the basal 
planes strongly bond each other during the tribological process, leading to increased friction. 

DLC coatings are a large family of amorphous films characterized by low friction coefficients 
and low wear rates, relatively high hardness, and high elastic modulus.31 DLCs are defined 
according to the sp3- sp2-type bonding and degree of hydrogenation, as depicted in the ternary 
phase diagram shown in Figure 1.3. Depending on the hydrogen content, DLCs are classified 
into two main domains: 

• DLCs that are hydrogen-free or that contain a negligible amount of H include 
amorphous carbon (a-C), which mostly presents sp2-type trigonal bonding typical of 
graphitic hybridization, and tetrahedral amorphous carbon (ta-C), showing a higher sp3 
content, i.e., tetrahedral bonding (see left axis of Figure 1.3). The best performance for 
these coatings is observed under humid air. Similarly to graphene, in fact, H2O molecules 
can dissociate and passivate the dangling bonds of a-C and ta-C, thus reducing friction 
and wear during rubbing.43 
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• Hydrogenated DLC coatings have a variable amount of H (between 10% and 50%), 
including tetrahedral amorphous hydrogenated carbon (ta-C:H) as well as amorphous 
hydrogenated carbon (a-C:H). These hydrogenated coatings do not need bond-
passivation from humidity, thus showing better performance in dry (or inert gas) 
environment.31  

 

Figure 1.3:  Phase diagram of DLC materials, considering carbon hybridization and hydrogen 
content.  

Notice that if the hydrogen content is too high (bottom right of Figure 1.3), the material 
cannot form a fully connected network, and no film can be formed. In this short summary, 
only non-doped DLCs have been presented, although they may also be doped with metals 
(Cr, W, Ti) or lightweight elements (N, F, Si) to form nanoscale hard metal carbide phases, 
which improve the mechanical strength, hardness, and wear resistance.31 DLC coatings are 
commonly used in several industrial applications, including automotive, aerospace, 
electronics, optics, as well as for medical equipment.46 

1.2.2.2  Polymeric Materials 

Polymer-based coatings, such as polytetrafluoroethylene (PTFE), polydimethylsiloxane 
(PDMS), polyetheretherketone (PEEK), polyimide (PI), and polyphenylene sulfide (PS), have 
gained significant attention as solid lubricants across various industrial applications. Due to 
their inherently low coefficients of friction, low shear strength, and low elastic modulus, 
polymeric materials are particularly favored in applications where low cost, light weight, 
corrosion resistance, and biocompatibility are crucial factors.47 However, compared to hard 
coatings like ceramic and carbon-based coatings, polymers generally exhibit weaker wear 
resistance and shorter lifespans. To address these limitations, polymers are often used in 
multi-component materials to enhance their mechanical and physical properties. The 
addition of fillers to a polymeric matrix can greatly improve its tribological and mechanical 
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performance.48 For example, PTFE exhibits an exceptionally low coefficient of friction in both 
vacuum and atmospheric conditions, thanks to its chemical inertness and self-lubricating 
properties. However, using PTFE alone results in unacceptably high wear.49 By incorporating 
other fillers into the PTFE matrix, its wear resistance can be significantly enhanced.50–52 

An emerging issue concerning PTFE and fluorinated materials in general must be 
considered for the near future: the European Chemicals Agency (ECHA) is planning to ban 
perfluorinated and polyfluorinated alkyl substances (PFAS). This ban is driven by studies 
showing that PFAS contribute to soil and drinking water contamination, with certain PFAS 
compounds classified as persistent, bioaccumulative, and/or toxic.53 Even during waste 
incineration, some of these substances cannot be fully degraded, as they are destroyed only 
at temperatures above 1000 °C. With the impending ban on PFAS-based products like PTFE, 
there is a need to explore alternative solid lubricant candidates with promising properties. 

1.2.2.3 Transition Metal Dichalcogenides (TMDs) 

Transition Metal Dichalcogenides (TMDs) are a class of layered materials with the chemical 
formula MX2, where M represents a transition metal (e.g., Mo, W, Re, Nb) and X is a chalcogen 
(e.g., S, Se, Te). The lubrication mechanism of two-dimensional (2D) TMDs is closely tied to 
their crystal structure, which consists of X-M-X layers that weakly interact with each other via 
van der Waals forces. This characteristic 2D structure, depicted in Figure 1.4, is responsible 
for the low shear strength and intracrystalline slip between layers. 

Among the various TMDs, molybdenum disulfide (MoS2) and tungsten disulfide (WS2) are the 
most widely used for industrial solid lubricant applications.54 Both materials exhibit excellent 
self-lubricating properties in high vacuum and dry environments, making them ideal for many 
space applications.55 It is generally accepted that the primary lubrication mechanism of 
TMDs involves the creation of (0002) basal planes, which eventually re-orient parallel to the 
sliding direction, followed by the formation of a transfer film on the counterbody to facilitate 
interfacial sliding.31 
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Figure 1.4:  2D TMD layers in an X-M-X sandwich-like structure, interacting via weak van der 
Waals forces.  

Both MoS2 and WS2 coatings demonstrate extremely low friction coefficients (μ < 0.05, with 
the potential for achieving superlubricity) and long wear life (lasting for several million sliding 
cycles), but only in high vacuum and dry environments.56 However, in humid atmospheres, 
the dangling bonds at the edges of TMD flakes rapidly react with oxygen and water vapor, 
resulting in the formation of MoO3 and WO3.57 These tribo-oxidation processes accelerate with 
increasing temperature, leading to higher friction coefficients and significantly shorter wear 
life for MoS2 above 300 °C and for WS2 above 400 °C.58–60 Recent advances in coating 
technology, however, have produced lubricating coatings with notable improvements in 
mechanical properties and resistance to humidity, allowing TMD coatings to be used in 
terrestrial applications as well.54 Additionally, TMDs have been tested in composite coatings 
with other phases, unlocking synergistic effects that provide very low friction and wear rates, 
or enhance resistance to higher temperatures and harsh environments.61–63 In Chapter 3 of 
this manuscript, I will present recently-published experimental and computational results on 
the synergistic effects of MoS2/MXene hybrid composite coatings.64 

In most practical applications, TMDs are either burnished onto the surface or applied as thin 
solid films using techniques like sputtering.54 However, in Chapter 4, I will describe an 
innovative in-operando conversion of Se nano-powders into lubricious 2D selenides by 
sprinkling them onto sliding metallic surfaces coated with Mo and W.65 This novel approach 
offers several advantages. First, using chalcogen powder instead of sputtered coatings 
prevents the degradation of lubricant properties caused by interaction with air humidity. 
Second, the tribological contact can be easily replenished by feeding nano-powders into the 
contact. Third, this approach is applicable in high-temperature conditions or at the 
nanoscale, where liquid media or sputtered coatings are not suitable. 

1.2.2.4 MXenes 
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MXenes represent an almost infinitely large family of two-dimensional layered materials, 
with the first member, Ti₃C₂Tx, synthesized in 2011.35 Despite having a small but finite 
thickness, MXenes are defined as 2D layered carbides, nitrides, or carbonitrides of transition 
metals. They are typically represented by the general formula Mn+1XnTx, where n+1 layers (n = 
1, 2, 3, or 4) of early transition metals (“M” = Ti, Nb, Mo, V, etc.) are interleaved with n layers of 
carbon or nitrogen (“X” = C and/or N) and are passivated by a variety of surface terminations 
(T = F, O, OH, Cl, etc., with x usually equal to 2).36,39 Since the value of n determines the number 
of M and X layers within a 2D flake, both the composition and the thickness of MXenes can be 
widely tuned, leading to a vast array of possible 2D structures.66 MXenes are derived from 3D 
crystalline precursors, usually MAX phases, with the chemical formula Mn+1AXn (n = 1 to 4), 
where the M-X layers found in MXenes are sandwiched between layers of A elements (e.g., Al, 
Ga).67 In MAX phases, the M-A bonds are purely metallic, while the M-X bonds are much 
stronger, exhibiting ionic/covalent character. Consequently, it is possible to selectively 
remove the A layers through chemical etching (e.g., using aqueous HF solutions) to break the 
M-A bonds. The bonding sites on the M layers left vacant after A-layer removal are passivated 
by surface terminations (Tx),68 whose composition and distribution depend on synthesis 
conditions, such as the type and concentration of the etchant, as well as etching temperature 
and duration.69 Figure 1.5 illustrates the wide compositional space of MXenes. It should be 
noted that this overview only covers one branch of the vast MXene family (referred to as 
“ordered mono-M MXenes”). Other combinations have also been explored, such as in-plane 
and out-of-plane ordered double-M MXenes, solid solutions of M and/or X sites, and high-
entropy MXenes.70 However, for the purposes of this thesis, the discussion will be limited to 
mono-M MXenes, focusing specifically on Ti₃C₂Tx, the most widely studied MXene for 
tribological applications. 
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Figure 1.5: Schematic of selective etching of A-group elements in a MAX crystalline precursor, 
leading to MXene, with the elements that can form M, A, X, and T highlighted in the periodic 
table, and n being an integer number ranging between 1 and 4.  

Thanks to their unique combination of 2D structure, electrical conductivity, tunable surface 
chemistry, and mechanical properties, MXenes have found applications in a wide range of 
fields, including energy storage devices (batteries and supercapacitors),71,72 electromagnetic 
interference (EMI) shielding,73 water purification,74 catalysis,75,76 biomaterials,77 and, of 
course, tribology.78,79 The remarkable tunability of MXenes is a unique trait within the realm of 
2D nanomaterials, especially given the simplicity and scalability of their fabrication process, 
which enables further scale-up and commercialization.80 Furthermore, novel, milder, and 
more environmentally friendly synthesis routes beyond traditional carbide and nitride 
exfoliation processes have allowed for new compositions, chemistries, and property tuning.70 
Although an infinite number of MXenes may exist in principle, approximately 50 have been 
reported so far, with Ti₃C₂Tx being the most prominent.81 

In this context, while material scientists continue to explore new MXene compositions, 
tribologists have been investigating MXenes' tribological properties for the past decade, 
focusing on their use as lubricant additives, reinforcement phases in composites, and solid 
lubricants.82 To date, MXenes have demonstrated low shear strength, self-lubricating ability, 
rapid tribofilm formation during sliding, good mechanical strength, and higher Young’s 
modulus and stiffness compared to other 2D materials, confirming their potential for 
tribological applications, particularly in solid lubrication.78,79 Numerous studies have 
confirmed the lubricating performance of MXenes, conducted both in laboratory test rigs83–88 
and on real machine components.89,90 However, the mechanisms behind friction reduction 
and how these materials can be optimized in terms of frictional and wear behavior are still not 
fully understood. Moreover, material-related challenges such as adhesion to substrates, 
degradation due to tribo-oxidation, hydrophilicity, and performance under high loads, 
humidity, and temperature are still being investigated.78,79 

In Chapter 2 of this thesis, I will present numerical simulations of titanium-based 
MXenes,91,92 highlighting the role of layer thickness, carbon/nitrogen substitution, and surface 
terminations in influencing interlayer adhesion, shear ability, substrate adhesion, and 
hydrophilicity from a nanoscale perspective. 

1.2.2.5 Transition Metal Carbo-Chalcogenides (TMCCs) 

Transition Metal Carbo-Chalcogenides (TMCCs) can be regarded as a branch of MXenes 
that exhibit homogeneous sulfur termination.41 The family name was proposed by Majed et al. 
in 2022,40 to highlight their similarity to Transition Metal Dichalcogenides (TMDs), as TMCCs 
represent an inherent and intriguing combination of a MXene core and a TMD surface. Their 
structural characteristics are illustrated in Figure 1.6, which also outlines their synthesis 
process. Multilayer niobium carbo-sulfide (Nb₂S₂C) and tantalum carbo-sulfide (Ta₂S₂C) can 
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be obtained from 3D bulk precursors (TMxNb₂S₂C and TMxTa₂S₂C, respectively) through 
selective etching of the intercalated metals (TM = Fe, Cu, Ti, Co, etc.) using highly 
concentrated acid, such as HCl.40 

 
Figure 1.6: Schematic of the synthesis of multilayer Nb2S2C by selective etching of Fe in 
FexNb2S2C crystalline precursor, originally obtained from solid-state reaction of commercially 
available precursors in the ratio Nb:NbC:FeS = 1.0:1.0:1.5.  

This family of 2D materials has been completely overlooked by the tribological community. 
Although the synthesis of several TMCCs in bulk 3D form, such as Ta₂S₂C and Nb₂S₂C, was 
achieved in the last century,93,94 it wasn’t until the successful exfoliation of TMCCs into single 
layers in 2022 that this family of materials began to attract attention, particularly in fields such 
as electrochemical energy conversion and storage.41 However, no comprehensive study on 
their application as solid lubricants has yet been reported in the literature. To date, only one 
study has investigated the tribological properties of Ta₂S₂C and (Ta, Nb)₂S₂C transition metal 
carbo-chalcogenides.95 In their 1998 work,95 Wally and Ueki documented promising 
tribological properties for bulk carbo-sulfides, but further research was not pursued, leaving 
this class of 2D materials largely unexplored. An impactful experimental-computational 
study on the solid lubricant performance of multilayer Ta₂S₂C and Nb₂S₂C TMCCs will be 
presented in detail in Chapter 5 of this manuscript.96 

1.3 Density Functional Theory (DFT) applied to Tribology 

Tribological events involve mechanical, physical, and chemical processes across different 
scales. While mechanical deformations, fractures, and wear are best described at the macro- 
and micro-scales, chemical bond transformations require a detailed analysis at the 
nanoscale. To fully understand how tribological surfaces interact with each other, as well as 
with lubricants, the environment, and substrates, a deep dive into the atomistic scale is 
necessary. Computational simulations provide the opportunity to study these phenomena in 
controlled conditions, free from the technical limitations often encountered in experimental 
setups. Moreover, in silico techniques allow us to monitor the evolution of tribochemical 
reactions occurring at buried interfaces, which are challenging to observe experimentally. 
First-principles or ab initio simulations are powerful tools for studying the quantum 
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mechanical behavior of tribological interfaces without relying on empirical parameters. In 
particular, Density Functional Theory (DFT) offers an efficient compromise between accuracy 
and computational cost, especially given the vast computational resources available today.97 
A detailed explanation of DFT's complex theoretical framework is beyond the scope of this 
introduction, as these theoretical foundations are well-documented in academic textbooks98 
and reviews.99 However, I will provide a brief overview for non-experts, followed by an overview 
on key material properties related to friction that are reliably calculated using DFT methods. 

In quantum mechanics, any three-dimensional system containing N electrons is described 
by a wave function depending on 3N variables. Simulating extended systems is, therefore, an 
extremely demanding task. The key quantity in DFT is the electronic density, which depends 
only on three spatial variables (x, y, z), independent of the number of electrons, providing a 
significant simplification to the many-body problem. DFT was formulated as an exact theory 
in 1964,100 when Pierre Hohenberg and Walter Kohn proposed two fundamental theorems: 

1. The total energy of a system is a unique functional of the electronic density of its 
ground state. 
2. This functional reaches its minimum if and only if the input density is the true ground-
state density (variational principle). 

A year later,101 Walter Kohn and Lu Jeu Sham proposed that any interacting system could be 
described by a single-particle effective potential of a non-interacting system with the same 
ground-state density. Thus, the exact ground-state density is constructed from a set of 
orbitals, which are the eigenfunctions of a one-particle operator, known as the Kohn–Sham 
Hamiltonian. In this formalism, the challenge of finding an analytical expression for the 
energy functional is reduced to one specific contribution: the "exchange-correlation 
functional." While the theory remains exact at this stage, the analytic form of the exchange-
correlation potential (VXC) is unknown. Over the years, numerous approximations for VXC have 
been developed, leading to a proliferation of functionals.102 Among these, the PBE functional 
(named after its authors, Perdew, Burke, and Ernzerhof)103 is the most widely used in materials 
science.99 

DFT can be applied to both static and dynamic calculations, with the latter referred to as ab 
initio molecular dynamics (AIMD) simulations. In both approaches, external mechanical 
stresses are simulated by applying forces and velocities to specific atoms within the 
simulation cell. Static simulations are typically used to investigate electronic,104–106 
vibrational,107–109 and mechanical properties,110–112 as well as to provide insights into reaction 
pathways and energy barriers.113–115 In tribology, static calculations are commonly employed 
to examine: i) interactions between surfaces, such as adhesion energy, Potential Energy 
Surface (PES), PES corrugation, minimum-energy paths (MEP) along the PES, shear strength, 
and charge transfer; or ii) interactions between molecules and substrates, such as 
physisorption or chemisorption energies, vibrational spectra, kinetic barriers, and charge 
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transfer.99 In my PhD research, static DFT simulations have been used to explore the 
aforementioned tribological properties of MXenes, TMDs, and TMCCs, as detailed in 
Chapters 2, 3, and 4. 

On the other hand, dynamic simulations allow for the observation of the time evolution of 
tribological systems, tracking atomic trajectories and temperature effects.116–121 While static 
DFT is effective in elucidating the adsorption and structural properties of individual 
molecules at zero temperature, AIMD provides insights into the structural properties of the 
full lubricating film, revealing mechanistic details of tribofilm formation under the influence 
of both temperature and external stresses. Chapter 4 of this dissertation presents AIMD 
simulations of selenium nanoparticles confined between molybdenum surfaces, 
investigating the in operando formation of MoSe2, as observed in real experiments.65 AIMD is 
also valuable for evaluating resistive forces to sliding, offering predictions of realistic 
coefficients of friction in agreement with experimental results,117 particularly at the 
nanoscale.122 

However, AIMD is often limited to short timescales (hundreds of picoseconds), whereas 
some tribological events require simulations over longer timescales (several nanoseconds). 
An example is the polymerization of lubricant additive molecules confined at a metallic 
interface.123,124 A recent approach adopted by the tribological community to overcome this 
limitation is the development of machine learning interatomic potentials (MLIP) for atomistic 
simulations, constructed from accurate DFT-based datasets.122,125 MLIP models offer 
remarkable performance, enabling simulations to scale up in both time and length, although 
their physical interpretation is often obscured by their "black-box" nature. With the Nobel 
Prize awarded to John J. Hopfield and Geoffrey E. Hinton in October 2024 for their 
foundational discoveries and inventions that enable machine learning with artificial neural 
networks, we can expect these methods to become a standard tool in computational science. 
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Chapter 2 

2. Tribological properties of Ti-based MXenes by DFT simulations 
The tribological performances of MXenes, have been increasingly investigated in last 10 

years.78 From the discovery of the progenitor in 2011 (Ti3C2Tx),35 the first publication related to 
tribology only appeared in 2014, with Ti3C2Tx used as lubricant additive in base oil.126 The first 
application for solid lubrication is dated back to 2016,127 with Ti3C2Tx used as a reinforcement 
phase in MXene/polymer composites. However, the first pure MXene coating was reported in 
literature only in 2018,83 when Lian et al. deposited Ti3C2Tx onto a copper disk and observed 
the formation of a carbon-rich tribofilm able to prevent direct contact between sliding 
surfaces. Later on, the research on MXenes for tribology has rapidly developed, giving rise to 
a huge number of potential lubricating applications, especially for solid lubrication 
purposes.83–87 Despite the inherent tunability of MXenes in terms of chemical composition 
and structure, Ti-based ones remained the most studied, both experimentally and 
theoretically. While a general overview about MXenes has already been presented in Chapter 
1.2.2.4, this chapter provides a wide exploration of the nano-tribological properties of Ti-
based MXenes, carried out through numerical DFT simulations. All the results presented in 
this chapter are also part of two recently published articles.91,92 

2.1 Introduction 

MXenes can be described by the general formula Mn+1XnTx, where M is an early transition 
metal (Ti, V, Mo, Nb, etc.), X represents carbon and/or nitrogen, n can generally vary from 1 to 
3, while Tx identifies the terminating groups covering the surface (mainly –F, –O,  –OH).36,39 
MXenes are synthesized via a top-down synthesis approach from 3D crystalline MAX 
precursors with chemical formula Mn+1AXn, by selectively removing the layers of the A-group 
elements (mainly group IIIA and IVA of the periodic table) using acidic aqueous 
solutions.37,66,67 The composition of the surface terminations depends on the etching 
conditions, in particular, the etchant type and concentration, as well as etching temperature 
and duration.69 Experimental studies using nuclear magnetic resonance (NMR),128,129 X-ray 
photoelectron spectroscopy (XPS)130 and thermal gravimetric analysis coupled with mass 
spectrometry (TGA-MS)131 have shown that the MXene surfaces are commonly terminated 
with a random distribution of –F, –O and  –OH groups, at least when using aqueous HF as 
etchant. 

Although experimental characterization verified a mixture of different surface terminations 
on MXenes, most of the computational studies related to tribology have considered only 
homogeneous terminations.132–136 Hu et al. investigated the interlayer coupling of Tin+1CnT2 (T: 
OH, O and F),132 by calculating the binding energies (Be) of stacked Ti3C2T2 considering both 
homogeneous and heterogeneous interfaces (e.g., Ti3C2T2@Ti3C2T’2 with T≠T’). They found 
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that the Be of different terminations followed the order: Tin+1Cn(OH)2 > Tin+1CnO2 > Tin+1CnF2. In 
subsequent works,133,134 the static friction coefficients for the interlayer sliding of Tin+1CnO2 
bilayers (n: 1, 2 and 3) have been evaluated by deriving minimum energy pathways on the 
potential energy surface (PES). Serles et al. exploited friction force microscopy (FFM) 
combined with DFT studies to evaluate the lubricating properties of Ti3C2Tx flakes against a 
diamond-tipped cantilever.135 They demonstrated that a reduction of –OH surface 
terminations in favor of –F and –O can be achieved by annealing Ti3C2Tx flakes, leading to 
reduced frictional forces.  However, a systematic study on nano-tribological properties of 
Tin+1CnTx MXenes that considers the presence of mixed terminations has never been 
published.  

In this context, in Chapter 2.3.1 we present DFT calculations to investigate the behavior of 
Ti-based MXenes with different types of surface terminations (combining –F, –O and –OH). 
The influence of the carbon/nitrogen content and the layer thickness is also considered. We 
present several nano-tribological properties including interlayer adhesion for homo-, hetero-
, and mixed-interfaces, its variation as a function of the relative lateral position of the layers 
(PES), as well as the PES corrugation in the presence of an external normal load applied.  

Since the efficiency of a solid lubricant depends not only on the interlayer interactions, but 
also on the layer-substrate interaction, in Chapter 2.3.2 we describe the role of the MXene 
terminations (T) in affecting the adhesion on ferrous substrates, i.e., pristine iron (Fe) and 
hematite (Fe2O3), to get insights into their ability to lubricate steel.  

The functionality of MXenes in technological applications hugely depends on their 
wettability. Indeed, their stability against degradative oxidation is notably reduced when 
stored in aqueous solutions, leading to the transformation into oxides.137,138 Therefore, within 
the last section (Chapter 2.3.3) we discuss the fundamental aspects concerning the 
interaction of MXenes with water. We unravel the hydrophilicity of MXenes as a function of the 
termination type (T), the carbon/nitrogen ratio (X) and the layer thickness (n), considering both 
defect-free and defective surfaces/edges. 

2.2 Methods 

General. We performed spin-polarized DFT calculations employing version 6.7 of the 
Quantum ESPRESSO package.139–141 The generalized gradient approximation (GGA) within the 
Perdew-Burke-Ernzerhof (PBE) parametrization under the consideration of dispersion 
interactions was adopted to describe the electronic exchange and correlation.103 To properly 
consider the van der Waals (vdW) interactions, we used an ad hoc modification of the Grimme 
D2 dispersion correction scheme,142 which differs from the standard D2 only for the C6 
coefficient and the van der Waals radius R0 of the metal atoms (Ti, Mo and Fe), which are 
replaced with those of the preceding noble gas in the periodic table (Ar). Hence, we named 
this variation D2NG, which has been validated against other vdW corrections through deep 
benchmarking, as presented in chapter 2.2.1. The electronic wave-functions were expanded 
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on a plane-waves basis that was truncated with a cutoff of 50 Ry. A cutoff of 400 Ry was 
employed for the charge density. The ionic species were described by ultrasoft 
pseudopotentials, those of d-metal ions, i.e., Ti, Mo, and Fe, have 12, 14, and 16 explicit 
electrons for an accurate description of interfacial interactions. For the structural 
optimization, we adopted default criteria for energy and forces convergence, i.e.,10-4 Ry and 
10-3 Ry/Bohr for the total energy and the atomic force components, respectively. We used a 
Gaussian smearing of 0.02 Ry to better describe the electronic states occupation around the 
Fermi level.  

Models. MXene’ hexagonal single cells have been sampled with a 12 x 12 x 1 Monkhorst-
Pack grid,143 ensuring at least 15 Å of vacuum between periodic replicas along the z direction, 
so to avoid spurious interactions. However, single cells could only be employed for 
homogeneously terminated MXenes (e.g. Ti2CO2, Ti2C(OH)2, Ti2CF2, Ti4C3F2), while larger cells 
were needed when considering mixed terminations (Ti2C(F⅓,O⅓,OH⅓)2, Ti2C(F¼OH¾)2, 
Ti2C(F½OH½)2, Ti2C(F¾OH¼)2, etc.) or when studying low-coverage water physisorption over 
defected and not MXene surfaces. For the latter case, we employed 4 x 4 x 1 orthorombic 
supercells, adapting the Monkhorst-Pack grid density used for sampling the Brillouin zone. 
Indeed, single-atom defects have been introduced by removing a termination (VT), a titanium 
atom (VTi), or a carbon/nitrogen atom (VX). The resulting vacancies concentration corresponds 
to 6.25%, obtained by the removal of one atom from the employed 4 x 4 supercell, as modeled 
by other authors.144 This value is compatible with data on Ti3C2Tx monolayers obtained by 
scanning transmission electron microscopy (STEM) measurements that suggest a large range 
of defect densities depending on the synthesis conditions as well as the quality of the initial 
bulk precursor.145,146 MXene flakes with clusters of vacancies were modelled by removing at 
least two adjacent atoms from the surface. For instance, a “pVTi + qVT” cluster is obtained by 
removing p atoms of Ti and q termination groups (p= 1,2 and q= 1,2,3). MXene nanoribbons 
were built according to the work of Zhao et al.147, focusing on zigzag nanoribbons having the 
empirical formula Ti8C3T8 that showed the lowest edge energy. To model the analogous 
nitrogen-based ribbons, i.e., Ti8N3T8, we kept the same geometrical structure, allowing the 
relaxation of the atomic positions. A summary of the models employed in this work is 
presented in Figure 2.1. 
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Figure 2.1: (a) Top-view of the hexagonal cell employed for MXenes with single-type 
terminations. The lateral displacements considered for the construction of the potential 
energy surfaces are also reported. The grid of points is then replicated using symmetry 
operators to fill the cell homogeneously. (b) Top-view of the unit cells employed for MXenes 
with two different types of termination on the surface. Ti2C(F¼OH¾)2, Ti2C(F½OH½)2 and 
Ti2C(F¾OH¼)2 are exemplarily shown with a compact representation, but they have been 
considered individually for the calculations. (c) Top-views of the unit cells employed to model 
MXene surfaces simultaneously covered by –F, –O and –OH, i.e., Ti2C(F⅓,O⅓,OH⅓)2. The 
models differ in the relative atomic position of the terminations with respect to M and C 
atomic sites. (d) Lateral view of the relative lateral positions with high symmetry, where the 
terminations (T) point towards Ti (left), C/N (middle), or towards each other (right). (e) 
Schematic of the single atomic defects considered: termination (VT), titanium (VTi) and 
carbon/nitrogen (VC/N) vacancies. (f) Perspective view and cross-section of the Ti8C3O8 
nanoribbon. In the lower right corner, the octahedral coordination usually found for Ti atoms 
in MXenes is shown, which instead is distorted in nanoribbons. 
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Interlayer adhesion. To evaluate interlayer adhesion, interfaces were obtained by stacking 
two MXenes layers. Each interface will be referred according to the mating surfaces: a “homo-
interface” (“hetero-interface”) is formed by two identical (different) MXenes with single-
specie terminations, e.g., Ti2CF2@Ti2CF2 (Ti2CF2@Ti2CO2). In contrast, a “mixed-interface” is 
built by mating two MXene layers that are covered by two or three different types of 
terminations (e.g., Ti2C(O¼OH¾)2@Ti2C(O¼OH¾)2 or Ti2C(F⅓,O⅓,OH⅓)2@Ti2C(F⅓,O⅓,OH⅓)2). To 
identify the most favorable stacking of parallel layers, we considered the high-symmetry 
lateral positions represented in Figure 2.1d. In these three configurations, the atom or group, 
belonging to the termination (T) of the upper layer is placed on-top the metal atom (T versus 
Ti), the carbon/nitrogen (T versus C/N) or another surface termination (T versus T) of the 
bottom layer. In the case of mixed-interfaces, the number of high-symmetry lateral positions 
considered for identifying the most stable stacking was increased, since several 
combinations were possible. The interlayer adhesion has been calculated as “work of 
separation (WSEP)”, i.e. the energy required to separate bilayers. WSEP, which is the opposite of 
the adhesion energy (EADH), is obtained as: 

WSEP = −EADH = −
2Emonolayer−Ebilayer

A
                  (2.1) 

where Emonolayer (Ebilayer) is the total energy of a single layer (bilayer) and A is the contact area. 

Potential Energy Surface. For both homogeneous and heterogeneous interfaces, we 
constructed the PES experienced by the upper monolayer upon translation above the lower 
one. Due to the presence of several species with different chemical natures, we increased the 
number of relative lateral positions (x, y) to capture all features of the PES. For each lateral 
displacement, the x and y atomic coordinates were kept fixed, while the z coordinate was 
relaxed so that the equilibrium interfacial distance was reached for every lateral position. 
Figure 2.1a reveals the grid of points used to calculate the PES, which belongs to the 
irreducible zone of the hexagonal cell. To investigate the effect of increasing normal loads, we 
repeated the calculation of adhesion in the presence of a force perpendicular to the basal 
plane and applied to the highest Ti atom of the top layer. In this case, the lower Ti atom of the 
bottom layer was fixed during relaxation. The potential corrugation (ΔWSEP), which represents 
the maximum energy barrier that needs to be overcome during sliding of two adjacent MXene 
layers, is evaluated as the difference between the maximum and minimum WSEP experienced 
during the relative lateral displacement: 

∆WSEP = WSEP
max −WSEP

min                       (2.2) 

Adhesion to substrate. To explore the adhesion of MXenes layers to a hematite substrate 
(Fe2O3), we employed the PBE functional with the Hubbard correction (PBE+U).148 The U value 
was set to 4.2 eV as suggested by previous adsorption studies on hematite.149,150 The spin of d 
electrons localized on Fe atoms was assigned to have wave functions with anti-ferromagnetic 
character.151 We forced Fe d-orbital occupation to ensure that the wave function converges 
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on non-metallic electronic states. We considered the (001) surface, which is a stable low-
index hematite crystal facet, exposing a single Fe atom as termination.152 We ensured full 
convergence of the Brillouin zone sampling by using a 6x6x1 grid of k points. For pure iron 
substrate (Fe), we considered the most stable low-index Fe surface, i.e. (110).153 In matching 
the 2D materials with the substrate, we allowed for a maximum deformation of 5% of the unit 
cell of the 2D materials. The partial atomic charges were evaluated by means of the Bader 
Charge analysis.154–157 

Interaction with water. To model the isolated water, we employed a cubic cell with about 
25 Å side length, which was large enough to consider the molecule as isolated. The 
adsorption energy (Eads) for water was calculated as the difference between the total energy 
of the interacting system and the sum of the energies of the substrate and the isolated water 
molecule. To study the dependence of Eads on the water coverage, we normalized the energy 
value by the number n of adsorbed water molecules: 

Eads(𝑛) =
Etotal−(𝑛∙EH2O+Esubstrate)

𝑛
                                                                                                                         (2.3) 

We will refer to the “energy gain” (Egain) as the absolute value of the adsorption energy (i.e., 
Egain = |Eads|). To increase the probability of finding the lowest energy configuration for the 
adsorbed water, we explored different starting molecular configurations, differing regarding 
the H2O orientation relative to the surface (in-plane water, oxygen-up and oxygen-down), the 
H2O rotation angle with respect to the perpendicular axis and the lateral position. Despite a 
large number of initial configurations, the final geometries were often equivalent, coinciding 
with a local minimum or global minimum. 

2.2.1 The zoo of dispersion correction methods 

To order to account for dispersion interactions, which are known to rule the interlayer 
adhesion of many 2D materials, we initially considered several correction schemes, such as 
the Grimme’s D2,142 and D3-BJ parametrizations,158 the Tkatchenko-Scheffler with iterative 
Hirshfeld partitioning (TS-H),159 Many Body Dispersion (MBD),160 dDsC,161 as well as vdW-
DF2162 SCAN functionals,163 in which dispersion forces are included directly into the density 
functional. We compared the results with high-level theory methods, such as the Random 
Phase Approximation (RPA),164 and the second order Møller–Plesset perturbation theory 
(MP2)165 from a previous work.166 The scheme adopted in this work consisted of an ad hoc 
version of the D2 parametrization, referred to as D2NG, in which the C6 coefficient and the van 
der Waals radius R0 of the metal atoms (Ti, Mo and Fe) are replaced with those of the 
preceding noble gas, i.e. argon. This approach demonstrated to give good results for similar 
2D materials.166 In particular, for the C6 coefficient (in units of J nm6 mol-1), we used a value of 
4.61 instead of 10.80, while for the vdW radius R0 we used 1.595 Å instead of 1.562 Å. All 
simulations related to the influence of the dispersion forces were carried out using the Vienna 
Ab initio Simulation Package (VASP) code.167 
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In 2D inorganic materials like MXenes, the interlayer interactions comprise H-bonding, 
dipole-dipole, and dispersion London interactions (i.e. vdW interactions).166 Dispersion forces 
are neglected by most of plain DFT functionals, although in the last two decades, several 
approaches have emerged to overcome this limitation.168 However, most of the available 
dispersion correction methods for DFT have been developed for organic molecules, so they 
should be carefully applied to inorganic solid-state materials.166 More advanced, parameter-
free methodologies such as the Møller–Plesset perturbation theory (MP2) and the Random 
Phase Approximation (RPA) can capture the elusive dispersion forces in an accurate way in 
solid inorganic systems. These methods are computationally too demanding to be employed 
for systematic studiesy as presented in this chapter. However, they can be used as a 
benchmark for the proper choice of the parameters in DFT schemes, which include the 
dispersion interactions in a parametric way. Unfortunately, the direct application of the 
above-mentioned fully ab initio methods to conductive materials with a complex electronic 
structure as MXenes is not straightforward. In this regard, insulating materials, which have 
similar structures as MXenes, can be employed as more feasible test cases. Materials with 
these features are natural clays, such as Mg and Ca hydroxides. They have the same 
octahedral metal coordination as MXenes but an insulating electronic structure (Figure 2.2a).  

For these materials (Figure 2.3a), we have computed accurate MP2 and RPA work of 
separation thus comparing the results with the most common dispersion-corrected DFT 
functionals available for solid state materials. The results clearly indicate that the choice of 
the dispersion scheme is crucial to obtain accurate adhesion energies. Grimme’s D2, D3, 
Tkatchenko-Scheffler (TS-H) and Many Body Dispersion (MBD) a posteriori corrections 
overbind Mg and Ca hydroxides layers, almost doubling the interaction energy. Similar results 
are obtained with the vdW-DF2 functional, which has been employed to study the tribological 
properties of MXenes in Refs.133,134 Interestingly, SCAN functional gives remarkably accurate 
results. The drawback of the SCAN functional, belonging to the meta-GGA family, relates to 
its computational cost, which is roughly 8 times higher than the GGA PBE functional. 
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Figure 2.2: Work of separation for (a) brucite (grey), portlandite (light blue), (b) Ti2C(OH)2 (blue) 
and Ti2CO2 (red) calculated with different dispersion correction methods. PBE-DNG refers to 
the D2 scheme with the Ti parameters replaced by those belonging to Ar.  

Aiming at finding a fast and accurate approach to investigate MXenes systematically, we 
have also tested the DNG a posteriori correction. This approach employes the pairwise 
Grimme’s -D2 scheme with the difference that the atomic parameters employed to describe 
the metal atoms are replaced with those of the proceeding noble gas. This is done to reduce 
the dispersion energy coming from metals atoms, whose standard parameters better 
describe a neutral isolated atom than a metal atom within a network of covalent-ionic bonds. 
Indeed, in this framework, the metal atom has lowered atomic polarizability due to the 
positive charge localized on the atom. A similar idea has been implemented in the very recent 
Grimme’s D4 scheme,169 which is nowadays unavailable in the Quantum Espresso suite. The 
computed adhesion energy for Mg and Ca hydroxides indicates that PBE-DNG is a fast and 
accurate methodology for computing interlayer energy for MXene-type model materials.  

After tuning the parameters of the PBE-DNG scheme considering Mg and Ca hydroxides as a 
benchmark, we extended the method towards Ti2C(OH)2 and Ti2CO2 MXenes (Figure 2.2b). In 
this case, MP2 and RPA methods cannot be applied straightforwardly. Consequently, we have 
considered the SCAN functional results as the reference method due to the good results 
obtained for Mg and Ca hydroxides. The results for MXenes agree well with the previous 
analysis: the PBE-DNG approach is the only method capable of reproducing, with fair accuracy, 
both the overall absolute adhesion values and the order of stability of the SCAN reference 
method. These results indicate that the PBE-DNG method provides a suitable approach for 
studying MXenes’ interlayer interaction. Interestingly, the vdw-DF2 functional indicates that 
the O-termination induces higher WSEP than the OH-termination in homogeneous interfaces, 
which disagrees with the reference method, i.e., SCAN, and all the other functionals 
employed in this work. Our result suggests that by employing the vdw-DF2 functional, 
spurious results can be obtained if the interfacial properties of MXenes are compared for 
different types of terminations.133 

2.3 Results and Discussion 

2.3.1 Characterization of interlayer slipperiness 

To evaluate the inherent interlayer slipperiness of Ti-based MXenes, we first evaluated the 
interlayer adhesion for homo-, hetero-, and mixed-interfaces. Then, we calculated its 
variation as a function of the relative lateral position of the layers, constructing the PES. The 
PES corrugation has been evaluated in the presence of an external normal load applied (from 
1 to 10 GPa). Both interlayer adhesion and potential corrugation can be correlated to the 
shear strength of materials,105,112 thus providing a good estimation of the frictional properties. 
This nanoscale study is carried out in comparison with well-established solid lubricants such 
as MoS2 and graphene. 
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2.3.1.1 Interlayer adhesion 

In Figure 2.3a, we report the energies required to separate homogeneously terminated 
Tin+1XnTx bilayers (with n = 1 and 3; X = C and N; Tx = F, O and OH), sorted starting with the lowest 
energy configurations. The values of WSEP obtained for Ti2CF2/Ti2CO2 and Ti2NF2/Ti2NO2 
indicate that no differences occur between –F and –O terminated MXenes (WSEP ≈ 0.16 J m-2). 
Such behavior relates to the chemical similarities of the terminating atoms, which both 
possess a high electronegativity. When terminated with –OH, homo-interfaces of Ti2C(OH)2 
(WSEP = 0.37 J m-2) and Ti2N(OH)2 (WSEP = 0.26 J m-2) show higher values. The increased values 
of WSEP obtained when moving from –F or –O to –OH terminated MXenes are consistent with 
the results of Hu et al.132  

In general, our calculations indicate that the substitution of carbon by nitrogen does not 
change the extent of the interaction when MXenes are F- or O-terminated, implying that the 
C/N ratio does not affect the interfacial properties for F/O-terminated MXenes. However, the 
changes become more noticeable for OH-terminated MXenes, for instance, Ti4C3(OH)2 with 
WSEP = 0.39 J m-2, which is higher than that of Ti4N3(OH)2 with WSEP = 0.30 J m-2. Our results 
demonstrate that, in the presence of hydroxyl groups, carbides tend to interact more than 
nitrides. 

Finally, no remarkable differences stand out when comparing thin MXenes (Ti2XTx) with 
thicker ones (Ti4X3Tx). This suggests that the interaction between layers is mainly governed by 
the surface terminations of the outer layer, which are barely modified by increasing the 
thickness. However, thicker MXenes systematically show slightly higher WSEP values (by 
0.02/0.04 J m-2), as the number of atoms interacting through long-range dispersion forces 
increases. 

 

Figure 2.3: Work of separation WSEP for (a) homo-interfaces with single-type terminations (in 
solid color bars), (b)-(d) mixed-interfaces combining different termination pairs (thin oblique 
lines motif) and hetero-interfaces (vertical line pattern). (e) Average value of WSEP for 
Ti2C(F⅓,O⅓,OH⅓)2@Ti2C(F⅓,O⅓,OH⅓)2 interfaces considered. The WSEP values for graphene and 
MoS2 bilayers are included as references.  
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Figure 2.3b-d reports the cases in which two terminations are simultaneously present at 
the interface of thin MXene bilayers (n = 1, carbides i.e. X = C). The bars with the thin oblique 
lines pattern show the work of separation for mixed-interfaces composed by two identical 
MXenes each covered with two different terminations. The two colors of the thin lines follow 
the same color-code employed for the homo-interfaces: green, red, and blue highlight the 
presence of –F, –O and –OH terminations, respectively. We investigated all combinations 
between termination pairs: –F and –O (Figure 2.3b), –OH and –F (Figure 2.3c), –OH and –O 
(Figure 2.3d) with different coverages ranging between 25 and 75% for each termination 
group. The bars with the vertical line pattern refer to hetero-interfaces, which consist of two 
MXene layers, each terminated with a different type of termination. The values of WSEP 
presented in Figure 2.3b are not influenced by the ratio between –F and –O, as WSEP is always 
equal to 0.17 J m-2, which is almost the same value as previously presented for the –F and –O 
terminated homogeneous interfaces (Figure 2.3a). This result suggests that fluorine and 
oxygen confer almost the same properties to the bilayer. However, the presence of hydroxyl 
groups at the interface considerably increases WSEP (Figure 2.3c and d). When a fully –OH 
terminated MXene is coupled with a fully –F or –O terminated surfaces, the interaction is 
maximized (WSEP = 0.76 J m-2 or WSEP = 1.51 J m-2). Even for MXenes with mixed Tx (–OH and –F, 
or –OH and –O), the interaction is much stronger compared to the homogeneous interfaces. 
Interestingly, WSEP does not increase linearly with the –OH percentage but shows a maximum 
for a coverage of 50%. At 50% –OH coverage, all hydroxyl groups can establish hydrogen 
bonds with the involved fluorine or oxygen atoms in an on-top configuration. However, when 
there is a lack of –OH terminations (–OH coverage lower than 50%), the number of hydrogen 
bonds formed at the interface is reduced. With an excess of –OH terminations (above 50% –
OH coverage), the interaction is reduced due to the unavoidable steric hindrance of OH–HO 
stacking. 

The bar with fuzzy colors in Figure 2.3e refers to fully mixed interfaces, where the mated 
MXene layers are both passivated with a mixture of –F, –O and –OH. Notice that WSEP = 0.52 J 
m-2 represents the average value obtained by stacking the four isomers considered (see 
Figure 2.1c). Interestingly, the WSEP values are very similar, ranging between 0.51 and 0.54 J 
m-2 (with a standard deviation of 0.01 J m-2). This implies that the interaction between two 
“realistic” MXene layers does not depend on the relative position of the surface terminations, 
but only on their chemical composition. Even for MXenes with mixed terminations, we 
confirm that the interaction between layers is mainly driven by the concentration of hydroxyl 
groups on the surface. 

In Figure 2.4, the optimized configurations of MXenes bilayers are reported, along with the 
equilibrium distances and partial atomic charges on the terminations (red and blue 
numbers). We also provide the perpendicular potential energy surfaces (pPES), which are 
obtained by calculating the adhesion energy between the paired surfaces at different fixed 
distances. Ti2CF2 (Figure 2.4a) and Ti2CO2 (Figure 2.4b) bilayers are characterized by 
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terminations with high electronegativity, thus presenting negative charges. The equilibrium 
interlayer distance reflects the magnitude of the partial negative charge of the termination. 
This implies that electrostatic repulsion governs the properties of the interface for F- and O-
terminated MXenes. Indeed, for these systems, dispersion forces are essential to bind two 
MXene layers.  

 

Figure 2.4: Optimized configurations of stacked MXenes with equilibrium distances and 
partial atomic charges of the terminations (expressed as a fraction of elementary charge unit 
“e”). (a)-(c) Ti2CT2@Ti2CT2 interfaces with homogeneous terminations having different 
terminations including T = F or O or OH. (d) refers to the heterogeneous interface 
Ti2C(OH)2@Ti2CO2, while (e) shows the pairing of MXenes with mixed O and OH terminations 
(Ti2COOH@Ti2COOH). The partial charges of the innermost atoms range between (+1.6e)-
(+2.0e) for Ti, and (-1.9e)-(-1.7e) for C, respectively, depending on the electronegativity of the 
termination. (f) Summary of the perpendicular potential energy surfaces (pPES) for all 
systems considered.  

The presence of –OH terminations, instead, induces a further dipole-dipole interaction 
between the layer terminations, which is not present for –O and –F terminations (Figure 2.4c). 
This additional attractive interaction moves both MXene layers closer to each other, while 
increasing WSEP. In Figure 2.4d-e, the schematics of hetero- and mixed-interfaces with –OH 
and –O terminations are shown. The explanation for the higher WSEP calculated for these 
systems lies in the formation of hydrogen bonds between the hydroxyl group (H-bond donor) 
and oxygen atoms (H-bond acceptor), leading to a reduced interlayer distance of about 1.5 Å. 
The presence of H-bonds is also confirmed by the increase in the negative partial charge of 
oxygen atoms acting as H-bond acceptors (-1.2e in Figure 2.4d-e instead of -1.1e observed 
for the Ti2CO2 bilayer in Figure 2.4b). In Figure 2.4f, we reported WSEP as a function of the 
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interlayer spacing. It becomes evident that the termination controls the nature of the layer 
attraction from pure dispersive (Figure 2.4a-b) to dipole-dipole (Figure 2.4c) and hydrogen-
bonding (Figure 2.4d-e) interactions. 

These results point towards the relevance of mixed terminations, which have not been 
considered in previous computational studies of MXenes’ tribology. Li et al. measured the 
adhesion energy between Ti2CTx bilayers with atomic force microscopy (AFM),170 finding WSEP 
of about 0.6 J m-2. This experimental value can only be compared to the average WSEP 
calculated for MXenes with mixed surface terminations, i.e., 0.52 J m-2. The slight difference 
between the experimental and calculated values probably relates to vacancy defects, which 
were not considered in our models, although being present in realistic surfaces.145 Moreover, 
our calculations indicate that the interaction between MXene layers can be tailored by 
reducing the –OH concentration on the surface. The respective interaction can be weakened 
down to values that are lower than those obtained for well-established solid lubricants such 
as graphene and MoS2 (Figure 2.3a). We anticipate that this is a critical finding as the control 
of the distribution of terminations during synthesis and post-synthesis treatments would 
mark a turning point in the application of MXenes for tribological applications. 

2.3.1.2 Potential Energy Surface (PES) and PES corrugation 

Figure 2.5a shows the potential corrugation ΔWSEP for homogeneous and heterogeneous 
MXene interfaces without any external load applied. In this regard, ΔWSEP represents the 
maximum energy barrier that needs to be overcome during sliding of two adjacent MXene 
layers. Concerning homo-interfaces, F- and O-terminated MXenes have similar PESes with a 
low potential corrugation, ΔWSEP, of about 0.06-0.07 J m-2, which is as low as the corrugation 
of graphene and lower than that of MoS2 bilayers. No difference can be observed between 
Ti2CT2 and Ti2NT2 for T being –F or –O, as previously observed for WSEP. Conversely, the 
potential corrugation for bilayers containing only –OH groups depend on the C/N ratio. At 0.01 
J m-2, Ti2N(OH)2 has the lowest potential corrugation among all MXenes and is significantly 
lower than that of the Ti2C(OH)2 at 0.23 J m-2. 
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Figure 2.5: (a) PES corrugation values for homogeneous (solid color bars) and heterogeneous 
(vertical line pattern) interfaces. Green color refers to MXenes with –F terminations, red color 
stands for –O, while blue color represents –OH. (b) PES corrugation growth as a function of 
the normal load applied. The grey-scale coding reflects the applied load with a maximum of 
10 GPa. ΔWSEP values for graphene and MoS2 bilayers refer to normal loads of (a) 0 GPa and 
(b) 10 GPa.  

The bars with the vertical-line pattern in Figure 2.5a refer to hetero-interfaces. We notice 
that the combined presence of –OH with –F/–O increases the PES corrugation values. The high 
potential corrugation observed for Ti2CO2@Ti2C(OH)2 (0.48 J m-2) is consistent with the strong 
directionality of the hydrogen bonding interaction (unlike dispersive forces). In this regard, to 
make the layers sliding, all the hydrogen bonds at the interface must be completely broken to 
induce sliding of adjacent layer before being reformed, thus generating high energetic 
barriers. This also happens for Ti2CF2@Ti2C(OH)2, but as the interaction between –OH and –F 
is weaker, the energetic barrier is lower (0.13 J m-2). 

Figure 2.5b shows the variation of the potential corrugation as a function of the normal load 
applied to the upper slab of the MXene bilayer. Bars are organized from left to right based on 
the ΔWSEP value at 0 GPa, and every increment is shown on a grey scale. Due to compressive 
forces, the corrugations increase with load, which is more consistently seen for the bilayers 
containing –OH groups at the interface. For loads above 2.5 GPa, the behavior of Ti2N(OH)2 
gets closer to its carbon-based analogue Ti2C(OH)2. Among F- and O-terminated MXenes, 
Ti4C3F2 is the only candidate, for which the energy barrier increases with pressure, whereas 
the thinner bilayers keep their ΔWSEP values almost constant, which aligns well with the 
findings for graphene and MoS2. 

Finally, Figure 2.6 demonstrates the PES experienced during sliding for two homogeneous 
bilayers: Ti2C(OH)2 and Ti2CF2. For Ti2C(OH)2, we observe a color change towards red when 
moving at higher loads. This clearly implies an increase in the potential corrugation with the 
load. In contrast, the external pressure does not induce large variations in the corrugation for 
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Ti2CF2. However, it is worth mentioning that minor electronic effects on the PES motif can be 
seen. Further charge density analysis is necessary to clarify the origin of these peculiar PES 
features, which is beyond the scope of this contribution. 

 

Figure 2.6: Potential energy surfaces for the sliding motion of Ti2C(OH)2 (above) and Ti2CF2 
(below) bilayers, from zero to 10 GPa load. The color scale is the same for both MXenes. The 
hexagonal unit cell is schematically shown with black lines in the panels on the very left-hand 
side.  

Since both quantities explored and evaluated in this study (i.e., adhesion and potential 
corrugation) can be correlated to the shear strength of materials,105,112 we hypothesize that 
MXenes’ interfacial properties can be tailored by manipulating the existing surface 
terminations. Especially, we theoretically predicted that reducing/limiting –OH groups lead to 
reduced bilayer adhesion. This fundamentally impacts MXenes’ synthesis and delamination 
approaches because a reduced bilayer adhesion also implies a reduced energy for 
delamination. Moreover, we anticipate that MXenes’ tribological performance can be further 
optimized by controlling and tailoring the existing surface terminations. We hypothesize that 
by limiting the percentage of –OH groups, MXenes can provide similar or even better lubricity 
as other 2D-materials such as graphene or MoS2. 

2.3.2 Adhesion to ferrous substrates 

In this section, we unravel MXenes’ interaction with ferrous substrates, e.g., iron and 
hematite (Fe2O3). We considered the effect of homogenous –F, –O and –OH terminations on 
both substrates. We also investigated mixed terminations for the iron substrate. The 
optimized adsorption configurations are shown in Figure 2.7, where the adhesion energies 
are also reported. The dispersive (-D) contribution to WSEP is explicitly indicated to provide an 
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estimate of the physical forces acting across the interface. The transfer of electronic charge 
occurring upon layer deposition is also reported. It has been shown that this electronic 
property correlates very well with interfacial adhesion.105 The results indicate that Ti2CF2 is 
highly inert and adheres to iron and hematite only via dispersion forces. The long interfacial 
distance, the minimal charge perturbation occurring with the interface formation, and the 
predominance of the -D component (reported in brackets in Figure 2.7a) support this 
interpretation. Ti2CO2 and Ti2C(OH)2 chemisorb on iron as indicated by the higher value of 
WSEP. This outcome arises from different electronic effects occurring across the interface 
(Figure 2.7b). Ti2CO2 partially oxidizes the topmost Fe layer, inducing a relevant charge flow 
from the substrate to the lubricant. Instead, Ti2C(OH)2 injects charge into the substrate 
(Figure 2.7c), which induces a partial reduction of superficial Fe atoms. Similar effects are 
observed for the hematite substrates (Figure 2.7d-f). In this case, Ti2C(OH)2 transfers both 
charge and mass (two H atoms per cell) to the substrate, establishing short and strong H-
bonds across the interface and leading to a high value of WSEP. A relevant charge transfer 
occurs at the interface for interfacial distances below 2 Å, independently from the nature of 
the interactions. In contrast, for larger distances, the charge transfer between the mated 
surfaces is hindered. 

 

Figure 2.7: MXenes with –F, –O, and –OH terminations interacting with (a)-(c) pristine iron (Fe), 
and (d)-(f) hematite surfaces (Fe2O3). WSEP is reported together with the pure dispersive 
contribution in brackets. The equilibrium distance, d, is reported along with the overall 
charge/matter transfer (green arrows). The atoms are colored as in the previous figures, while 
the Fe atoms in blue. Dotted lines indicate H bonds. Please note that the Ti2C(OH)2@Fe2O3 
view is rotated by 30° around the z axes.  
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An effective solid lubricant should well adhere to the substrate to resist pealing-off during 
rubbing, but it should also be able to effectively reduce the metal-metal interaction at the 
micro-asperity contacts. The latter property can be estimated by calculating the reduction of 
the metal-metal adhesion that is obtained by covering one of the two mating surfaces with a 
MXenes layer. The results of this analysis are shown in Figure 2.8, where the MXenes adhesion 
on the substrates is also reported for comparison.  

We observe that Ti2C(OH)2 MXenes present high adhesion on the substrate (Figure 2.8a), 
but it poorly lubricates hematite-hematite contacts (Figure 2.8b) due to strong H-bond 
formation across the interface. Ti2CF2 MXenes demonstrates an outstanding lubricant 
capability, but weakly bind to both substrates considered (Figure 2.8a). The adhesion on 
ferrous surfaces is lower compared to graphene, suggesting a fast removal from the contact 
zone during rubbing. Interestingly, Ti2CO2 adheres to the substrate similarly to MoS2, and even 
better than graphene. It also efficiently lubricates the ferrous substrates considered, thus 
representing the best performing MXene termination among those considered (Figure 2.8b). 
The results obtained for the adsorption of MXenes with mixed termination on iron indicate that 
the simultaneous presence of –O –OH and –F atoms reduces the layer adhesion to the 
substrate (Figure 2.8a) and enhance the adhesion-reduction capability (Figure 2.8b). The 
values of WSEP and WSEP-reduction for the mixed cases are very close to the averages of the 
corresponding homogenous cases. Intermixing –O and –OH produces, instead, lower 
adhesion and higher adhesion reduction than expected, considering the average values 
obtained for the corresponding homogeneous surfaces. 

 

Figure 2.8: (a) WSEP of MXenes with different terminations on Fe (dark color) and Fe2O3 (pale 
color). (b) Efficiency of MXenes in reducing the substrate-countersurface adhesion reported 
as percentage reduction of WSEP with respect to the sealed Fe-Fe and Fe2O3-Fe2O3 interfaces. 
The corresponding values obtained for MoS2 and graphene are shown for comparison. Results 
for mixed termination are reported for Fe only.  
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2.3.3 The problem of water-induced oxidation 

For many applications, the precise understanding of the wettability of 2D materials is 
essential to improve their functionality. It is well known that the properties of 2D materials 
depend on environmental conditions.171,172 For instance, the presence of water promotes low-
friction sliding between graphene layers, while it worsens the tribological performance of 
molybdenum disulfide (MoS2).31,173 The influence of humidity on the tribological behavior has 
been also investigated for Ti3C2Tx multi-layer coatings by Marian et al.,86 finding that the 
friction and wear performance is detrimental for higher relative humidities. It is well accepted 
that MXenes show an intrinsic hydrophilicity, mainly attributable to the presence of hydroxyl, 
oxygen and fluorine terminations.37 However, the hydrophilicity of this family of 2D materials 
has been scarcely investigated with both experimental and computational approaches.174–176 
Contact angle measurements reveal that the wettability of MXenes is not homogeneous but 
can vary depending on local surface features as well as the presence of contaminations.174 
Apart from these general conclusions, a complete characterization of MXenes’ hydrophilicity 
is lacking.  

Another important issue concerning the interaction of MXenes with water relates to their 
degradative oxidation. This phenomenon, spontaneously occurring under ambient 
conditions, inevitably compromises the synthesis and subsequent applicability of 
MXenes.137,138 Many experiments and calculations have confirmed the intrinsic tendency of 
MXenes to transform into oxides, while harsh conditions tend to accelerate this process.177–

181 Several factors affecting the oxidation rate of MXenes have been investigated, such as layer 
microstructure and atmosphere/solvent composition.137 One of the critical factors in stability 
of MXenes is to know which oxidant species (O2 or H2O) is mainly responsible for the 
degradative process. In earlier studies, oxygen dissolved in MXenes’ colloidal solutions was 
thought to play the major role.181 However, recent studies on oxidation kinetics performed by 
ultraviolet-visible and Raman spectroscopy revealed that water seems to be the key 
component leading to degradation.182 Recently, atomistic insights on MXenes’ oxidation in 
aqueous solutions were provided by means of first principle molecular dynamics (MD) 
simulations.176 Their results strongly support the experimental observation that water is an 
oxidant, which is strong enough to attack and degrade MXenes. 

In this context, fundamental aspects regarding the interaction of MXenes with water need 
to be unraveled. The characterization of hydrophilicity for different sites, both defective and 
not, can be a starting point for further investigations. In this work, we exploit DFT calculations 
to study the interaction of H2O with Ti-based MXenes (Tin+1XnT2). We mapped the hydrophilicity 
of defect-free surfaces by varying the termination type (T), the carbon/nitrogen ratio (X), as 
well as the layer thickness (n). The analysis is repeated for defective MXene flakes, as they are 
known for being prone to oxidation.183,184 The role of single atomic vacancies, cluster of 
defects, and edges in promoting the chemisorption of water is addressed and explained, 
focusing on both energetical and structural aspects. Since MXene surfaces are usually 
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terminated with a random distribution of –F, –O and –OH groups,128–130,184 we also map the 
hydrophilic areas for mixed terminated MXenes. 

2.3.4 MXene hydrophilicity – effect of defects and edges 

The hydrophilic character of a material at the atomistic level can be related to the energy 
gain associated with the adsorption of water molecules. Energy gains related to the 
adsorption of a single water molecule are displayed for the defect-free (Figure 2.9a) and 
single vacancy-containing MXenes (Figure 2.9b). We studied Ti2XT2 as the example MXene 
and investigated the effect of the surface termination (T= F, O and OH), carbide vs nitride (X= 
C and N), and the presence of vacancy on the metal site (VTi), on the X site (VC/N) and the 
surface termination sites (VT). We also studied MXenes with a higher thickness (i.e., Ti4C3F2) 
but only to a limited extent, due to the increased computational effort required for simulating 
these larger systems. However, it is known that adsorption phenomena mainly affect the 
atoms closest to the surface, which agrees with our findings. Therefore, no remarkable 
differences were found when switching from a thinner MXene (Ti2CF2) to a thicker analogous 
(Ti4C3F2). 

 

Figure 2.9: Absolute values of the adsorption energy of one single water molecule on different 
types of MXenes: (a) defect-free surfaces, (b) surfaces with single vacancy of C/N (VC/N), Ti (VTi) 
or termination (VT), (c) edges, (d)-(e) surfaces with cluster of defects (pVTi + qVT), consisting of 
p Ti vacancies and q termination vacancies. Panel (f) summarizes all cases considered. The 
highlighted intervals reflect the extent of the interaction with water: blue stands for strong 
chemisorption and green reflects physisorption, while red points to an intermediate behavior.  
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The fully terminated surfaces interact with water via hydrogen bonds. Fluorine and oxygen 
terminations can act as weak H-bond acceptors, while hydroxyls can also play the role of the 
donor. This behavior leads to an increase in the energy gain by moving from –F and –O (0.12-
0.29 eV) to –OH (0.43-0.49 eV) terminated surfaces (Figure 2.9a). In any case, adsorption 
energies of H2O are greater on MXene monolayers compared to other 2D materials such as 
graphene or MoS2 (0.12-0.15 eV),185 demonstrating their intrinsic hydrophilic behavior. 

In general, the removal of an atom from a surface (i.e., single vacancy) was supposed to 
enhance its reactivity towards water adsorption.186 However, for the internal MXene 
vacancies, including C/N vacancies (VC/N shown as red circles in Figure 2.9b) and Ti vacancies 
(VTi, shown as blue triangles), the interaction with H2O appears to be almost the same as for 
the defect-free MXenes. The negligible change in energy could be explained by the fact that 
the water molecule is not small enough to approach these internal defects, resulting in 
negligible stabilization. In the case of termination vacancies (VT, shown as green triangles in 
Figure 2.9b), the dangling bonds of the underlying Ti atoms make the surface extremely 
reactive. The oxygen atom of H2O can physically fill the hole left by the missing T, and due to 
its two lone pairs, it can provide stability to the undercoordinated Ti atoms. For the T-vacancy, 
the associated energy gains range from 0.61 eV to 1.18 eV, depending on the reactivity of the 
MXene. It is worth noting that the water adsorption energy on MXene surfaces with T-vacancy 
is comparable to that of titanium dioxide (TiO2) reported in literature. The most common 
polymorphs of TiO2, anatase and rutile, are both composed of distorted TiO6 octahedra, with 
the Ti atoms showing octahedral coordination similar to MXene layers. As reported in Ref.187, 
water interacts with the anatase (101) and rutile (110) crystal faces through the coordination 
of the water oxygen atom to the outermost Ti atoms. Indeed, the exposed Ti atoms are 
undercoordinated (5-fold-coordinated), thus prone to being stabilized by the oxygen atom of 
water. Interestingly, based on DFT calculations,188,189 the water adsorption on the (101) crystal 
face of anatase and (110) face of rutile is found to be 0.84 and 0.94 eV, respectively, which is 
within the EGAIN energy range observed for MXene’ surfaces with defects. 

As the next step in our analysis, we considered the water interaction with MXene edges, as 
reported in Figure 2.9c. At the MXene edges, the outermost Ti atoms have lost their typical 
octahedral geometry, which become defects sites that can interact with H2O. Because the 
edges are mainly undercoordinated Ti atoms, the strength of the interaction is almost 
independent of the MXene composition, ranging between 0.73 eV and 0.85 eV (red triangles 
in Figure 2.9c). This finding agrees with the fact that in almost all MXenes, 2D flakes’ edge 
oxidation can be observed during storage regardless of the flake composition and the number 
of transition metal layers (n) in MXene, and edge capping has been utilized as a way to slow 
down the oxidation.190,191 

Finally, the energy gains concerning H2O interacting with a cluster of defects are presented 
in Figure 2.9d-e. We explored a wide range of 2D flakes consisting of a single (or double) Ti 
vacancy and one, two and three termination vacancies. Generally, all energy gains are greater 
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than 1.00 eV, suggesting the strong chemisorption of the water. Some exceptions are found 
for those layers functionalized with –OH with one Ti vacancy (Figure 2.9d), that are not 
reactive enough to promote the chemisorption of water. This peculiar deviation between –OH 
and –F/–O terminated MXene flakes will be addressed in detail soon.  

Figure 2.9f shows a collective representation of the water adsorption energies on MXene 
flakes, from defect-free to vacancy clusters. We divided the energy values into three regions, 
according to the nature and strength of the molecule-surface interaction. The green region 
ranging between 0.10 to 0.55 eV includes pure physisorption of water via hydrogen bonds. For 
EGAIN greater than 0.60 eV, the oxygen of water establishes chemical bond(s) with the 
undercoordinated Ti atom(s) of the surface, leading to chemisorption. We distinguished a 
weak chemisorption, 0.6 eV < EGAIN < 1.0 eV (red region), from a stronger chemisorption, EGAIN 
above 1.00 eV (blue region). Defect-free MXenes and single vacancies of Ti and C/N (in green) 
lead to adsorption energies that are mainly affected by the type of termination (T). For these 
surfaces, the interaction with water does not exceed 0.55 eV (green region). Intermediate 
energy values (0.60-0.90 eV) are mainly found for water on single-termination vacancies and 
edges. In contrast, the energy range associated with clusters of vacancies (0.90-1.80 eV), 
highlighted in blue, is the highest among all and compatible with strong chemisorption of 
water (i.e., shorter Ti-OH2 bond distances). Figure 2.9f identifies defect clusters as the sites 
interacting more strongly with the H2O molecule irrespective of the termination type and the 
carbon/nitrogen content. Insights into the interaction between H2O and MXene layers are 
discussed in the following sections. 

Water on defect-free surfaces. 

The optimized adsorption configurations of water on defect-free surfaces are illustrated for 
Ti2CO2 and Ti2C(OH)2 in Figure 2.10a,b. For these MXene surfaces, the role of layer thickness 
and carbon/nitrogen content are negligible compared to the effect induced by the 
termination. In particular, –F and –O behave similarly, acting as weak acceptors of hydrogen 
bonds. Due to the electrostatic repulsion between the passivating groups and the oxygen of 
water, only a slight approach is allowed (Figure 2.10a). Therefore, long-distance H-bonds are 
established (the distances between H2O and –F and –O terminations are in the range 2.34-
2.43 Å), resulting in weak interactions. In contrast, –OH terminations (Figure 2.10b) can act 
as donors of hydrogen bonds, leading to shorter distances (1.97-2.03 Å) and stronger 
interactions. 
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Figure 2.10: Perspective view of the optimized configuration of H2O interacting with (a)-(b) 
defect-free MXenes, (c)-(d) surfaces with a vacancy of termination (VT), and (e)-(f) edge of 
ribbons. Ti2CO2 (above) and Ti2C(OH)2 (below) are taken as examples. The yellow arrow 
highlights the presence of the water molecule. Ti atoms are shown in gray, O in red, C in black 
and H in white.  

Water on single-vacancy. 

Single vacancy sites were modeled by removing the atoms closest to the surface, in three 
types, VT, VTi and VC/N representing a surface with a vacancy of termination, titanium, and 
carbon/nitrogen, respectively. In Figure 2.10c-d, we show the optimized configurations of the 
water molecule on Ti2CO2 and Ti2C(OH)2 surfaces with a missing termination (VT). Neither VC/N 
nor VTi notably affects the interaction energy with water compared to defect-free surfaces. 
However, the optimal H-bond distance was found to vary on defective surfaces and followed 
a specific trend. Taking Ti2NF2 as an example, the average H-bond distance is 2.37 Å, 2.33 Å 
and 2.20 Å for a defect-free surface, VC/N and VTi, respectively. Generally, the same optimized 
orientation of H2O was found when interacting with F- and O-terminated nitrides and 
carbides. This characteristic probably relates to the similar physical-chemical properties 
(e.g., high electronegativity, H-bonds acceptor capability) of both terminations. Moreover, 
OH-terminated carbides and nitrides retain a similar behavior to each other as well.  

The reactivity towards water can be notably increased in the presence of surface 
termination vacancies (VT), favoring the transition from physisorption to chemisorption (green 
triangles in Figure 2.9b). The absence of one surface termination causes undercoordination 
of the three surrounding Ti atoms. Some of these dangling bonds can be saturated by the lone 
pairs of the oxygen atom of water. However, only for surfaces terminated with –F and –O, water 
can approach the Ti-atoms (Figure 2.10c). In contrast, for surfaces with a single OH-vacancy 
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in Ti2N(OH)2 and Ti2C(OH)2, hydroxyl groups close to the VT defect tend to trap H2O into a H-
bond network, before reaching the chemisorption site (Figure 2.10d). The chemisorption 
values vary between 0.61 eV 1.18 eV for F- and O-terminated surfaces, while the absolute 
values depend on various factors. We identified three main contributions to this variation: i) 
the residual positive atomic charge of the undercoordinated Ti atoms, ii) the equilibrium 
distance between the oxygen atom of water and titanium, iii) the number of Ti atoms stabilized 
by the water chemisorption. For instance, the energy gains obtained on VT substrates for 
Ti2NF2 (0.61 eV), Ti2CF2 (0.91 eV) and Ti2NO2 (1.17 eV) show a correlation with the partial 
atomic charges of the Ti atoms surrounding the vacancy (qTi = +1.45e, +1.53e, +1.65e, 
respectively). Although the high value of qTi found on Ti4C3F2 (+1.60e) and Ti2CO2 (+1.79e), for 
these two MXenes the oxygen atom of H2O was found to stabilize only one titanium, instead 
of two. This compensation leads to the energy fluctuation trend shown in Figure 2.9b. 

Water on edges. 

To study the effect of MXene flake edges, we focused on MXene ribbons (1D MXenes). 
Different reactive sites appear on the edges, depending on the specific cut and 
reconstruction. However, based on a previous study on MXene nanoribbons,145 we decided to 
restrict our study to those nanoribbons that have the lowest formation energy, thus showing 
the highest stability. Therefore, the adsorption values collected in Figure 2.9c, ranging 
between 0.73 eV and 0.85 eV, can be considered as the lower limit that can easily increase in 
presence of more unstable edges. The main geometrical feature of the MXene edge 
(nanoribbons) is a distortion of the chemical bonds between Ti atoms and surface 
terminations. At the edge, the classical octahedral geometry is lost for the outermost Ti 
atoms, leading to an unconventional distorted tetrahedral coordination (Figure 2.1f). 

The configurations of water interacting with MXene edges (1D-MXenes Ti8C3O8 and 
Ti8C3(OH)8) are provided in Figure 2.10e-f. The defective undercoordinated Ti atom along the 
edges constitutes the most reactive site to interact with water. Regardless of the termination 
type and C/N content, the oxygen of water interacts with one or two undercoordinated Ti 
atom(s), similarly to the MXene flake with a termination vacancy (VT). We found that the energy 
gain mainly depends on the H2O – Ti distance, the number of Ti atoms involved, and the H2O-
assisted reconstruction of the edge. In most cases (including Figure 2.10f), water interacts 
with a single titanium atom, with a narrow H2O–Ti distances distribution (2.25 Å - 2.31 Å). In 
other cases (Figure 2.10e), H2O prefers to interact with two Ti atoms, leading to an increase 
in the average distance. 

Water on vacancy clusters. 

Various combinations of titanium (VTi) and termination (VT) vacancies were considered as 
defect clusters (pVTi+qVT), exploring p = 1, 2 and q = 1, 2, 3. In Figure 2.11, we only focus on 
single Ti vacancy cases (p=1) with vacancy clusters on surface terminations (q = 1,2,3), 
providing the optimized configurations for two representative materials, i.e., Ti2CF2 and 
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Ti2C(OH)2. For vacancy clusters (1VTi+qVT) on O- and F-terminated MXenes (upper series in 
Figure 2.11), the H2O molecule provides two strong stabilizing effects. First, the oxygen atom 
of water saturates a VT, interacting with the remaining two surrounding Ti atoms. Moreover, 
one H of the water can point towards the hole left by VTi. With the lack of a titanium atom, 
many T and C/N atoms become undercoordinated, leading to a densification of the negative 
charge centered on the VTi defect. This excess of charge density is mitigated when one of the 
two positively charged hydrogens of H2O is pointed towards the hole. It is worth noting that 
the excess of charge density is reduced with an increasing number of VT. In other words, when 
a VTi is formed, the more neighboring terminations are missing, the less reactive the surface 
will be. 

 

Figure 2.11: Optimized configurations of H2O adsorbed on different clusters of vacancies for 
Ti2CF2 (above) and Ti2C(OH)2 (below). The clusters of defects consist of one titanium vacancy 
and up to three termination vacancies, as 1VTi+1VT (a)-(b), 1VTi+2VT (c)-(d) and 1VTi+3VT (e)-(f). 
The yellow arrow highlights the presence of the water molecule interacting with the defected 
Ti2C(OH)2 surface. 

For OH-terminated MXenes (lower series in Figure 2.11), similar configurations are found, 
except for 1VTi+1VT cluster. This peculiar defect (Figure 2.11b) is already stabilized without the 
necessity of interacting with the water molecule. Due to the lack of a titanium atom, the 
surrounding hydroxyl terminations can rotate and point the hydrogens towards the hole. 
When the number of terminations surrounding the VTi is further reduced (Figure 2.11d and f), 
the configuration becomes closer to the one observed for F-and O-terminated materials.  

These considerations also explain the energy value trends in Figure 2.9d. All energy gains 
are greater than 1.00 eV, except for the 1VTi+1VT clusters on OH-terminated surfaces, where 
the re-orientation of hydroxyls reduces their reactivity. Furthermore, for O- and F-terminated 
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surfaces, the energy gains related to the water chemisorption on 1VTi+qVT clusters decrease 
with increasing q due to the loss of reactivity explained before. However, energy fluctuations 
may also result from the complex interplay between other factors. The average distance 
between the oxygen atom of water and Ti atoms, as well as the positive atomic charge on Ti 
atoms, are also found to affect the extent of the water chemisorption. 

The chemisorption of water on 2VTi+qVT clusters (q = 1, 2, 3) is regulated by almost the same 
mechanisms discussed above for the 1VTi+qVT clusters. The main difference lies in the 
number of undercoordinated Ti atoms stabilized by the oxygen atom of H2O. In the case of 
2VTi+qVT, indeed, the presence of a double VTi leaves only one titanium atom with dangling 
bonds and leads to smaller energy gains compared to 1VTi+qVT (Figure 2.9e). The energy gains 
related to the chemisorption of water for 2VTi+qVT are still greater than 1 eV. This can be 
explained by the fact that even if H2O interacts with only one Ti atom, the H2O–Ti bond 
distance is reduced, becoming comparable to the typical bond distance between Ti and T in 
a defect-free layer. 

Water on mixed-terminated surface. 

It is known that as synthesized MXene surfaces are generally covered by a mixture of 
randomly distributed surface terminations.128–130,184 To gain a better understanding of MXenes 
oxidation, we investigated the interaction of water with a Ti2CTx layer simultaneously 
passivated with –F, –O and –OH (in a stoichiometric ratio of about one-third each). The 
hydrophilicity map of Ti2CT2 (Figure 2.12), was built after performing 96 separate relaxations, 
trying to sample all the supercell areas in a uniform way. For each optimized configuration, 
we collected the final position of H2O (i.e., average x and y coordinates, tiny black dots in 
Figure 2.12), as well as the associated energy gain (blue-white scale). As a result, we created 
the hydrophilicity map after making the interpolation on our obtained data points. The solid 
curved lines in black identify level curves that connect points with the same hydrophilicity 
(i.e., energy gain). 
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Figure 2.12: Hydrophilicity map of a 2x2 Ti2CT2 with mixed terminated surface. The two axes 
identify the lateral displacement on the surface, referring to the termination positions. 
Terminations are shown in relief on the map. Hydrophilic regions (blue) are those rich in 
hydroxyl groups, where hydrogen bond networks are easily formed (inset A). White regions 
correspond to less hydrophilic areas, where H2O interacts only moderately with the surface 
(inset B). Black tiny dots identify the average x and y coordinates of H2O, for each of the 96 
optimized water molecules. 

In the hydrophilicity map presented in Figure 2.12, dark blue areas highlight strongly 
hydrophilic areas, while white areas identify those regions that only mildly interact with water. 
Terminations are superimposed on the map to better appreciate their different contributions 
to making a surface hydrophilic. In insets A and B, we provide two exemplary configurations, 
corresponding to an energy gain of 0.80 eV and 0.25 eV, respectively. The unique ability of 
hydroxyl groups to act as H-bond donors leads to adsorption energy gains, which are always 
greater than 0.50 eV. Indeed, a higher density of –OH terminations leads to more interaction 
with water and greater hydrophilicity. In contrast, –O and –F terminations always behave as 
H-bond acceptors, while oxygen is always preferred whenever possible.  

These results can be compared to the case of homogeneously terminated surfaces, for 
which the maximum adsorption energy gain was found to be ≈ 0.50 eV for Ti2C(OH)2 and 
Ti2N(OH)2. Consequently, the consideration of a realistic surface having a mixture of surface 
terminations makes the system even more hydrophilic. Interestingly, the tendency to strongly 
interact with water is not maximized for a full coverage of hydroxyl groups. A balanced ratio 
between hydrogen bond donors and acceptors is the key factor in inducing cooperative 
hydrophilic effects. Although we limited this section to defect-free mixed terminated 
surfaces, we suppose that a further increase in the interaction with water could arise for 
defective surfaces. 
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2.4 Conclusions 

In this chapter, we have presented a DFT study providing an in-depth understanding of the 
interfacial properties and hydrophylicity of Ti-based MXenes, as summarized in Figure 2.13. 
We have performed a huge series of systematic calculations also considering more realistic 
models for MXenes’ surface terminations. Compared to the effects of MXenes’ monolayer 
thicknesses (n = 1 to 3) and their C/N ratio, we have demonstrated that surface terminations 
play the dominant role in determining the interfacial/interlayer properties.  

 

Figure 2.13: Schematic of the most relevant results obtained in this study. The best 
lubricating performance are achieved by increasing –O terminations while reducing –OH. 
Defects on the MXene surfaces are essential to promote the chemisorption of water, which is 
the first step towards degradative oxidation, with defect clusters promoting chemisorption 
more than edges. 

In For fully –F and/or –O terminated MXenes, the interlayer interaction is governed by the 
sum of attractive dispersion forces and electrostatic repulsion between negatively charged 
surface groups. We anticipate an excellent tribological behavior, close to or even better than 
the best-performing, state-of-the-art 2D materials (e.g., graphene and MoS2). In contrast, –
OH terminations induce further dipole-dipole interactions between adjacent layers, 
increasing the interlayer adhesion and the energy demand to induce interlayer sliding. For 
MXene bilayers with two or three different terminations covering the surface, the WSEP values 
are not a simple average of the homogeneous cases. Indeed, we found stronger interlayer 
interactions due to the formation of hydrogen bonds between –OH terminations (H-bond 
donor) of one layer and –O or –F (H-bond acceptor) of the other layer. 

The evaluation of the potential energy corrugation ΔWSEP under an applied external normal 
load verified that the load-dependence of the resistance to sliding is governed by MXenes’ 
surface terminations. Ti2XT2 interfaces (with X = C/N, T2 = O and/or F) behave like graphene 
and MoS2 without a notable load dependence of ΔWSEP ranging between 0.06 to 0.12 J m-2. The 
mixed presence of both –OH and –F/–O terminations leads to high potential corrugation that 
notably increases with load. The highest ΔWSEP value is observed for the heterogeneous 
bilayer Ti2CO2@Ti2C(OH)2 (0.48 and 0.56 J/m2 at 0 and 10 GPa, respectively). 
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The surface terminations of MXenes also play a crucial role regarding the interaction with 
underlying substrates (iron and iron oxide, as models for steel). We calculated the layer-
substrate adhesion and mated the coated substrate with a countersurface to evaluate the 
MXenes capability to reduce nano-asperity adhesion. We observe that an increase of –F 
terminations weakens the adhesion to ferrous substrates, facilitating the lubricant removal 
under sliding conditions. In contrast, –OH terminations anchor the monolayer to the 
substrate through H-bonds and electrostatic interactions, although providing less efficient 
interlayer lubrication. MXenes with –O termination adhere well to ferrous surfaces with a 
lubricant performance similar to graphene and MoS2. 

Surface terminations are essential for tuning the MXenes nano-tribological properties. By 
reducing/limiting –OH groups, we demonstrated reduced interlayer binding, which impacts 
delamination processes as well as the tribological performances. We also observed that by 
increasing –O terminations, MXenes can better reduce adhesive friction between ferrous 
micro-asperities, still adhering to the ferrous substrates and thus reducing the lubricant 
removal during rubbing. Therefore, we hypothesize that MXenes’ properties can be further 
optimized by controlling the surface terminations either by the etching process, e.g., by 
minimizing the F-content in MXene etchant or by post-synthesis treatments, for example, by 
reducing the content of –OH terminations by thermal annealing. 

The interaction of Ti-based MXenes with water has been explored as a function of the type 
of termination, carbon/nitrogen in X, and MXene layer thickness (n). Subsequently, we have 
unraveled the role of single atomic vacancies, cluster vacancies and stable edges in 
promoting the chemisorption of water. Our results suggest that H2O chemisorption on MXene 
surfaces only occurs in the presence of undercoordinated Ti atoms. The absence of at least 
one termination group (VT) resulted in a destabilization of the adjacent Ti atoms, which 
strongly interacted with the oxygen atom of water to saturate their dangling bonds. On defect-
free surfaces and on substrates with a single vacancy of C/N (VC/N) or Ti atom (VTi), H2O simply 
physisorbs via the formation of hydrogen bonds with the terminations, i.e., –OH, –O and –F, 
with hydroxyl groups providing the strongest interaction (0.40-0.65 eV). For MXenes with –O 
and –F terminations, the resulting in-plane interaction with H2O (0.10-0.30 eV) is comparable 
to the one observed for graphene and MoS2 (0.12 eV and 0.15 eV, respectively). 

Water chemisorption has been observed on surfaces with a single termination vacancy (VT), 
on edges, and especially on almost all defect clusters (pVTi+qVT, with p=1,2 and q=1,2,3). 
Whenever an unsaturated titanium atom appeared on the surface, the oxygen atom of water 
approached the defect and chemisorbed onto it. The energy gains are higher for the 
chemisorption on vacancy clusters (1.00-1.80 eV) compared to edges (0.75-0.85 eV) and 
termination vacancies (0.60-1.20 eV). 
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Chapter 3 

3. Synergistic effect of MXene-MoS composite coating 
MXenes, being a novel family of two-dimensional (2D) materials, have gained notable 

attention in tribology due to the formation of beneficial tribofilms, as discussed in the 
previous chapters. However, studies using MXenes as solid lubricants have mainly focused 
on multi-layer Ti3C2Tx coatings,78 while little is known about the tribological performance of 
MXene composites. Therefore, in this chapter we present a study about the tribological 
behavior of MXene-MoS2 composites employed as solid lubricants under reciprocating 
sliding conditions. The results presented here are part of a manuscript which has been 
published in collaboration with the University of Chile and University of Vienna.64 

3.1 Introduction 

In the last two decades, 2D materials showcased their outstanding mechanical, electrical, 
and thermal properties compared to their 3D precursor materials.192,193 Layered 2D materials 
can form easy-to-shear tribolayers, which separate both rubbing surfaces, thus reducing 
friction and wear.31,194,195 In this regard, graphene and transition metal dichalcogenides (TMDs) 
are the most studied 2D materials until now.196,197 However, since their discovery in 2011, the 
more recently established material class of MXenes has rapidly gained notable attention 
owing to their tunable structure and chemistry, offering tremendous potential for tribological 
applications.35,66 

Even though there is a vast variety of possible MXenes, multi-layer Ti3C2Tx is by far the most 
studied in tribology.79,82 MXenes can be either used as lubricant additives,198 solid 
lubricants,82,89 or fillers in composites.199,200 MXenes and, particularly multi-layer Ti3C2Tx, have 
shown an excellent wear resistance201 and friction reduction (coefficient of friction ≈ 0.1 – 0.3 
under dry sliding conditions and low relative humidities),86 in particular when used as solid 
lubricants deposited on various substrates by spray-coating, drop casting or electro-
spraying.83,86,201 The observed experimental tendencies were traced back to the formation of a 
stable tribofilm.202 Generally, it has been found that homogenous, high-quality coatings are 
mandatory for an excellent tribological performance. Additionally, irrespective of the 
deposition technique, the establishment of a proper substrate-coating interface is crucial for 
achieving superior tribological performance under solid lubrication.82 In this regard, we have 
already demonstrated that MXenes’ surface terminations significantly influence their 
interlayer and substrate adhesion, thus greatly affecting the resulting tribological 
performance (see Chapter 2 of this thesis). 

Based on the presented panorama, it becomes evident that 2D materials and, particularly, 
MXenes can notably improve the performance of tribological components. Little knowledge 
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is available about MXenes’ true tribological potential, since a systematic study evaluating the 
effect of different tribological loading conditions is still missing. Moreover, only few studies 
have combined Ti3C2Tx with other 2D materials (e.g., graphene or MoS2) to induce synergistic 
tribological effects.63,84,203  

In this context, we present here the tribological performance of Ti3C2Tx and Ti3C2Tx/MoS2 
hybrid coatings used as solid lubricants under reciprocating sliding conditions. In chapter 
3.3.1 we present DFT predictions concerning the resulting interlayer adhesion and coating-
substrate adhesion, which helped to design the hybrid coatings. Multi-layer Ti3C2Tx, MoS2 and 
two hybrid coatings using Ti3C2Tx and MoS2 (random mixture and sandwich-like) were spray-
coated onto steel substrates, leading to a coating thickness of about 800 nm. In chapter 3.3.2 
we discuss the solid lubrication performance of our composites, explored by carrying out dry 
sliding tests using a steel ball at room temperature. The morphology of the initial coatings and 
of the formed tribofilms have been widely characterized, employing both scanning and 
transmission electron microscopy (SEM, TEM) as well as X-ray photoelectron spectroscopy 
(XPS), as discussed in chapter 3.3.3. Our results demonstrate that both hybrid coatings 
notably reduced friction and wear, which was traced back to synergic effects between Ti3C2Tx 
and MoS2 thus enhancing the formation of a stable tribofilm. 

3.2 Methods 

Materials. Ball bearing steel (AISI 52100) was used for both tribological counter-bodies of 
the reciprocating ball-on-disc test, namely, disc Ø24 ×7.9 mm (Ra = 35 nm) and ball Ø10 mm 
(Ra = 20 nm - grade G10). The solid lubricant coatings were applied on the plane surface of 
the discs by spray-coating. Uncoated discs and balls were tested as reference material. 

As coating materials, multi-layer Ti3C2Tx and molybdenum disulphide (MoS2) nano-sheets 
were utilized. Multi-layer Ti3C2Tx will be just named “MXene” throughout the entire chapter. 
Regarding MXenes’ synthesis, commercial Ti3AlC2 MAX-powder (FORSMAN SCIENTIFIC Co. 
Ltd., Beijing, China) was immersed in a 40 % hydrofluoric acid (HF) solution. Under 
continuous stirring at room temperature for two hours, the reaction product was neutralized 
by several washing cycles with deionized water. Using centrifugation, the powder was 
separated prior to filtering under vacuum conditions and freeze-drying. The described 
synthesis resulted in multi-layer MXenes with a negligible amount of aluminum having x-y 
dimensions of about 2-3 µm. In z-direction, the as-fabricated multi-layers consisted of about 
100-120 layers, thus being around 100 nm thick (0.9 nm average layer distance). More details 
about the synthesis process and the physicochemical characteristics of the as-synthesized 
MXenes can be found in previously published research work.85,198,201 Commercial MoS2 
powder was purchased from Graphene supermarket (United States). In this regard, the MoS2 
powder demonstrated a multi-layer structure with an interlamellar spacing of about 0.58 nm 
as measured by high-resolution transmission electron microscopy. 
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Coating deposition. A total of four different coating systems were fabricated: a MXene 
coating, a MoS2 coating, and two hybrid coatings consisting of a mixture of MXenes and MoS2 
(Table 3.1). Irrespective of their composition, the 2D materials were mixed with ethanol using 
a concentration of 2 mg/ml.  

Composite I was prepared by dispersing MXenes and MoS2 in ethanol in the same weight 
fraction. The dispersions were homogenized for 5 minutes at 10,000 rpm using a shear-mixer. 
The dispersion and distribution of the nano-sheets were improved using tip sonication for 1 
hour (sonication time 5s on, 5s off, 50 W power), followed by 2 hours of bath sonication. 
Afterwards, the solution was spray-coated on the steel disc samples: The samples were 
arranged on a heating plate maintained at 75°C during spray-coating to speed up the solvent 
evaporation. A nozzle-substrate distance of 100 mm was kept fixed for all samples. A pressure 
of 20 psi (1.38 bar) in the compressor was used during spray-coating. 

Composite II was produced by creating a sandwich-like structure with MXene being the 
bottom and MoS2 being the top layer as illustrated in Table 3.1. The sprayed volume was 
adjusted to obtain a coating thickness of 800 nm for all coatings (Composite I had two layers 
with an individual thickness of about 400 nm) except for MXene, which had a coating 
thickness of about 300 nm. After initial tribological pre-tests, it was observed that an 
increased MXene thickness brought drawbacks when compared to thinner coatings. Similar 
results had also been previously published.204,205 The resulting coating thicknesses were 
measured using white light interferometry (WLI, MFT-500, Rtec Instruments).  

Table 3.1: Summary of deposited coatings including coating design, thickness, deposited 
volume, and schematic representation of all samples considered. 

Name Material / Coating Volume 
sprayed 
(mL) 

Coating 
thickness 
(nm) 

Schematic 

REF Ball bearing steel AISI 52100 / /  

MXene MXene multi-layer Ti3C2Tx 2 275 ± 25   

MoS2 Molybdenum disulphide 4 775 ± 35  

Composite I “Mix”: MXene (50%) + MoS2 (50%) 6 825 ± 55  

Composite II “Bilayer”: MXene bottom + MoS2 top 8 (4+4) 850 ± 50  
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Figure 3.1: Cross-sectional morphology of the as-sprayed (a) composite I and (b) composite 
II coatings as analyzed by transmission electron microscopy. (c) and (d) are elemental maps 
of the same areas with (e and f) the corresponding energy dispersive X-ray spectroscopy line 
scans along the lines indicated in (a) and (b) by black arrows. 

The structure and morphology of the as-deposited hybrid coatings have been investigated 
using transmission electron microscopy (TEM, FEI TECNAI F20) with energy-dispersive X-ray 
spectroscopy (EDS), as shown in Figure 3.1. Within the coatings, contrast differences 
become noticeable in Figure 3.1a-b, for which MXene-rich areas tend to be darker, while 
zones enriched in MoS2 appear brighter. The corresponding elemental mappings (Figure 3.1c-
d) and EDS line-scans (Figure 3.1e-f) verify the success of the adopted approach. For 
Composite I, MXene (Ti signal in yellow) and MoS2 (Mo signal in red) are randomly intermixed, 
while larger MXene flakes are surrounded by smaller MoS2 particles. In the case of Composite 
II, MXene can be identified as the bottom-layer, while MoS2 is the top-layer. This is also well 
reflected by the EDS line-scans, showing alternating S (from MoS2) and Ti (from MXene) 
signals for Composite I and a clear separation between S and Ti signals for Composite II. The 
fact that the bottom MXene layer in Composite II is not perfectly continuous can be traced 
back to spray-coating, in which the nanomaterials are stochastically deposited on the 
substrate. 

Tribological testing. The tribological experiments were carried out under reciprocating 
sliding using an SRV®5 tribometer from Optimol Instruments. The disc samples were fixed at 
the bottom part of the tribometer, whereas the balls are mounted on the upper oscillating 
sample holder. An electrical linear motor controls the frequency and stroke of the ball, while 
the normal load was applied to the disc through a load cell. Two piezo electric force sensors 
mounted on the disc sample holder measured the vertical (load) and lateral (frictional) forces. 
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The samples were tested at a Hertzian contact pressure of 0.8 GPa, an oscillating frequency 
of 1 Hz, a stroke length of 2.5 mm, and a testing time of 15 minutes. The tribological conditions 
were chosen upon previous research conducted by the authors, in which MXene solid 
lubricant coatings showed a beneficial friction evaluation up to contact pressures of 0.5 
GPa.205 A higher load has been selected in this study (contact pressure of 0.8 GPa) to verify 
MXenes’ operational limits and evaluate the potential of hybrid coatings for severe 
operations. The tests were performed at room temperature (20°C). Each testing condition was 
repeated three times for statistical reasons to calculate mean values and standard 
deviations.  

Tribofilm characterization. The wear tracks were analyzed post-mortem by scanning 
electron microscopy (SEM, multi beam system JIB-4700F – JEOL) with energy-dispersive X-ray 
spectroscopy (EDS), focused ion beam microscopy (FIB), X-ray photoelectron spectroscopy 
(XPS) and transmission electron microscopy (TEM, FEI TECNAI F20). XPS maps were acquired 
using a Thermo Fisher Scientific Thetaprobe with a monochromatic Al Kα X-ray source (1486.6 
eV). The pass energy of 200 eV and spectrum energy step size of approximately 0.7 eV were 
used. The X-ray spot on the sample surface had a diameter of 50 µm and the map grid step 
size was likewise set to 50 µm. Prior to analysis, the whole map area was briefly sputter-
cleaned with 3 keV Ar ions. Peak fitting was carried out with the Thermo Fisher Scientific 
Avantage Data System software using Gaussian/Lorentzian functions for peak fitting. The C1s 
peak of adventitious carbon located at 284.6 eV was utilized as a binding energy reference. 

For TEM investigation, the lamellae were prepared by FIB. The TEM lamellae had a size of 
about 30 x 10 µm2, with a thickness of <100 nm. TEM-EDS mappings and line-scans provided 
information on the chemical composition. High Angle Annular Dark Field (HAADF) images 
showed elemental Z-contrast, while TEM imaging revealed the structure of the formed 
tribofilms. Additionally, Selected Area Electron Diffraction (SAED) patterns were used for 
phase analysis. Additional high-resolution TEM (HR-TEM) imaging was performed for phase 
analysis using Fourier Transformation (FT) and the measurements of lattice spacings in the 
HR-TEM images. 

Numerical simulations. Spin-polarized DFT calculations were carried out as implemented 
in the version 7.2 of the Quantum ESPRESSO package.139–141 The Perdew-Burke-Ernzerhof 
(PBE) parametrization within the general gradient approximation (GGA) approach was 
adopted for the description of the exchange and correlation functional.103 A dispersion term 
(PBE-D2NG) was incorporated for the inclusion of van der Waals interactions. The D2NG scheme 
is a modification of the Grimme-D2 parametrization, in which the C6 and R0 coefficients of the 
metal atoms (Ti, Mo, and Fe) are replaced with those of the preceding noble gas (i.e., Ar). We 
have already revealed the ability of such method to accurately improve the description of the 
interlayer interaction between MXenes (see chapter 2.2.1). The electronic wave-functions 
were expanded on a plane-waves basis truncated with a cut-off of 50 Ry, while a cut-off of 400 
Ry was employed for the charge density, accordingly to our previous studies on MXenes.91,92 
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Default thresholds on the total energy (10−4 Ry) and forces (10−3 Ry/Bohr) were used for 
structural optimizations, while adopting a Gaussian smearing of 0.02 Ry for the electronic 
state occupation around the Fermi level. 

To avoid spurious vertical interactions between replicated images, 15 Å of vacuum were 
included along the axis perpendicular to the surfaces. Ti2CTx@MoS2 and Ti2CTx@Fe2O3 
bilayers were modelled using hexagonal cells of size 9.32 Å and 9.97 Å, respectively. The 
mismatch between the equilibrium lattice parameter of the hetero-interfaces and that of their 
constituents never exceeded 5%. The Brillouin zone of the hexagonal cells was sampled with 
a 6 x 6 x 1 Monkhorst−Pack grid for Ti2CTx@MoS2, and a 3 x 3 x 1 grid for Ti2CTx@Fe2O3, 
respectively, ensuring the convergence of the total energy. The hematite surface (Fe2O3) was 
modelled with the Fe-terminated (001) plane, being one of the dominating planes in most of 
natural conditions.152 The PBE functional with the inclusion of the Hubbard correction (PBE-
D2NG+U) was used for both the Fe2O3 surface and the Ti2CTx@Fe2O3 interface to compensate 
the onsite repulsion between d electrons of iron. In fact, Fe2O3 is a strongly correlated system 
with the wave function showing an antiferromagnetic character. The value of the U parameter 
was set to 4.2 eV, as described and explained in our previous work.91 

The work of separation, which is the opposite of the adhesion energy, was calculated as a 
difference between the total energy of the single surfaces (E1 + E2) and the total energy of the 
corresponding interface (E12), divided by the in-plane area of the cell: 

WSEP =
(E1+E2)−E12

Acell
                  (3.1) 

From equation 3.1, the higher the WSEP values, the greater the interlayer and layer-substrate 
interactions. The work of separation changes as a function of the relative lateral position of 
the interface constituents. Therefore, we evaluated the interlayer and layer-substrate 
adhesion sampling different inequivalent lateral positions. The WSEP values presented in this 
manuscript refer to the thermodynamically most favorable lateral position between adjacent 
layers. 

3.3 Results and Discussion 

3.3.1 DFT predicted adhesion behavior 

The adhesion of pure MoS2 and MXene layers onto steel substrates and the interlayer 
adhesion between MoS2 and MXene layers have been numerically evaluated using DFT 
calculations to support coating design and improve the interpretation of the underlying 
mechanisms responsible for the experimental results. Previous numerical results proved that 
the MXene monolayer thickness plays a marginal role when evaluating adhesion and 
molecular adsorption properties.91 Indeed, the work of separation of Ti2CTx and Ti4C3Tx MXene 
bilayers has been shown to be mainly influenced by their surface terminations rather than the 
monolayer thickness or overall stoichiometry. Furthermore, almost identical adsorption 
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energies were found for the H2O molecule on defect-free Ti2C and Ti4C3 layers, confirming that 
only the atoms closest to the MXene surface (i.e., terminations) are relevant to describe the 
energetics of adsorption/adhesion processes.92 Therefore, Ti2CTx layers were simulated 
instead of Ti3C2Tx to reduce computational costs.  

It has been reported that when Ti-based MXene layers are synthesized through hydrofluoric 
acid (HF) etching, a random mixture of -O, -F and -OH groups passivates their surfaces.128,129 
However, the exact distribution and stoichiometric ratios between such passivating groups is 
not easy-to-grasp, since many synthesis and storage parameters can influence the final 
composition. In this delicate context, we decided to adopt a model for mixed-terminated 
Ti2CTx that shows one third of each termination, randomly distributed on the surface. Such 
model, whose stoichiometric formula is Ti2C(F1/3O1/3OH1/3)2, was able to reproduce the 
experimental adhesion energy values obtained via atomic force microscopy.170 For the sake 
of simplicity we will refer to Ti2C(F1/3O1/3OH1/3)2 as Ti2CTx. 

It is well accepted that the tribological performance of 2D materials is greatly influenced by 
their interlayer adhesion (between adjacent layers) and the resulting coating-substrate 
adhesion. To shed light on both aspects from a theoretical point of view, we calculated the 
work of separation WSEP between the 2D materials and with the ferrous substrate, i.e., iron 
(011) and iron oxide (001), which can give useful indications regarding the resulting coating 
design.  

Concerning the WSEP of the coating-substrate interface, pure MoS2 adheres better to pure 
iron (1.30 J/m2) than Ti2CTx (0.40 J/m2) as shown in Figure 3.2a. When considering iron oxide 
Fe2O3, the opposite trend can be recognized since Ti2CTx shows an increased WSEP (0.87 J/m2) 
compared to MoS2 (0.35 J/m2). This can be related to both charge- and hydrogen-transfer from 
the MXene layer to the hematite surface. The formation of chemical bonds between MXene’ 
terminations and the exposed Fe atoms of Fe2O3, as well as the H-transfer from the hydroxyl 
groups of Ti2CTx to the oxygen atoms of the hematite can be seen in the inset of Figure 3.2a. 
Since the used substrate is covered by a thin native oxide layer, these numerical insights 
motivate the usage of a MXene bottom layer in a sandwich-layer structure with MoS2 being 
the top-most layer.  

With respect to the interlayer adhesion (Figure 3.2b), it is important to point out that a lower 
WSEP between the 2D layers indicates an improved lubricity. The interlayer adhesion between 
pure MoS2 layers is 0.27 J/m2, which explains the generally excellent lubricating capability of 
this material. Interestingly, the interlayer adhesion between MoS2 and Ti2CTx with 0.25 J/m2 
has been estimated to be very similar, which indicates a similarly excellent lubricity for these 
hetero-interfaces. In contrast, the inherent adhesion between adjacent Ti2CTx layers is 
significantly higher (0.52 J/m2). Since the resistance to sliding typically decreases with the 
interfacial adhesion,112 coatings composed of a mixture of MoS2 and MXenes are highly 
promising to improve the frictional performance. Therefore, the theoretical calculations are 
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indicative that MXene/MoS2 composites can offer low interlayer friction and high adhesion to 
ferrous substrates, which may lead to an excellent frictional performance, thus 
outperforming pure MXene and MoS2 coatings. 

 

Figure 3.2: (a) Adhesion of MoS2 and Ti2CTx layers onto pure iron (left-hand side) and hematite 
surfaces (right-hand side). (b) Work of separation (WSEP) for MoS2@MoS2, MoS2@Ti2CTx and 
Ti2CTx@Ti2CTx interfaces. Optimized configuration for the Ti2CTx layer interacting with Fe2O3, 
as well as for the MoS2@Ti2CTx bilayer are reported within the insets. 

3.3.2 Solid lubrication performance 

The frictional performance of all samples was evaluated using reciprocating sliding 
experiments at room temperature (Figure 3.3a). For the bearing steel reference (indicated as 
“REF”), the coefficient of friction (COF) started at around 0.4 and quickly increased to 0.7 until 
levelling off at about 0.9. This can be considered a typical frictional behavior for steel-on-steel 
contact. In contrast, the coated samples featured entirely different behaviors.  

 

Figure 3.3: (a) Evolution of the COF of all samples. SEM micrographs of the wear tracks for (b) 
MoS2, (c) Composite I and (d) Composite II. Mean values and the respective standard 
deviations of the three test-replica are shown as solid line and shaded area, respectively. 
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The pure MXene coating (blue line in Figure 3.3a) did not show a beneficial effect for long 
under the chosen severe testing conditions since it only decreased friction for the first 200 s, 
after which it reached a high COF of 1.1. Under an elevated contact pressure of 0.8 GPa, the 
MXene coating is simply removed from the tribological contact zone, thus being deposited at 
the turning points of the wear track (see Figure S3 of ref.64). 

In contrast, an excellent friction reduction was observed for the MoS2 coating in the first 600 
s, showing a COF of about 0.2 (red line in Figure 3.3a), which aligns well with their calculated 
low interlayer adhesion. However, afterwards, the COF started to increase till the end of the 
experiment, thus reaching values of 0.4 and losing its beneficial lubrication effect. 

The best frictional performance was observed for the hybrid coatings, which did not lose 
their lubrication effect during the entire test duration. Both hybrid coatings (green line for 
composite I and yellow line for composite II in Figure 3.3a) demonstrated a very stable and 
low COF until the end of the experiment, corresponding to an almost six-fold COF reduction. 
Interestingly no significant frictional differences were detectable between both hybrid 
coatings.  

For what concerns the wear behavior, the overall coarse-scale appearance of the wear 
tracks was similar for both hybrids (Figure 3.3c-d). In contrast, non-uniform, patchy films 
were observed in the wear tracks of the MXene and MoS2 coatings. Additionally, the wear track 
of the pure MXene and MoS2 coatings were wider (width of about 600 and 300 µm, 
respectively) than those of the composites (~200 µm), which is also in accordance with the 
high COF of MXenes and the partial failure of MoS2. 

3.3.3 Experimental characterization of hybrid interface  

Wear track analysis by XPS 

To better understand the underlying mechanisms that govern the excellent frictional 
performance of the composites, the wear tracks were analyzed by XPS. The elemental maps 
are reported in Figure 3.4, which shed light on the chemical changes in the wear tracks 
induced by the tribological load. 
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Figure 3.4: XPS maps of the wear track for MXene, MoS2, Composite I, and Composite II. The 
abbreviation n.a. stands for not applicable. Please note that brighter colors imply higher 
element concentrations, while different scales were adopted for every distinct element to 
improve data visibility and readability. 

In the case of the pure MXene coating, no Ti signal is detected in the wear track, while strong 
signals of Fe and O are observed (Figure 3.4). This implies the full removal of the initial MXene 
coating and the tribo-induced oxidation of the underlying substrate. This observation goes 
hand in hand with the measured evolution of the COF for this coating, which did not show any 
beneficial performance after a few minutes of testing. Concerning the wear track of the pure 
MoS2 coating, some signals of S and Mo (carbide, attributable to as-deposited MoS2) are 
detected in the outer perimeter of the wear track, while a more pronounced Mo signal (oxide) 
became evident in the center of the wear track. Additionally, strong Fe and O contributions 
are visible in the center of the wear track, which is again attributed to the partial removal of 
the MoS2 coating, thus exposing the underlying substrate oxidized during tribological testing. 
This observation aligns well with the observed increase of the COF after a sliding time towards 
the end of the test (Figure 3.3a).  

When comparing the elemental maps of the pure coatings with both hybrid coatings, 
notable differences can be observed. Regarding composite I (mix of MXenes and MoS2), 
contributions of S, Mo (carbide) and Ti are observed in the wear track, which points toward 
the presence of a tribofilm containing MoS2 and MXenes. These results corroborate the 
excellent frictional performance of Composite I (Figure 3.3a), showing the presence of 
MXenes and MoS2 on the surface enduring the whole test. Moreover, signals of Mo (oxide), O, 
and Fe indicated the contribution of oxidation in the wear track and the formation of a 
tribofilm. The excellent tribological performance of composite I can be attributed to the lower 
WSEP between MXene and MoS2 layers as well as MoS2 interfaces compared to pure MXene 
interfaces (Figure 3.2a). Since a lower WSEP implies more lubricity, the mixture of MXene and 
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MoS2 helps to reduce friction compared to the pure coatings. Additionally, the high adhesion 
of MoS2 to iron and MXenes to iron oxide (Figure 3.2b) ensures that the lubricious film is not 
easily removed, thus extending the wear life. 

Regarding composite II (bilayer coating having MoS2 as top layer), the wear track still 
contains some S and Mo (carbide), which originate from the as-deposited MoS2 top-layer. 
Besides that, a clear signal from Mo (oxide) can be seen inside the wear track, which points 
towards the oxidation of the outermost layers. Interestingly, the Ti signal is even stronger 
compared to the surrounding zones, which is due to the partial removal of the top MoS2 layer 
and the exposure of the bottom MXene layer. The Fe signal is weaker for composite II 
compared to the pure coatings, still indicating the presence of a thin coating after the 
tribological tests. These findings based on the XPS analysis imply that the top MoS2 is only 
partially removed and oxidized. In this regard, sufficient lubricious MoS2 and MXene are still 
available in the wear track, which induces a low COF as presented in Figure 3.3a. The 
excellent tribological performance of composite II can be explained again considering the 
calculated WSEP in Figure 3.2b. Due to the high interlayer adhesion between MXenes and the 
ferrous substrate, we assume that MXenes act as an intermediate anchoring layer between 
the substrate and MoS2. This can help to avoid the complete exfoliation and removal of MoS2 
in composite II. Therefore, we anticipate that the bottom MXene layer contributes towards the 
durability and longevity of the top MoS2 layer by acting as an adhesion layer, thus improving 
additional coating-substrate interface adhesion.  

Comparing the elemental maps in the wear tracks of both composites, higher 
concentrations of S, Mo, and Ti were encountered in composite II, whereas a stronger Fe 
signal was detected in composite I. This points towards a thicker and more homogenous 
tribofilm formed for composite II, which might be due to the higher adhesion between MXene 
layers compared to MoS2-MoS2 or MoS2-Ti2CTx, as well as their high adhesion to the ferrous 
oxides. Therefore, the bottom MXene layer in composite II is more effective in increasing the 
adhesion of the coating to the substrate than the randomly distributed MXenes in composite 
I. 

To shed light on the distribution of the elements across the tribofilms, we also measured the 
elemental depth profiles in the middle of the wear tracks for all coated samples by XPS 
(Figure 3.5). Related to the S distribution (Figure 3.5a), it becomes evident that higher 
concentrations can be detected in surface regions. With increasing depth, the S signal 
decreases in an exponential way until it almost disappears at depths of about 200-300 nm. 
For the MoS2 coatings, the S concentration as significantly lower compared to both hybrid 
coatings (roughly three-fold reduction). This result proves that the MoS2 top layer of 
composite II was still mainly intact after tribological testing, which agrees with the presented 
XPS surface mapping. Concerning the Mo distribution, the trend seen for the detected profiles 
of S stays unchanged (Figure 3.5b). The results of the S and Mo profiles are in accordance 
with the COF trend, being that MoS2 samples presented higher friction than both hybrid 
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coatings (Figure 3.3a). In fact, the higher S and Mo concentrations in the composites 
compared to MoS2 indicate that the hybrid coatings were more prone to induce long-term 
stability to the tribofilm. MoS2 samples lost their lubricious properties at the end of the 
tribological tests, whereas the composites performed low and stable friction for the entire 
test duration (Figure 3.3a). 

 

Figure 3.5: XPS elemental depth profile taken in the middle of the wear track for MXene, MoS2, 
Composite I, and Composite II: (a) S, (b) Mo, (c) Ti, (d) Fe (metal) and (e) Fe (oxide). 

Titanium is only detected for the hybrid samples while no traces are founded for the pure 
MXene coatings (no blue line in Figure 3.5c). This confirmed that the entire MXene layer was 
removed from the tribological contact zone without the possibility to form any beneficial 
tribolayer. This goes hand in hand with the discussed temporal evolution of the COF for the 
pure MXene coating, which shows an instantaneous increase reaching COF values above 1.1 
(Figure 3.3a). For both hybrid coatings, the Ti signal is increased in surface-near regions, as 
observed for Mo and S, before decreasing at greater depths. In the case of composite II, the 
maximum Ti concentration is shifted to a region further away from the surface (i.e., maximum 
is at a depth of roughly 100 nm) compared to composite I, which aligns well with the as-
deposited sandwich-like structure.  

We divided the Fe signal into metallic and oxidic contributions to distinguish between 
substrate contributions (metallic signal) and tribo-oxidation (oxide signal) as well as to better 
estimate the tribofilm thickness after tribo-testing. In case of pure MXene coatings, the 
concentration of metallic Fe quickly increased with increasing depth, confirming the 
exposure of the metallic substrate and the removal of the as-deposited MXenes (Figure 3.5d-
e). For MoS2 and both hybrid coatings, the metallic Fe signal monotonously increased with 
increasing depth reaching concentrations above 70 % for depths of about 200, 300, and 
400 nm. This outcome corroborates well with the COF trend and element maps, showing 
again a superior tribological potential of the composites. Finally, the oxidic Fe signal was 
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notably increased in superficial regions for the pure MXene and MoS2 coatings, whereas 
significantly reduced contributions for Fe oxide were observed for both composite coatings. 
On the one hand, this clearly proves the ability of the hybrid coatings to form a beneficial 
tribofilm, thus protecting the substrate and preventing its oxidation and, on the other hand, 
the inefficiency of the pure coatings to form protecting tribofilms. 

Wear track analysis by TEM 

To further characterize the structure of the tribofilms, several TEM specimens were prepared 
by FIB from the center and turning points of the wear tracks of composite I and composite II. 
Additional TEM specimens were prepared by imaging the transition zone between initial 
coating and wear track (Figure 3.6). 

 

Figure 3.6: TEM analysis of the transition zone between original coating (left side of the 
images) and the wear track (images’ right side) for (a) Composite I and (b) Composite II. Panels 
from (a)-(d) show the transition zone and corresponding elemental mappings. Panels (e)-(l) 
show the wear track, elemental mapping and EDS line scans along the lines indicated with 
black arrows in (e) and (f). 
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The TEM analysis of the transition zones of both coatings demonstrates a reduction of the 
coating thickness as a result of tribological loading (Figure 3.6a-d). Nevertheless, the original 
coating morphology is retained, with intermixed MXene and MoS2 for composite I and a 
sandwich-structure for composite II (Figure 3.6e-h). In some positions, however, the coating 
becomes very thin or, for composite II, the top MoS2 layer is completely removed. This is in 
accordance with the elemental mapping and depth profiles obtained by XPS demonstrating a 
much higher Ti concentration close to the surface for composite II compared to composite I. 
For composite II, this implies that shear is mainly localized in the top MoS2 layer, while the 
bottom MXene layer helps to increase the adhesion of the tribofilms to the substrate, thus 
contributing to the beneficial frictional performance and increased wear life. Additionally, 
oxygen diffusion into the substrate and the incorporation of iron and iron oxide particles into 
the tribofilm can be clearly observed (Figure 3.6i-l). These findings correlate well with the 
observed Fe signals in the XPS analyses.  

Figure 3.7 shows in detail the TEM analysis of the wear track’s center position for Composite 
I. HR-TEM provides information on the structure of the tribofilm, while selected area electron 
diffraction (SAED) and elemental mappings by TEM-EDS of specific areas allow for an analysis 
of the tribofilm’s crystallinity and chemical composition. After tribological testing, the 
thickness of the tribofilm on composite I is inhomogeneous ranging from roughly 220 nm to > 
820 nm (Figure 3.7a). Closer investigation of the tribofilm by HR-TEM clearly demonstrates a 
tribofilm consisting of amorphous and layered structures (Figure 3.7b-d). SAED confirms the 
presence of crystalline (well defined larger diffraction spots), nanocrystalline (smaller spots, 
partially forming well defined diffraction rings according to their crystal phases), and 
amorphous phases (diffuse diffraction rings) inside the tribofilm (Figure 3.7e). The 
amorphous phases are mainly found close to the tribological interface as these are the 
positions with the highest pressure and temperature leading to thermo-mechanical 
amorphization. Close to the substrate surface, SAED verifies nanocrystalline Fe2O3, while 
inside the tribofilm a mixture of MoS2 and Ti3C2 prevails (P63/mmc space group). The 
chemical composition of the tribofilm is further analyzed by elemental mapping (Figure 3.7f). 
The structure of the tribofilm after tribo-testing still resembles the initial coating structure, for 
which Ti-rich phases are randomly intermixed with Mo- and S-rich phases. Additionally, a 
significant amount of oxygen can be found inside the tribofilm.  
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Figure 3.7: TEM analysis of the wear track on Composite I. (a)-(d) TEM images with different 
magnifications provide information on the structure of the tribofilm, and (e) selected area 
electron diffraction patterns and (f) elemental mappings demonstrate the phase and the 
chemical composition of the tribofilm. 

Taking these points into consideration, we anticipate that the MXene/MoS2 hybrid coating is 
partially amorphized or converted into nanocrystals as a result of mechanical shearing under 
the high acting contact pressures (globally 0.8 GPa, higher peak loads are expected). 
Additionally, the MXene and MoS2 nano-sheets are partially oxidized due to tribochemical 
reactions. Nevertheless, there are still many intact 2D nano-sheets as well as MXene/MoS2 
interfaces in the tribofilm (Figure 3.7c), which can provide low shear strength (Figure 3.2a), 
resulting in the low friction observed in Figure 3.3a. 

Finally, Figure 3.8 shows the corresponding TEM analysis of the wear track’s center position 
for composite II. Similar to composite I, HR-TEM clearly indicates a mixture of amorphous, 
crystalline, and nanocrystalline phases inside the tribofilm, where layered nano-sheets can 
be easily distinguished (Figure 3.8a-c). The presence of amorphous phases and crystalline 
MoS2 and Ti3C2Tx is confirmed by SAED (Figure 3.8d-f). As verified by the elemental mapping, 
the structure of the tribofilm strongly resembles the initial coating with a Mo-rich top-layer 
and a Ti-rich layer below, thus maintaining the original sandwich-like structure (Figure 3.8g). 
Nevertheless, there are still sufficient crystalline 2D structures in the tribofilm to provide low 
shear and to efficiently reduce friction. 
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Figure 3.8: TEM analysis of the wear track on Composite II. (a)-(c) TEM images with different 
magnifications provide information on the structure of the tribofilm, and (d)-(f) selected area 
electron diffraction patterns and (g) elemental mappings demonstrate the phase and the 
chemical composition of the tribofilm on Composite II. 

Considering the numerical calculations as well as XPS and TEM results for both composites, 
it becomes evident that the coatings’ structure remained mainly intact after tribological 
testing with little intermixing of the constituents. For composite I, the low WSEP for mixed 
MXene/MoS2 interfaces, which is similar to MoS2-MoS2 interfaces, is the major factor 
responsible for the improved lubricious properties. Since MoS2 tends to adhere to pure iron 
and MXenes demonstrated an improved adhesion to iron oxide, the formed tribofilm can stick 
to the substrate independent of the respective chemical state of the substrate. This helps to 
extend the useful lifetime of low friction tribofilms. In the case of composite II, the stronger 
adhesion of MXenes to iron oxide acts as an adhesion layer, while the resulting frictional 
performance is mainly governed by the low interlayer adhesion of adjacent MoS2 layers.  

3.4 Conclusions 

In this chapter, we presented an example of how DFT simulations can support experimental 
results, offering predictive insights and mechanistic understanding of the tribological 
performance of MXene/MoS₂ hybrid coatings. Multi-layer Ti3C2Tx, MoS2, and two different 
Ti3C2Tx/MoS2 hybrid coatings (random mixture and sandwich-like) have been experimentally 
scrutinized under dry reciprocating sliding tests (contact pressure = 0.8 GPa). Results were 
corroborated via numerical simulations of the adhesion forces between the 2D layers and 
different ferrous substrates. The friction and wear performance as well as tribolayer formation 
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have been holistically analyzed with a complementary characterization approach including 
SEM-EDS, FIB, XPS and TEM. Based on our, the following conclusions can be drawn: 

• Pure MXene coatings did not bring any tribological beneficial effect under the 
respective testing conditions compared to the steel reference (REF), whereas pure MoS2 
coatings presented approximately a four-fold friction reduction. Both MXene/MoS2 hybrid 
coatings significantly reduced friction (roughly six-fold reduction), showing low and 
steady COF values of around 0.15 that were maintained for the entire duration of the test, 
due to the formation of a stable tribofilm. 
• No significant wear protection was observed for the pure Ti3C2Tx coating (coating 
removal), whereas the pure MoS2 considerably reduced wear, although partially losing its 
lubricity towards the end of the test duration. The hybrid MXene/MoS2 coatings presented 
a superior wear behavior, displaying the highest wear resistance. 
• Numerical calculations validated the experimental results, being that MXene/MoS2 
hybrids demonstrate an excellent frictional performance with low interlayer friction and 
high adhesion to ferrous substrates, outperforming the pure MXene and MoS2 coatings. 
• The coating structure of both composites remained intact even after the tribological 
tests, confirming the synergic effect between Ti3C2Tx and MoS2. In particular, the 
composite with bilayer structure still preserved a MoS2 top-layer after tribo-testing. The 
adhesion force between Ti3C2Tx and MoS2 seemed to be the governing mechanisms to 
enhance the formation of a stable tribofilm. 
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Chapter 4 

4. In Operando formation of Transition Metal Dichalcogenides (TMDs) 
We have already anticipated in chapter 1.2.2.2 how transition metal dichalcogenides 

(TMDs) have attracted enormous scientific and industrial interest due to their outstanding 
tribological behavior. The paradigmatic example of TMD is MoS2, even though selenides and 
tellurides have also demonstrated superior tribological properties. In this fourth chapter we 
describe an innovative in operando conversion of Se nano-powders into lubricious 2D 
selenides by sprinkling them onto sliding metallic surfaces coated with Mo and W thin films. 
Advanced material characterization confirms the formation of a thin tribofilm containing 
selenides, reducing the coefficient of friction down to below 0.1 in ambient air. Ab initio 
molecular dynamics simulations carried out under tribological conditions reveal the 
atomistic mechanisms that result in shear-induced synthesis of selenide monolayers from 
nano-powders. The use of Se nano-powder provides thermal stability and prevents 
outgassing in vacuum environments. Additionally, the high reactivity between the Se nano-
powder and the transition metal coating yields highly reproducible results, making this 
process suitable for the replenishment of solid lubricants, avoiding the long-lasting problem 
of TMD-lubricity degradation caused by environmental molecules. The suggested 
straightforward approach demonstrates an unconventional and smart way to synthesize 
TMDs in operando and exploit their friction- and wear reducing impact. The results shown in 
this chapter are part of a publication on Advanced Materials.65 

4.1 Introduction 

The in operando formation of a lubricating layer protecting the surfaces from wear has many 
advantages, such as their selective formation at locations where they are needed the most, 
as well as basically infinite wear life as long as the precursors for their formation are still 
available. In engineering applications, it is quite common to form surface-protecting 
tribofilms in operando by decomposition of precursor molecules, such as is happening with 
the well-known friction modifier molybdenum dithiocarbamate (MoDTC)206 and the anti-wear 
agent zinc dialkyldithiophosphate (ZDDP),207 which has been used as lubricant additives for 
many decades. A major concern of such additives is that they often rely on organometallic 
compounds that are noxious for the environment. 

Alternatively, it has been shown in the past that it is possible to form solid lubricants based 
on nanocarbons in operando from hydrocarbon gases or liquids.208,209 Therefore, 
mechanochemical processes such as high-energy ball milling210 can be used or the solid 
lubricants can be directly formed during tribological loading as a result of high contact 
pressure, shear, and flash heating.114,211–213 In this case, the metallic elements required for the 
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in operando formation of the solid lubricants are environmentally compatible as they can be 
used in metallic form or as inorganic compounds. 

Transition metal dichalcogenides (TMDs) (e.g., MoS2, WS2 or MoSe2) have been used by 
industry for many years, mainly because of their unique tribological properties. Most of them 
are synthetically produced, but MoS2 exists naturally in a crystalline form, known as 
molybdenite mineral. Under dry sliding conditions in high vacuum or in inert gas 
environments they can provide some of the lowest coefficients of friction (COF). Mainly 
because of such excellent lubrication properties, they are the choice of lubricants for many 
types of space applications, such as the recently launched James Webb Space Telescope.214 

Their excellent lubricating properties stem from a layered structure, in which individual 
monolayers are composed of transition metal atoms (e.g., Mo and W) sandwiched between 
the chalcogen atoms (e.g., S and Se). Under shear conditions layers slide over one another to 
provide low friction while the very strong and resilient layers protect surfaces against wear. In 
perfect conditions (i.e., perfectly flat, rigid surfaces), or at the nanoscale, TMDs can show 
superlubricity with COFs below 0.01, while at the macro-scale puckering and defect 
formation usually leads to COFs around 0.1.61,215 The most used TMD-based solid lubricant is 
MoS2 even though selenides and tellurides have been recently reported to exhibit superior 
tribological properties.216 When operated in high vacuum or space environments, inert gasses 
like Ar, He, or N2, friction coefficients approaching 0.001 are reported for TMDs (especially 
when used in the form of 2D sheets).217 However, the lubricity of most TMDs is strongly 
affected by humidity, temperature, and other environmental species such as oxygen. In 
general, higher humidity causes high friction and wear.185,218,219 

In the past, the in operando formation of crystalline TMD from amorphous coatings or 
molecules, such as H2S and MoDTC, was demonstrated by experiments114,213,220–223 and 
simulations.120,224,225 However, in this chapter we describe an innovative approach that results 
in the formation of TMDs even with the use of the chalcogen element (Se) in the form of a 
nano-powder, sprinkled onto the metallic surfaces involved (Mo and W). The tribochemical 
reactions in the contact zone resulted in the formation of MoSe2 and WSe2, which guarantee 
very low friction and wear. Transmission electron microscopy (TEM) in combination with 
Raman and X-ray photoelectron spectroscopy (XPS) confirmed the solid-state formation of 
these films. Ab initio molecular dynamics (AIMD) simulations provided insight into the 
mechanisms governing their in-operando formation. 

This approach opens the door to new technological applications due to its distinct 
advantages. Using a chalcogen powder, instead of sputtered coatings, prevents the 
degradation of lubricant properties caused by interaction with air humidity. Additionally, the 
tribological contact can be easily replenished by feeding nano-powders into the interface. 
This method can also be applied in high-temperature environments or on the nanoscale, 
where liquid media or sputtered coatings are unsuitable. We believe that this work represents 
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a significant advancement in the field of tribology and may inspire the in-situ synthesis of new 
compounds beyond traditional TMDs. 

4.2 Methods 

Materials and coating deposition. Polished AISI 52100 steel platelets (20 x 10 x 1 mm³) 
were used as substrate materials. Before the coating process, all samples were ultrasonically 
pre-cleaned in acetone and then isopropanol. Metallic W and Mo coatings with a thickness of 
around 2-3 µm were synthesized from respective metallic targets (3-inch geometry, Plansee 
Composite Materials GmbH, 99.3% purity) in pure Ar atmosphere (99.999 % purity) using an 
in-house developed direct current magnetron sputtering system (base pressure below 
2.0×10-4 Pa). The rotating substrate holder (0.25 Hz) was positioned at a target-to-substrate 
distance of 110 mm. Following a heating sequence to a substrate temperature of 400 °C, an 
Ar-ion etching step was performed to finally clean the substrates before deposition – pure Ar 
atmosphere at 5 Pa and an applied bias potential of 800 V. The thin films were then grown at 
a total Ar pressure of 0.4 Pa, a target current of 0.4 A, and floating potential. The resulting 
surface roughness (Sq) of the Mo and W coatings was 50 and 46.5 nm, respectively. The 
hardness of the coatings was 12.6 GPa (W) and 7.1 GPa (Mo) as determined by 
nanoindentation at 4 mN load from 40 idents. 

Tribological Experiments. Tribological testing was performed on a ball-on-disk setup 
(Nanovea T50 Tribometer) in unidirectional sliding mode with a sliding radius of 2 mm. The 
counterbody was an Al2O3 sphere with a diameter of 6 mm (surface roughness Sq: 40 nm), to 
avoid substantial wear of the counterbody as well as contamination with other transition 
metals and catalytic effects of metallic particles. The load was set to 1 N, leading to a peak 
Hertzian contact pressure of 0.73 GPa, 0.88 GPa, and 0.92 GPa for the steel, Mo, and W 
substrates, respectively. The sliding speed was set to 1000 mm/min. The tests were run under 
ambient air with a temperature of 25 °C and a relative humidity of ~45%. After the sample was 
fixed in the tribometer, 10 mg of high-purity (99.9 %) Se nano-powder with a particle size 
distribution between 40 to 80 nm (NANOSHELL UK Ltd.) was manually sprinkled onto the 
substrate surface with a spatula directly underneath the Al2O3 counterbody. Subsequently, 
the counterbody was brought into contact with the Se nano-powder so that there was a visible 
transfer of the loose Se nano-powder from the substrate to the counterbody. Afterwards, we 
started the sliding experiment. Additional reference measurements are performed without 
the addition of Se powder. All tests were run three times, so that the mean values and 
standard deviations could be plotted. Additional tests with Se nano-powder were performed 
to study the ability to re-establish lubricious TMD layers after their degradation. Therefore, the 
tribometer was stopped once the COF reached the high friction value observed at the 
beginning of the test, Se nano-powder was applied again to the contact zone analogously to 
the test before, and the test was restarted again without changing the relative position of 
substrate and counterbody. 
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Characterization of the tribofilm. The substrate surfaces and wear tracks were imaged by 
confocal laser scanning microscopy (CLSM, Keyence VK-X1100) and scanning electron 
microscopy (SEM). The average cross-sectional area of the wear tracks A as measured by 
CLSM was used to calculate the wear rate using the expression: 

K [
mm3

N∙m
] =

A∙L

Fn∙N∙L
,                 (4.1) 

Where L is the length of the wear track, Fn is the normal force, and N is the number of sliding 
cycles. The chemical state of the surfaces before and after wear was investigated by Raman 
spectroscopy (HR800, Jobin Yvon Horiba) with a laser wavelength of 532 nm and a yielded 
laser power of 13.5 mW was used. The spot size was 20 µm and the measuring time 3s. 
Additionally, X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific Theta Probe) 
was used to determine the chemical bonding states in the top-most surface layers. The XPS 
device was equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) and an Ar+ ion 
gun. The analyzed spot size diameter was 100 µm, with pass energies of 200 eV for the survey 
spectra and 50 eV for the high-resolution spectra. The XPS spectra were acquired before and 
after 10 seconds of fine sputtering which was conducted in order to remove any possible 
surface contamination. The measurements were performed at a base pressure of 2 × 10-9 
mbar. All the high-resolution spectra were referenced to the adventitious carbon (C 1s binding 
energy of 284.8 eV). Afterwards, the spectra were processed with the Thermo Fisher Scientific 
Avantage Data System using Gaussian-Lorentzian peak fitting. Transmission electron 
microscopy (TEM, FEI TECNAI F20) was used to image the structure of the formed tribofilms. 
Energy dispersive X-ray spectroscopy (EDS) inside the TEM was performed using an EDAX 
detector. 

Ab initio Calculations. Spin-polarized DFT calculations were performed employing version 
6.7 of the Quantum ESPRESSO package.139–141 The generalized gradient approximation (GGA) 
within the Perdew-Burke-Ernzerhof (PBE) parametrization was used to describe the electronic 
exchange and correlation.103 Dispersion interactions were included using the D2 
parametrization scheme of Grimme.142 The plane-wave expansion of the electronic wave 
functions (charge density) was truncated with a cutoff of 40 Ry (320 Ry). The ionic species 
were described by ultrasoft pseudopotentials, considering 14 explicit electrons for the d-ions 
(e.g., W and Mo), and 6 explicit electrons for chalcogens (e.g., O and Se). For the structural 
optimization, we adopted default criteria for energy and forces convergence (10-4 Ry and 10-3 
Ry/Bohr, respectively) and used a Gaussian smearing of 0.02 Ry. We modelled the (110) 
surfaces of Mo by sampling the Brillouin zone with a 14 x 18 x 1 Monkhorst-Pack grid,143 while 
an equivalent sampling was used for larger cells. To avoid spurious interactions, all surfaces 
and interfaces were built with at least 15 Å of vacuum between vertical replicas.  

For the AIMD simulations of sliding surfaces we used a version of the Born-Oppenheimer 
Molecular Dynamics modified by our group to impose tribological conditions. The outmost 
metallic atoms are dragged with a constant velocity of 2 Å/ps; a normal load of 10 GPa, and a 
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constant temperature of 600 K are applied. Newton’s equations of motion are integrated using 
the Verlet algorithm. We tuned the time step, dt, according to the frequency of bond 
vibrations, with the Mo-O bond stretching having the shortest period of 33 fs (corresponding 
to a frequency ν = 1000 cm-1).226 Therefore, we selected a dt value of 2.4 fs, so to sample more 
than 10 times each bond vibration. This choice allows for a fast production, while ensuring a 
correct integration of the equations of motion. To observe the full formation of TMD from Mo 
and Se particles, we performed long simulation runs (up to hundreds of ps). In this case, 
where Mo-O bonds were not present, the dt was increased to 9.4 fs. 

4.3 Results and Discussion 

4.3.1 An innovative lubrication method 

We performed unidirectional ball-on-disk experiments using chemically inert Al2O3 
counterbodies to study the in operando formation of solid lubricants based on TMDs, in 
particular MoSe2 and WSe2. Without the application of Se nano-powders on the sliding 
surfaces, the evolution of the COF over the sliding cycles is characteristic for non-lubricated 
sliding of a metal substrate versus a ceramic counterbody (Figure 4.1). The COF starts at 0.4 
for the bare Mo coating (Figure 4.1a) and at 0.3 for bare W (Figure 4.1b) and then quickly 
increases to a maximum value of 0.8 (Mo) and 0.6 (W) during the first 100 sliding cycles of 
running-in, which can be attributed to the evolution of the real contact area as well as the 
removal of contaminants and thin native oxide layers, resulting in higher adhesion and finally 
increased friction.227 Subsequently, the COF slightly decreases until it stabilizes at a steady-
state-value of 0.6 or 0.4 for Mo and W, respectively. The smaller COF of W compared to Mo 
can be mainly traced back to its higher hardness leading to a smaller real contact area and 
less disruption of the native oxide film.  

In contrast, the friction behavior drastically differs when Se nano-powder is added to the 
tribological interface before the tests. For both Mo and W substrates, the COF starts at a level 
like that of the reference measurements. However, independently of the used transition metal 
substrate, the COF continuously decreases over the course of the sliding experiment, ending 
up at a COF of 0.09 and 0.13 for the Mo (Figure 4.1a) and W (Figure 4.1b) substrates with Se 
nano-powder addition, respectively.  
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Figure 4.1: Friction (a,b) and wear (c)-(f) performance of the Mo and W substrates during ball-
on-disk experiments. Compared to the bare substrates (black curves, REF), which show the 
typical frictional performance of a dry contact, the experiments with the addition of selenium 
nano-powder (red and blue curves for Mo and W substrates, respectively) demonstrate a 
continuous decrease in COF and a significant reduction in steady-state friction. Additionally, 
both (c,d) Mo and (e,f) W substrates demonstrate greatly reduced abrasive wear marks when 
Se nano-powder is added, as reported by 3D laser scanning microscopy. All the wear tracks 
have been imaged at the same magnification. 

It is remarkable to achieve such a low macroscopic COF on an unlubricated metal-on-
ceramic sliding contact under ambient conditions by simply sprinkling the contact zone with 
Se nano-powder. The improvement in the tribological performance as a result of the addition 
of Se nano-powder to the contact zone on the transition metal substrates is also reflected in 
the wear of these substrates (Figure 4.1c-f). When the experiments were performed with Se, 
the wear rate decreased by an order of magnitude, from 1.110-4 to 2.710-5 mm3 N-1m-1 and 
5.310-6 to 3.910-6 mm3 N-1m-1 for Mo and W, respectively. We observed a clear reduction in 
wear in terms of wear groove shape and size, wear particle formation, and abrasive wear 
marks for the experiments performed with Se nano-powder (Figure 4.1d and f). Again, due to 
its higher mechanical hardness, W shows much lower wear in general compared to the Mo 
substrates when rubbing against the Al2O3 ball. This confirms less conformal contact with a 
smaller contact area, thus leading to lower friction. 
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We also explored the possible re-establishment of a low coefficient of friction through 
addition of further Se nano-powder into the tribological contact zone after the COF had 
reached the high value observed at the beginning of the tests (Figure 4.2). Indeed, the COF of 
the Mo-coated substrate drops after the first addition of Se powder and keeps constant up to 
around 700 sliding cycles (Figure 4.2a). Thereafter, frictional instabilities appear and the COF 
increases to 0.35 at approximately 1700 sliding cycles. This is exactly the point when the 
tribometer was stopped and the Se nano-powder was added again to the contact interface. It 
can be clearly observed that the COF rapidly decreases and reaches a rather constant level 
of about 0.1 up to 6500 sliding cycles, which also denotes the end of the test. In Figure 4.2b, 
the same trend is visible for the W-coated substrate. After the initial application of Se powder, 
the COF is around 0.17 up to 700 sliding cycles but then starts to increase to even 0.5 at 
around 850 cycles. After adding the Se nano-powder for the second time, the COF sharply 
drops down to approximately 0.17 again, where it remains constant up to 1200 cycles before 
slowly rising again. This straightforward experiment clearly shows the consistency of the 
approach, demonstrating that a further addition of Se nano-powder results in a repeatable 
and reproducible friction reduction. It can be envisioned that this cycle could be repeated 
again various times. 

 

Figure 4.2: Reapplication of Se nano-powder leads to reoccurring reduction in friction, for 
both (a) Mo- and (b) W-coated substrate. 

4.3.2 Tribofilm characterization - MoSe2 and WSe2 formation 

To understand the tribochemical reactions taking place in the contact zone during relative 
sliding, we analyzed the substrate surfaces by Raman spectroscopy, XPS, and TEM. 

Wear track analysis by Raman.  

Raman spectra in Figure 4.3 unambiguously shows that sliding induced tribochemical 
reactions occur in the contact zone. As expected, when performing experiments in ambient 
air atmosphere, sliding on the bare transition metal substrates is dominated by tribo-
oxidation of Mo and W, leading to the formation of MoO3/MoO2 and WO3, which were found in 
the wear tracks of the Mo and W samples, respectively (Figure 4.3b and d). However, many of 
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the oxide peaks disappeared when Se nano-powder was added to the contact zone of the Mo 
(Figure 4.3b) and W (Figure 4.3d) samples. Instead, peaks related to the formation of MoSe2 
and WSe2 became very clear. This statement is not entirely conclusive, as the peaks of MoO2 
at 210 cm-1 and MoSe2 at 242 cm-1 as well as WO3 at 265 cm-1 and WSe2 at 245 cm-1 partly 
overlap. Nevertheless, these findings point towards a tribochemical reaction between the 
transition metal substrates and the Se nano-powder induced by the mechanical stresses and 
shear forces experienced during sliding, leading to the formation of lubricating TMDs, i.e. 
MoSe2 and WSe2. The formation of a tribofilm results in the reduction of friction and wear due 
to the easy-to-shear ability of layered TMDs which also provide protection to the underlying 
substrates.  

 

Figure 4.3: Raman spectra of the wear tracks of the (a,b) Mo and (c,d) W substrates. The 
addition of Se nano-powder triggers chemical reactions on both (a,b) Mo and (c,d) W 
substrates, so that selenides (MoSe2, WSe2) are formed. Without the addition of Se nano-
powder, the formation of oxides dominates (MoO3, MoO2, WO3). 

Wear track analysis by XPS.  

The high-resolution XPS scans performed inside the wear tracks are presented in Figure 4.4. 
The wear tracks from experiments performed on Mo substrates (Figure 4.4a) reveal the 
complex XPS envelope characteristic of molybdenum oxide samples containing mixed 
oxidation states. The main peak, located at 228.0 eV, is attributed to metallic Mo. The Mo 3d5/2 
peaks are located at 230.8, and 232.6 eV and are assigned to the oxidation states Mo (IV) and 
Mo (VI).228 The addition of Se powder to the contact area before the tribological experiment 
results in a radical change in the chemical composition of the wear track. Aside from the 
major presence of metallic Mo (228.0 eV), the spectrum of the as-tested wear track reveals a 
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doublet of Mo 3d5/2 and Mo 3d3/2 centered at 228.8 and 231.8 eV, respectively. These peaks are 
characteristic of MoSe2.229 Additionally, the presence of Mo (IV) and Mo (VI) can be identified. 
The in operando formation of MoSe2 during the experiment is further confirmed by the 
presence of the characteristic selenide doublet at 54.6 eV (Se 3d5/2) and 55.4 eV (Se 3d3/2).230 
Outside the wear scar, the surface composition was determined to be formed by metallic Mo 
and MoO3, with a minor presence of MoO2.  

The XPS measurements performed on the W substrates offer analogous results (Figure 
4.4b). Outside the wear scar, the measured spectrum contains only peaks corresponding to 
metallic W, W (IV) and W (VI). The XPS spectrum measured on the W substrate tested without 
Se shows a main doublet at 31.2 and 33.4 that corresponds to metallic W. The other peaks 
are ascribed to tungsten oxides (WO2 and WO3).231 In the presence of Se nano-powder, the 
wear track shows a similar spectrum but with a pronounced doublet at 32.4 and 34.2 that 
corresponds to WSe2. The Se narrow spectra again confirm the presence of WSe2 with a main 
peak at 54.7 eV, accompanied in this case by the presence of a metallic tungsten satellite 
peak located at 56 eV. 

 

Figure 4.4: High-resolution XPS spectra of Mo 3d, W 3d and Se 2p illustrating the presence of 
MoSe2 (Mo 3d5/2 and Mo 3d3/2 centered at 228.8 and 231.8 eV) and WSe2 (doublet at 32.4 and 
34.2 eV). The formation of selenides is confirmed by the presence of a doublet at 54.6 eV (Se 
3d5/2) and 55.4 eV (Se 3d3/2). Note the lack of selenide formation in the reference samples (left 
side). 

Wear track analysis by TEM. 

Finally, the structural features of the formed tribofilms over the Mo and W substrates have 
been investigated by TEM. The results in Figure 4.5 verify the formation of 2D layered TMDs on 
both substrates. The tribofilm found on the Mo substrate (Figure 4.5a-c) has a thickness of up 
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to 20 nm and is composed of clearly layered structures intermixed with amorphous zones. 
The tribofilm on the W substrate (Figure 4.5d-f) indicates a thickness of up to 10 nm and is, 
therefore, much thinner compared to the one on the Mo substrate. However, the tribofilm is 
more clearly delineated from the substrate and is composed of continuous layers. This can 
be explained by the larger resistance to plastic deformation of W, which prevents strong 
intermixing as found for Mo. The measured interlayer distances of about 7.1 Å are close to the 
ones corresponding to the (002) planes of hexagonal MoSe2 and WSe2.232,233 Additionally, the 
layers are perfectly aligned with respect to the substrate surface, thus enabling easy shearing 
and a low COF. 

 

Figure 4.5: TEM micrographs of the tribofilms formed during the experiments on the (a)-(c) Mo 
and (d)-(f) W substrates with addition of Se nano-powder. The tribofilms are encircled with 
dashed green lines and the layer distances are measured and given in the high magnification 
images. 

The finding of layered structures in the tribofilm combined with the Raman and XPS results 
clearly proves the in operando formation of low friction and low wear tribofilms based on 
transition metal selenides. 

4.3.3 Mechanistic insights: Ab Initio Molecular Dynamics (AIMD) 

As a first step to understanding the atomistic mechanism of TMD mechano-synthesis, we 
evaluated if the formation of TMDs from their metal and chalcogenides constituents is 
energetically favorable. To this aim, we compared the energy of a MoSe2 (WSe2) unit in the 
TMD layer with the sum of the energies of a Mo (W) atom and two Se atoms in their bulk 
structures. The results indicate that forming a TMD layer from the bulk constituents is highly 
favorable, the associated energy gain being 2.0 eV (1.1 eV) per MoSe2 (WSe2) unit. The lower 
energy gained by the formation of WSe2 layers compared to MoSe2 layers could also explain 
the shorter wear life of this system as it leads to less material being formed. 
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The energetic analysis described above points at the thermodynamic driving force for the 
transformation of the metal and chalcogenide elements into the TMD layers. To “observe” 
such a transformation in real time we performed AIMD simulations of Se nano-powder under 
load and shear in the presence of debris particles. We considered both pure metal and metal-
oxide debris, the latter to consider the presence of MoO2, which was in fact revealed by the 
Raman analysis (Figure 4.3). The load and shear were applied through two TMD boundary 
layers to reduce the computational effort and to operate with the proper in-plane cell size to 
host a TMD layer that may be formed. Additionally, we considered a third case with the Se 
nano-powder confined within two perfectly flat Mo surfaces, representing the experimental 
conditions. Figure 4.6a-c shows different snapshots acquired during the AIMD simulations. 

The initial configuration (t = 0 ps) for each dynamic simulation corresponds to the optimized 
system structure under load. The high applied load induces the weak Se-Se bonds to 
rearrange and adhere to the metallic nano-particles and the boundary TMD surfaces (Figure 
4.6a-b) or to the metallic surfaces (Figure 4.6c). The system evolution is different in the three 
considered cases. When the pure metal nanoparticle is embedded in the chalcogenide 
powder (Figure 4.6a), we observe sliding-induced atom intermixing. Mo-Se bonds are 
established with trigonal prismatic coordination typical of TMDs. Already after 3.5 ps, one Mo 
atom (highlighted with a black circle) is fully surrounded by six selenium atoms, indicating a 
complete detachment from the metallic nanoparticle. After 35 ps of simulation, the metallic 
nanoparticle is almost completely disaggregated. At 136 ps the formation of the TMD is 
almost complete. The situation is different for the molybdenum-oxide nanoparticle (Figure 
4.6b), where the intermixing of the metal and chalcogen atom is hindered by the presence of 
oxygen. The only relevant event observed in 36 ps consists in the partial extraction of one 
metal atom from the nanoparticle, which is still interacting with oxygen (see black circles in 
Figure 4.6b). The evolution of the third considered system, i.e. Se nanoparticle confined 
between ideal (110) Mo surfaces, is reported in Figure 4.6c. The cohesive energy of the atoms 
in the metallic surfaces is too high for their detachment, thus in the simulated time interval 
we do not observe the formation of any TMD unit. The Se nanoparticle disaggregates, but Se 
atoms chemisorb on the metal surfaces without affecting their surrounding environment.  

The formation of TMD can be monitored quantitatively by computing the structure factor 
S(G) of the Mo atoms: 

S(G) = √|∑ e
iGrjN

j=1 |
2

N2                 (4.2) 

where G is the summation of the two reciprocal lattice basis vectors of a crystalline MoSe2 
layer and rj is the real space position of the j-th Mo atom belonging to the debris particle or 
the Mo (110) surface. S(G) has a limit value of 0 in case of full incommensurability, and of 1 
for full commensurability of the lattices.234 In Figure 4.6d, we report the S(G) evolution with 
time for the three AIMDs performed in this work. In line with the qualitative analysis in Figure 
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4.6a, the atoms belonging to the Mo20 nanoparticle reorganize into an almost perfect MoSe2 
crystal structure within 80 ps (see the blue line). The S(G) values for the metal-oxide particle 
fall within the 0.2-0.4 range (black line in Figure 4.6d) indeed, Mo dioxide has the same 
stoichiometry and similar bonding as Mo selenide. Finally, The S(G) values close to 0 (see 
yellow line in Figure 4.6d), demonstrate that the atoms of the Mo surface retain the bulk 
geometry, which is in accordance to the results demonstrated in Figure 4.6c. 

 

Figure 4.6: Dynamical evolution of three tribological systems: (a) Mo20 debris particle and Se40 
nanoparticle; (b) Mo20O40 debris particle and Se40 nanoparticle between two TMD boundary 
layers; (c) Se64 nanoparticle confined within two Mo(110) surfaces. The black circles in panels 
(a) and (b) highlight the detachment of Mo atoms from the debris particles. Please refer to the 
color code: Mo in cyan, Se in yellow, O in red. (d) Time evolution of the structure factor, i.e. 
S(G), during the AIMDs for the Mo20 debris particle (in blue), the Mo20O40 debris particle (in 
black) and the Mo(110) surface (in yellow). 

The different degrees of Mo-Se intermixing observed in our simulations can be explained by 
the different binding energies of the metal atoms within the three different precursors 
considered. As shown in Figure 4.7, the calculated energies to extract a metal atom from a 
pure-metal nanoparticle, oxidized nanoparticle, or a metallic surface are 6.5 eV, 10.1 eV, and 
8.7 eV, respectively. 
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Figure 4.7: Energy cost to isolate a Mo atom from an the Mo20O40 debris particle, Mo(110) 
surface, and pure Mo particle. 

The above-described simulations suggest that mechanical shear and load can promote the 
formation of crystalline MoSe2 layers from a Se nano-powder as a precursor providing that 
metal atoms are extracted from the substrate, e.g., thanks to defects. While oxidized surfaces 
might be more easily damaged by rubbing, the extract of metal atoms from metal-oxide 
nanoparticles is more difficult. Therefore, the oxidic wear debris formed during rubbing 
cannot directly facilitate the formation of TMD layers. However, they can act as third body 
and, hence, accelerate abrasive wear and the extraction of metallic wear particles, which are 
then converted rapidly into TMD layers under shear and load once brought into contact with 
the Se nanoparticles.  

4.4 Conclusions 

In this chapter, we presented an innovative lubrication method for the in operando synthesis 
of slippery TMD layers by simply sprinkling a nano-powder of chalcogen elements, in this case 
selenium, at the tribological interface in ambient air. The formation of these TMD layers within 
the tribological contact significantly reduces friction and wear, lowering the coefficient of 
friction to 0.1 or even below, levels typically achieved only with fully formulated oils. Without 
the application of the nano-powder, both friction and wear are high, as expected for a dry 
contact between metal and ceramic, due to abrasive and adhesive interactions between the 
sliding surfaces caused by the hard oxides of Mo and W.  

High-resolution characterization techniques, such as Raman spectroscopy and X-ray 
photoelectron spectroscopy (XPS), confirmed the formation of MoSe2 and WSe2 -based 
tribofilms on the interacting surfaces. Transmission electron microscopy further revealed the 
nanoscopic layered structure of MoSe2 and WSe2, with a preferential crystalline alignment 
relative to the sliding surfaces. 

We performed ab initio molecular dynamics simulations to investigate the shear-driven 
reaction pathways involved in the formation of layered TMDs during sliding. The simulations 
clearly highlight that metallic debris are a prerequisite to facilitate the tribochemical reaction 
between metallic particles and the Se nano-powder, leading to the formation of crystalline 
TMD layers. These metallic debris particles are likely generated during sliding, as the surfaces 
are weakened by oxidation. 
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Overall, our study demonstrates a straightforward and cost-effective approach, yielding 
highly reproducible results that underscore the strong affinity of Se nano-powder for the 
tribochemical formation of 2D selenides in the presence of a transition metal coating when 
brought together at the contact interface. Our approach may be considered for applications 
where the use of toxic gaseous reactants like H2S is neither feasible nor desirable, in vacuum 
environments where outgassing of conventional oils and greases may hinder their use, or in 
maintenance-critical applications, where commonly used TMD coatings lead to component 
failure once they are fully worn. The results presented here may inspire further research into 
solid-state tribochemistry and the design of new composite materials that can provide long-
lasting, self-sustaining, and self-healing capabilities in future applications through the 
replenishment of sliding contacts with solid lubricants. 

The proposed lubrication mechanism based on the in operando formation of TMD layers is 
schematically shown in Figure 4.8. 

 

Figure 4.8: Schematic representation of the proposed lubrication method based on the 
friction-induced formation of slippery TMD layers in operando. 
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Chapter 5 

5. Transition Metal Carbo-Chalcogenides (TMCCs) as solid lubricants 
Two-dimensional (2D) transition metal carbo-chalcogenides (TMCCs), consisting of an 

MXene core and a TMD-like surface, represent an inherent combination of TMDs and MXenes 
without the need to construct hybrids out of the individual layers. Due to their layered 
structure and surface chemistry, favorable tribological properties can be expected from these 
novel materials. In this chapter, we discuss the tribological performance of multilayer Ta2S2C 
and Nb2S2C TMCCs, deposited solely as a powder onto a steel substrate, tested under linear 
sliding against different counterbodies (Al2O3, SiC, AISI 304, and polytetrafluoroethylene). 

5.1 Introduction 

Many technological advances are only possible through the discovery of new and advanced 
materials. An example is the transition to clean energy, which is fueled by applied material 
science, making it possible to further reduce the cost of electricity from solar and wind or 
improve the efficiency of electric vehicles. One possibility to save huge amounts of energy is 
to reduce friction and wear, as discussed in chapter 1.1. This inspires the search for new 
lubricating materials, which demonstrate lower friction, protect the surfaces more from wear, 
and are stable over a wide range of conditions.  

Two-dimensional (2D) materials with layered structures have been the focus of research as 
solid lubricant materials due to their exceptional mechanical, physical, and chemical 
properties.202,235–237 These properties stem from their unique structure, where the atoms within 
a layer (in-plane atoms) are held together by a mixture of ionic and/or covalent bonds, 
providing high strength. Meanwhile, adjacent out-of-plane layers are weakly bonded, 
interacting mainly through van der Waals (vdW) forces. This configuration results in atomic 
planes with a high strength yet can easily shear over each other. Due to their advantages in 
terms of vacuum and temperature stability, contamination resistance, and low friction, solid 
lubricants such as MoS2 or WS2 are the lubricating materials of choice for many space 
applications (e.g., Mars Rover, James Webb Space Telescope).238 However, challenges 
remain, such as their short wear life and the dependence of their tribological performance on 
the environmental conditions.202 For instance, MoS2 produces very low friction in vacuum or 
inert gas but reacts with humidity and oxygen in air to form MoO3, thereby losing its 
exceptional tribological performance.54 

MXenes represent an extensive family of 2D materials, which have already generated 
interest for tribological applications,82,239 as extensively discussed in this thesis. Their 
properties can be tuned by leveraging their significant structural and chemical versatility.39 
Experimental testing has demonstrated very interesting performance for MXenes, specifically 
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in terms of outstanding wear life compared to MoS2 or even WS2.18,79,201 Additionally, under the 
right conditions even superlubric regimes can be achieved.203,240 A possibility to further 
improve the properties of 2D materials and to unlock synergistic effects is to stack different 
2D materials into vdW heterostructures or nanocomposites,61 as exemplary presented within 
chapter 3 of this thesis. Numerous examples demonstrated that the friction and wear 
performance of 2D heterostructures and nanocomposites is greatly improved compared to 
their individual components. These include graphene/transition metal dichalcogenide (TMD) 
heterostructures,61 TMD/TMD heterostructures, e.g., MoS2/MoSe2,62 or Ti3C2Tx/MoS2 
nanocomposites.63,64 Utilizing the aforementioned heterostructures or nanocomposites 
might be a viable option to expand the parameter space for sustaining effective lubrication. 
Indeed, combinations of MXenes i.e., Ti3C2Tx with MoS2

63 or MoSe2
241 have proven to provide 

very low friction (even in the superlubric range between 0.007-0.01).  

On the other hand, the tribological community completely overlooked a family of  new 2D 
materials, which can be considered an inherent and exciting combination of MXenes and 
TMDs, so called transition metal carbo-chalcogenides (TMCCs).40 Although the synthesis of 
many TMCCs in bulk 3D-form such as Ta2S2C and Nb2S2C had already been achieved in the 
past century,93,94 it is only thanks to the successful exfoliation of TMCCs into single layers 
achieved by Majed et al.,40 that this family of 2D materials has definitely gained the attention 
of the scientific community, especially in the fields of electrochemical energy conversion and 
storage.41 To date there is only one study by Wally and Ueki that explores the tribological 
properties of Ta2S2C and (Ta, Nb)2S2C transition metal carbo-chalcogenides.95 However, the 
research did not continue, and the family of 2D materials remained unexplored until today. 
Compared to heterostructures, TMCCs have the advantage that the solid/solid interface can 
be engineered in a very controlled fashion, they can be considered as an interface-free hybrid 
of TMD and MXene. The intriguing combination of a MXene core and a TMD surface might give 
important insights into the role of mechanical stability provided by the layer core, and the 
chemical composition of the surface determining environmental stability, reactivity, and 
interlayer binding, all of which affect tribological behavior. 

In this chapter, we describe for the first time the tribological properties of multilayer Ta2S2C 
and Nb2S2C TMCCs deposited solely as powders onto AISI 304 steel substrate, in linear 
reciprocating sliding against different counterbody materials (i.e., Al2O3, SiC, AISI 304, and 
polytetrafluoroethylene). Despite the simplicity of this first exploring approach, the presence 
of TMCC powders in the contact area is sufficient in most cases to maintain a coefficient of 
friction (COF) lower than 0.2, which is considered a threshold for effective solid 
lubrication.242,243 The lubrication ability of TMCC is traced back to the tribo-induced formation 
of a compacted patchy tribofilm, which reduces the COF and prevents the substrate from 
wear. X-ray photoelectron spectroscopy (XPS) and Auger-Meitner electron spectroscopy 
(AMES)  highlighted the presence of TMCCs inside the wear tracks. The 2D structure of TMCCs 
was detected inside the tribofilm by transmission electron microscopy (TEM). Finally, density 
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functional theory (DFT) simulations were carried out to confirm the easy-to-shear ability of 
TMCCs, suggesting that their 2D structure can accommodate shear between layers.  

5.2 Methods 

Synthesis and Characterization of TMCCs. Niobium carbo-sulfide (Nb2S2C) and tantalum 
carbo-sulfide (Ta2S2C) were obtained by solid-state synthesis followed by chemical 
purification. FexNb2S2C was synthesized using commercial precursors of niobium (Nb, 99.8%, 
< 45 µm, Alfa Aesar), niobium carbide (NbC, 99%, < 10 µm, Alfa Aesar), iron (II) sulfide (FeS, 
99%, 60 – 200 µm, STREM). Powders with an atomic ratio of Nb: NbC: FeS = 1.0: 1.0: 1.5 were 
weighed inside an Argon (Ar)-filled glovebox. Yttrium stabilized zirconia balls (10 balls, 5 mm 
each) were added to high density polyethylene container as mixing media along with the 
powders. The container was sealed with parafilm in the glovebox, then transferred outside the 
glovebox to a Turbula T2F mixer, where it was mixed at ~56 rpm for 3 h. The mixed powders 
were returned to the glovebox and cold-pressed under 300 bars into 1-inch pellets. These 
pelletized samples were then placed in an alumina crucible inside a tube furnace and heated 
under a constant Ar flow at a rate of 10 ℃/min to 1550 ℃, where they were held for 30 min. 
The pellets were then allowed to cool to room temperature. After cooling, the pellets were 
pulverized and sieved through a 325 mesh (< 44 µm). Nb2S2C was obtained by etching 
FexNb2S2C using aqueous hydrochloric acid (12 M HCl) with a ratio of 20 ml HCl for each 1 g 
of starting powder. The solution was heated to 30 ℃ using a hot plate for 48 h and mixed with 
the aid of a Teflon-coated magnetic stir bar. The sample was washed with deionized (DI) water 
until near neutral pH was reached. Similarly, FexTa2S2C was synthesized by mixing tantalum 
(Ta, 99.9%, < 150 µm, Alfa Aesar), tantalum carbide (TaC, 99.5%, < 44 µm, Alfa Aesar), and 
iron (II) sulfide in a molar ratio of Ta: TaC: FeS = 1.0: 1.0: 1.75. Ta2S2C was obtained from 
FexTa2S2C by mixing the ground sample (< 44 µm) with 12 M HCl at 30 ℃ for 48 h followed by 
washing. After washing the sample with DI water to a pH ~ 7, the dried sample was obtained 
by vacuum-assisted filtration. 

The crystal structures of the investigated samples were analyzed using a Rigaku D/Max-
2200 X-ray diffractometer with a Cu Kα source. Scans were performed with a 2θ step size of 
0.02 ° and a sweep rate of 1 °/min. Scanning electron microscope (SEM) images were 
obtained using a Hitachi S-4800 microscope at an acceleration voltage of 3 kV, while images 
were processed with an image processing software (ImageJ). Chemical compositions were 
confirmed through energy dispersive x-ray spectroscopy (EDS) analysis with an Oxford-
Hitachi S-3400 microscope at an accelerating voltage of 30 kV. 

Tribological Experiments. Frictional testing of the TMCCs was conducted using a ball-on-
disk tribometer (Rtec Instruments, MFT-2000A) in linear reciprocating sliding with a stroke 
length of 1 mm. As substrate material we used AISI 304 (100Cr6) steel platelets with a size of 
20 x 20 x 1 mm3, Young’s modulus of 200 GPa, Poisson ratio of 0.29, and an initial roughness 
Sq of 0.18 μm. Various counterbody materials were employed (Al2O3, SiC, 100Cr6, and PTFE). 
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All had a diameter of 6 mm, except for PTFE, which was 6.35 mm. The linear sliding velocity 
was set at 1 mm/s and the normal force was 0.25 N. This load corresponds to Hertzian contact 
pressure of 0.45, 0.48, 0.40 and 0.012 GPa for Al2O3, SiC, 100Cr6 and PTFE, respectively. The 
temperature during the measurements ranged between 19.5 and 24.8 °C, and the relative 
humidity between 23% and 46%. After mounting the sample in the tribometer, we deposited 
the synthesized TMCCs powder onto the substrate using a spatula. Although this method 
does not ensure strong adhesion to the substrate, it served as a useful test to evaluate the 
performance of the TMCCs powder without employing more advanced deposition 
techniques. About 10 ± 2 mg of powder was spread over the steel substrate. Then, the 
counterbody was brought into contact with the TMCC powder, ensuring visible transfer of the 
loose powder from the substrate to the counterbody. Afterwards, the sliding tests started. 
Additionally, tests without powder addition were run. The tribological experiments were 
repeated three times for statistical representation, and the curves were used to calculate the 
corresponding mean values and standard deviations.  

Linear reciprocating sliding tests were repeated using WS₂ and Ti₃C₂Tₓ MXene powders as 
benchmark materials. We used the same tribological parameters as previously described 
(i.e., stroke length = 1 mm, sliding velocity = 1 mm/s, normal force = 0.25 N) with an Al₂O₃ 
counterbody, resulting in a Hertzian contact pressure of 0.45 GPa. All the samples were 
imaged by confocal laser scanning microscopy (CLSM, Keyence VK-X1100) before and after 
the friction tests. 

Tribofilm characterization.  

The XPS measurements were carried out on a PHI Versa Probe III-spectrometer equipped 
with a monochromatic Al-Kα X-ray source and a hemispherical analyser (acceptance angle: 
±20°). Pass energies of 55 eV and step widths of 0.1 eV were used for XPS detail spectra 
(Excitation energy: 1486.6 eV; Beam energy and spot size: 12.5 W onto 50 μm; Mean electron 
take-off angle: 45° to sample surface normal; Base pressure: < 8x10-10 mbar; Pressure during 
measurements: < 1x10-8 mbar). Samples were mounted on double-sided polymer tape. 
Electronic and ionic charge compensation was used for all measurements (automatized as 
provided by PHI). Surface cleaning was carried out using a gas cluster ion source (2.5kV, 10nA, 
15min). Data analysis was performed using CASA XPS and Multipak software packages, 
employing transmission corrections, Shirley/Tougaard backgrounds,244,245 and customised 
Wagner sensitivity factors.246 Deconvolution of spectra was carried out by using a Voigtian line 
shape (LA(50)). Two characteristic peaks were used to characterize Nb2S2C (in Nb 3d5/2 at 
202.8 eV, assigned to S-Nb-C bonding) and Ta2S2C (in Ta 4f7/2 at 23.7 eV, assigned to S-Ta-C 
bonding), according to Majed et al.40 

All Auger-Meitner Electron Spectroscopy (AMES) and EDS measurements were carried out 
on a PHI 710-spectrometer equipped with a field emission gun electron source, a cylindrical 
mirror analyzer (AMES) and an Oxford Instruments Ultim©Max 100 detector (EDS). Excitation 
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energy: 10 kV@10nA used for AMES and EDS. AMES/EDS maps are recorded using 256x256 
and 512x512 pixels (1024 channels, process time: 5ms), respectively. Image stabilization is 
used for AMES maps. AMES survey spectra were recorded in a range from 50 to 2200 eV in 0.5 
eV steps (3 scans). The base system pressure was <1x10-9 mbar and pressure during 
measurements: < 1x10-8 mbar. While the samples were on the same holder also used in XPS, 
additional Cu/Be clamps were added for a better electrical contact of the sample surface. 
Data analysis was carried out using PHI Multipak (AMES) and Oxford AZTEC (EDS) software 
packages. The relative sensitivity factors are provided by PHI. 

Transition electron microscopy (TEM, FEI TECNAI F20) was used to image the structure of 
the formed tribofilms. EDS inside the transmission electron microscope was performed using 
an EDAX-AMETEK Apollo XLTW SDD system. For TEM investigation, a thin lamella was 
prepared by ThermoFisher Scios II Focused Ion Beam (FIB). The TEM lamellae had a size of 
about 30 x 10 μm2, with a thickness of < 100 nm at the regions of interest. Selected Area 
Electron Diffraction (SAED) patterns were used for phase analysis. Additionally, high 
resolution-TEM (HR-TEM) imaging was performed for phase analysis using Fourier 
Transformation (FT) and the measurements of lattice spacings in the HR-TEM images. 

Numerical Simulations. We carried out Density Functional Theory (DFT) simulations by 
using the Quantum ESPRESSO software (version 7.2).139–141 The Perdew-Burke-Ernzerhof 
(PBE) exchange-correlation functional was employed,103 with the inclusion of van der Waals 
corrections according to Grimme’s D2 method.142 In particular, the standard C6 coefficient 
and the van der Waals radius R0 parameters of the metal atoms (Nb and Ta) have been 
replaced with those of the preceding noble gas in the periodic table (Kr and Xe, respectively). 
This scheme (referred to as D2NG) has been presented in chapter 2.2.1, providing a better 
description of the dispersion forces involving transition metal atoms with positive oxidation 
states inside 2D-materials.91 The electronic wave-function (charge density) was expanded on 
a plane-waves basis truncated with a cutoff of 50 Ry (400 Ry), while ionic species were treated 
with “rrkj” ultrasoft pseudopotentials. Convergence thresholds of 10−4 Ry and 10−3 Ry/Bohr for 
the total energy were adopted for atomic relaxations. We adopted a Gaussian smearing of 
0.02 Ry to describe the electronic states occupation around the Fermi level. Both Nb2S2C and 
Ta2S2C were modeled through trigonal unit cells (group symbol R3̅m, group number 166), 
whose Brillouin zone was sampled with a 16 x 16 x 1 Monkhorst-Pack grid.143 WS2 (group 
symbol 𝑃63/𝑚𝑚𝑐, group number 194) was modelled with hexagonal unit cell, using a 20 x 20 
x 1 grid to sample the Brillouin zone. To avoid artificial interactions between replicas, 15 Å of 
vacuum were included along the out-of-plane direction. The work of separation (WSEP) is 
calculated as the opposite of the adhesion energy (EADH): 

WSEP = −EADH = −
2EM−EB

A
              (5.1) 

where EM is the total energy of the relaxed monolayer, EB is the total energy of the bilayer in 
its most favorable configuration, and A is the area of the cell. To evaluate the potential energy 
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surface (PES) we repeated the calculation of WSEP at different relative lateral positions. The 
potential corrugation (∆WSEP) rises from the difference between the maximum and minimum 
WSEP of the PES (i.e., ΔWSEP = Wmax - Wmin). Details about the lateral positions used to construct 
the PES can be found in Figure 5.1, which also shows the unit cell employed in our models. 

 

Figure 5.1: Hexagonal unit cell employed to model TMCCs. The sampling grid within the top 
view shows the lateral displacements employed to construct the PES. The highlighted area 
represents the irreducible portion that was replicated through symmetry operations to fill all 
the unit cell. The internal ABC stacking of TMCCs can be appreciated in the side view. 

5.3 Results and Discussion 

5.3.1 Characterization of the TMCCs 

The TMCC powders studied here are multilayered, featuring a transition metal carbide core 
and chalcogen surface chemistry. Nb2S2C and Ta2S2C multilayer powders were synthesized 
using a simple and scalable powder metallurgy process, followed by a chemical treatment to 
remove excess Fe (FeS was used as the source of S during synthesis). Figure 5.2a presents 
SEM images of Nb2S2C and Ta2S2C multilayer particles and EDS elemental maps of Nb/Ta, S, 
and C, confirming uniform distribution. The Fe signal remains quite intense, despite the use 
of various etching trials to reduce the iron content.40 Indeed, EDS quantitative analysis 
revealed ratios of Nb:Fe = 2.00:0.14 ± 0.06 and Ta:Fe = 2.00:0.31 ± 0.01, indicating incomplete 
Fe removal. However, to date, there are no reports in the literature of successfully achieving 
complete Fe removal from TMCC multilayers using hydrochloric acid etching. The average 
particle size of Nb2S2C is 16.7 ± 3.06 µm, while for Ta2S2C the average particle size is 11.0 ± 
4.57 µm.  
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Figure 5.2: (a) SEM images of Nb2S2C and Ta2S2C particles in addition to EDS elemental map 
of Nb/Ta, S, C, and Fe. (b) XRD pattern of Nb2S2C with references of 3R-Nb2S2C (PDF#01-070-
8925), Nb2SC (PDF#00-021-0604), NbC (PDF#01-070-8416), 3R-Ta2S2C (PDF#00-024-1258, 
and TaC PDF#03-065-8264). 

XRD patterns in Figure 5.2b confirm the successful phase formation of Nb2S2C and Ta2S2C 
after chemical treatment, although secondary phases such as Nb2SC, NbC, and TaC were 
also observed. The lattice parameters of TMCCs have been determined from the recorded 
powder x-ray diffraction patterns. The crystal structure of TMCCs is trigonal with space group 
symbol R3̅m, the lattice parameters in the x, y, and z directions are denoted as a, b, and c, 
respectively, with a = b. For Nb2S2C,  a = 3.31 Å and c = 26.68 Å, while for Ta2S2C a = 3.29 Å and 
c = 26.59 Å. Since three TMCC layers are stacked within a single unit cell, the resulting 
interlayer distance is approximately 8.88 Å, calculated by dividing the c vector by three. The 
XPS analysis of the as-synthesized TMCCs nanolayers was conducted and reported in a 
previous work,40 where Nb, S, and C peaks were detected, while no Cl signal from HCl etching 
was observed in neither TMCCs. 

5.3.2 Tribological performance 

We assessed the tribological performance of the as-synthesized TMCC multilayer powders 
on a ball-on-disk tribometer in linear sliding mode. Figure 5.3a demonstrates the evolution of 
the COF of the two different TMCC samples (viz., Nb2S2C and Ta2S2C) against a hard and 
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chemically inert Al2O3 counterbody over time. Their frictional behavior is compared to a steel 
reference sample without the addition of any lubricating material. Without the addition of 
TMCC powders, the steel sample against the Al2O3 counterbody demonstrated the typical 
behavior of a non-lubricated metal surface sliding against a ceramic counterbody, with 
pronounced fluctuations during the running-in period and a rapidly rising COF.227 Specifically, 
the COF started at around 0.4 and quickly increased during the first 500 s, after which the 
COF remained steady and stable between 0.7 and 0.8. On the other hand, TMCC-lubricated 
surfaces started at a much lower COF of ~ 0.15. Afterwards, the COF slightly increased 
constantly but remains low (around 0.2) throughout the entire measuring duration of 1800 s, 
almost identically for both Ta2S2C and Nb2S2C. These low COF values are astonishing 
especially since they were achieved by simply adding lubricious material in the form of 
powders to the contact area, without the need of a coating process. 

 

Figure 5.3: (a) Tribological performance of Nb2S2C and Ta2S2C powders against an Al2O3 
counterbody. (b)-(d) laser scanning microscopies and (e)-(g) corresponding depth profiles for 
the reference and TMCC cases. (h)-(j) 1D cross-section height profiles acquired along the 
white dashed lines. 
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The wear track morphologies after the tribo-tests are reported in the bottom part of Figure 
5.3 for (b) the reference case, (c) Nb2S2C and (d) Ta2S2C. Height maps of the same areas are 
also provided beneath the optical images in addition to profiles along the dashed lines (Figure 
5.3e-j). Significant abrasion marks were found when the Al2O3 ball was rubbed against the 
steel plate without the addition of any lubricious material. This was also clearly observed in 
the depth profiles (Figure 5.3e) and height maps (Figure 5.3h), which showed wear up to a 
maximum depth of  0.5 µm in addition to the debris pile up at the reversal point as well as 
along the sides of the wear track. Conversely, no wear was detected in the TMCC-lubricated 
steel substrate (Figure 5.3f-g). Instead, volume build-up along the wear track length can be 
observed due to the formation of a protective layer, thus preventing the direct contact 
between the tribo-pair. This holds true for the case of Nb2S2C powder, where a patchy tribofilm 
covered the substrate all along the wear track. For Ta2S2C, the tribofilm appeared less thick 
and patchier; although showing some discontinuities and reduced compactness, such layer 
was sufficient to prevent abrasive wear, since no remarkable wear scar can be identified 
inside the wear track. Similar tribofilm morphologies have been found for other loosely bound 
solid lubricant films.64,243 Height profiles across the Nb2S2C- and Ta2S2C-based tribofilms 
(Figure 5.3i-j) highlight their similar shape with a concave form resulting from the ball’s shape. 
The formation of the protecting tribofilm relates to the uncontrolled compacting of TMCC 
powder over the substrate, thanks to the mechanical force exerted by the counterbody. 
Therefore, the morphology and thickness of the resulting tribofilm were somehow affected by 
stochastic parameters (e.g., the amount of TMCC particles in the contact area and their size). 
That would explain the minor differences observed between Nb2S2C and Ta2S2C. 

Additionally, we performed experiments with counterbodies (CBs) of different nature: SiC, 
PTFE, and 100Cr6 steel, to assess the dependence of TMCC’s tribological performance on 
the material pairing. In Figure 5.4 we report the results involving the Ta2S2C powder. Clearly, 
the tribological performance greatly depends on the used CB. With silicon carbide CB, the 
addition of Ta2S2C powders provide great lubrication (Figure 5.4a), almost identical to what 
observed in Figure 5.3a for Al2O3 CB. On the other hand, experiments with the steel CB 
revealed very little beneficial effects of the lubricious Ta2S2C powders (Figure 5.4c). 
Interestingly, friction was even higher than the reference sample in case of the PTFE CB 
(Figure 5.4b), which can be associated to the friction reducing effects of PTFE.247 While this 
might seem like a negative result at first, it is nonetheless clear proof of the formation of a 
tribologically active tribofilm composed of TMCC, which shields the rubbing surfaces and 
accommodates shear. This shielding is why PTFE cannot be effective as a lubricating material 
and the COF of the tests with the TMCC powder is higher, in fact almost identical to the tests 
with the Al2O3 CB. In summary, both ceramic CBs (SiC and Al2O3) showed a clear reduction in 
friction compared to the non-lubricated reference samples, with the highest reduction in 
friction for the Al2O3 CB. 
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Figure 5.4: (a) Tribological performance of Ta2S2C powder against different counterbodies (a) 
SiC, (b) PTFE, and (c) steel. (d)-(f) laser scanning microscopies and depth profiles for the case 
with Ta2S2C powder in the tribological contact. (g)-(i) 1D cross-section height profiles 
acquired along the white dashed lines. 

Images of the wear tracks were profiled by laser scanning microscopy for each of the 
considered materials and are shown in Figure 5.4d-f. We discussed that both ceramic CBs 
exhibited low and stable COFs, while supporting the formation of a passivating patch-like 
tribofilm that prevents abrasive wear. Indeed, Al2O3 (Figure 5.3d) and SiC (Figure 5.4d) lead 
to indiscernible tribofilms of similar compactness and thickness. For the PTFE counterbody, 
the resulting film was much less compacted (Figure 5.4e), although it effectively hosting the 
sliding interfaces (same COF trend). The less compacted film when using PTFE can be 
explained by the much smaller acting contact pressure due to the lower elastic modulus of 
PTFE. Interestingly, a tiny abrasive scar was also visible in the upper part of the wear track. 
Since PTFE is not hard enough to scratch the steel substrate, such abrasion may be traced 
back to the direct action of TMCC particles. When using a steel ball as a CB, however, the 
initial TMCC powders were immediately removed, and deep abrasion marks covered the 
entire wear track (Figure 5.4f). Moreover, the accumulation of debris at the reversal points 
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and around the entire perimeter confirms the occurrence of pronounced abrasive processes, 
typical of a steel-steel contact. This evidence could explain the trend observed in Figure 5.4c, 
where the COF starts very low (~0.2) and increased to the reference value after few initial 
cycles, coinciding with the removal of the TMCC powders from the tribological contact. The 
observations made for the wear behavior and the trend of the friction values strongly indicate 
that the adhesion of the Ta2S2C powder to the steel CB is much lower compared to the 
ceramic CBs, resulting in a significant reduction in the wear life of the tribofilm. Moreover, the 
morphology of the TMCC-based tribofilm seems to be affected by the Hertzian contact 
pressure induced by the paired material, i.e., 0.45 GPa for Al2O3, 0.48 GPa for SiC, 0.40 GPa 
for 100Cr6 and only 0.012 GPa for the PTFE CBs. 

5.3.3 Tribofilm characterization 

To further confirm the formation of TMCC tribofilms and to understand the underlying 
tribological mechanisms we carried out multiple analyses of the substrate surfaces after 
sliding. To provide a complete picture in terms of both chemical composition and structural 
features, in the following paragraphs we report the results from SEM-EDS, XPS, AMES, and 
TEM. As the most promising results were obtained during sliding against an Al2O3 
counterbody, we focused the analysis on this tribo-pair.  

Wear track analysis by SEM-EDS, XPS and AMES. 

Elemental map overlays by EDS inside the AMES system provide more information about 
the distribution of the elements inside the tribofilms (Figure 5.5). The SEM images and the 
elemental mappings of the EDS analysis clearly show the formation of a patchy tribofilm for 
both Nb2S2C and Ta2S2C. Also, the tribofilms are basically composed of compacted flake-like 
particles similar in size to the original powder. Indeed, the overlaid elemental mappings for 
Nb2S2C (Figure 5.5a) and Ta2S2C (Figure 5.5b) verify that the patches inside the tribofilms 
were mainly composed of Nb/Ta and S, with only minor contributions of oxygen. Outside the 
wear tracks the iron signal from the steel substrate prevails, while no iron can be detected 
through the tribofilm (Figure 5.5c-d). Interestingly, the Fe signal in the EDS mapping was quite 
intense for the as-synthesized TMCCs (Figure 5.2a), but it was not detected in the tribofilm 
after the sliding experiment. This suggests that the residual Fe may be loosely bonded to the 
TMCCs and therefore easily removed during friction. 

These results conclude that the TMCCs added to the contact area as powders were 
compressed to form a relatively thick tribofilm, whose functionality did not rely on any 
specific tribochemical reactions. The fact that no significant oxygen and iron contributions 
appeared in the EDS measurements inside the tribofilm underscores the stability of the TMCC 
particles and suggests that a protecting tribofilm was formed preventing tribochemical wear 
of the substrate. 
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Figure 5.5: SEM-EDS elemental map overlays (Fe, Nb/Ta, S, O, C) of tribofilms for Nb2S2C (a) 
and Ta2S2C (b). Elemental map of Fe to show the coverage of the tribofilm on Nb2S2C (c) and 
Ta2S2C (d). 

Further chemical analysis was performed by XPS and AMES to characterize the chemistry 
of the wear tracks in detail, specifically capturing the surface chemistry and the chemical 
bonding environments. XPS spectra with the corresponding deconvolution fits for the Nb3d 
(Ta4f), S2p, C1s and O1s peak areas are shown in Figure 5.6 for (a) Nb2S2C and (b) Ta2S2C. 
Nb3d (Ta4f) regions confirm the presence of TMCCs inside the tribofilm, since we observed 
the presence of doublets centered at 202.8 eV (23.7 eV) in accordance with S-Nb-C (S-Ta-C) 
chemical bonds.40 Moreover, the TMCC presence is also highlighted by peaks centered 
around 160.8 eV in the S2p region and at 284.3 eV inside the C1s region, all related to the S-
Nb(Ta)-C bond. It is also worth noting a doublet connecting with metallic tantalum (22.2 and 
24.2 eV inside the Ta4f region), that was also reported in Ref.40 from the XPS analysis on the 
delaminated TMCCs. The presence of Ta(0) signal in Ta2S2C is not clear. It may be connected 
with the presence of unreacted Ta and TaC from the TMCC synthesis (as observed in Figure 
5.2) and/or it may be related to surface defects and damage caused by ion-sputtering. Inside 
the sulfur region, chemical states involving oxygen are also clearly visible (peak located at 
162.3 eV related to SOx and a small contribution of sulphates around 168.3 eV). Similarly, 
inside the O1s region we detected the presence of metal oxides (529.7 eV) and carbon-oxygen 
bonds (531.3 eV). Together with the peaks of C-Nb(Ta)-S at 284.3 eV, the C1s signals reveal 
four additional components: adventitious carbon (285 eV), C-O (286.4 eV) and C=O (288.2 
eV), as well as small amounts of carbide (282.3 eV). Interestingly, almost negligible oxygen 
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signal was observed in the SEM-EDS mapping, whereas from XPS analysis, whose depth 
typically reaches only up to 7-10 nm, oxygen bonding environments are evidenced. Therefore, 
we can assume that oxidation is limited exclusively to the near-surface region of the particles. 
The presence of oxides from XPS analysis may suggest that oxidative reactions happened 
during rubbing, although traces of native oxides can be observed even without tribological 
testing.40 Since the experiments were conducted in air environment, rich in O2, it is reasonable 
to believe that oxide layers are repeatedly removed and re-formed. 

 

Figure 5.6: XPS of the Nb3d/Ta4f, C1, O1s and S2p regions of tribofilms Nb2S2C (a) and Ta2S2C 
(b) after surface cleaning. Intensity scales are normalized to the maximum signal for each of 
the elements. Color code: light green S-Nb/Ta-C, olive (metal oxide), blue (C, O-
contamination), magenta (SOx), dark orange (sulphates), violet (carbide). 

AMES results are included in Figure 5.7 for (a) Nb2S2C and (b) Ta2S2C. All the expected 
elements (Nb, Ta, S, C) were detected, confirming once again the presence of TMCC inside 
the tribofilm. The oxygen contribution was almost negligible, while the iron signal originated 
from the underlying steel substrate. Both XPS and AMES/EDS confirm the presence of the 
expected elements in compacted tribofilms with a thickness of at least 1 µm (deduced from 
the absence of the iron signal from underneath the tribo track in EDS). The bonding 
environments found in powder TMCC samples can also be detected in the tribofilms, which 
allows us to assume that most of the TMCC remains stable. However, small changes are 
found when compared to Ref.22 in increased amounts Nb/Ta/S oxide and the formation of 
small amounts of sulphates and carbides on the particle surface. 
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Figure 5.7: AMES maps and red-green-blue (RGB) map overlays of tribofilms (a) Nb2S2C and 
(b) Ta2S2C. Intensity scales are normalized to the maximum signal for each of the elements. 

Wear track analysis by TEM. 

To gain structural and morphological insights into the tribofilm after the friction 
experiments, we first prepared a FIB cross-section in a representative wear track and 
performed TEM analysis on it afterwards. The FIB cut on a Nb2S2C-based TMCC tribofilm was 
done on a specific area (Figure 5.8a), so that both loose and compacted parts of the tribofilm 
were included inside the same TEM-lamella (Figure 5.8b-c). The cross-sectional view of the 
compacted tribofilm area (Figure 5.8d) reveals a flat tribofilm with a homogeneous thickness 
of about 1 μm. The voids observed are mainly generated by the thinning process during FIB 
processing, since originally the tribofilm appeared fully dense consisting of TMCC particles 
of different sizes, including micron sized large TMCC particles with a low degree of wear, as 
well as powders that have been frictionally ground down to the nanoscale. Selected area 
electron diffraction (SAED) in Figure 5.8e-g highlights that the large micro-sized TMCC 
particles have a crystalline structure, while the smaller-sized particles exhibit mainly 
nanocrystalline and amorphous phase diffraction patterns. The Nb2S2C presence is clearly 
confirmed by the subsequent EDS mapping (Figure 5.8h), where Nb, S, C, and O are detected. 
Interestingly, no significant oxidation occurred inside the larger TMCC particles, while the 
oxygen signal is more intense for those areas surrounding the particle surface. This is in 
accordance with the assumption that tribochemical reactions are more pronounced at the 
locations with more wear. 
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Figure 5.8: TEM results for Nb2S2C powder after sliding: (a)-(c) FIB lamella preparation, (d) 
cross-sectional morphology of the compacted part of the tribofilm inside the wear track, (e)-
(g) corresponding SAED patterns at different positions, and (h) EDS mapping results. 

The high-resolution TEM morphology of the tribofilm is reported in Figure 5.9. In the region 
close to the surface of the tribofilm, the TMCC layers show a distribution trend parallel to the 
surface (Figure 5.9c-d). The measured interlayer distance is about 0.88 nm, which connects 
well with the (001) Nb2S2C crystal plane. These 2D TMCC planes are the ones with weak 
interacting forces and, therefore, they are the ones supposed to accommodate interlayer 
sliding. Such evidence can explain the excellent tribological performance observed for the 
TMCC powder. In addition, Figure 5.9e-h shows high-resolution images of some small 
particles inside the tribofilm, highlighting the presence of an amorphous phase embedding 
these particles. From the TEM-EDS results of Figure 5.8, it seems that such amorphous phase 
is composed of oxides, most likely originating from the particle’s surface during the 
tribological process and pressed together with unoxidized Nb2S2C layers. The high-resolution 
image of TMCC small particles (Figure 5.9g) reveals a crystalline interior where the (001) and 
(012) crystal planes are clearly visible (Figure 5.9h). The interlayer distances measured based 
on HR-TEM are almost identical to the simulated values for Nb2S2C (inset in Figure 5.9h).  
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Figure 5.9: TEM results for Nb2S2C powder after sliding: (a-b) TEM images of the near-surface 
region of the wear track and (c-d) corresponding high-resolution TEM images of the TMCC 
particle near the surface. TEM images of the region close to the substrate (e-f) and 
corresponding (g-h) high-resolution TEM images of the small TMCC particles. The inset inside 
panel (h) shows the crystal structure of Nb2S2C simulated in this work, as well as the observed 
interplanar distances. 

These results confirm that the tribofilm is mainly composed of unoxidized TMCC crystalline 
nanoparticles, embedded in an oxide-based amorphous matrix. Compared with TMD 
materials, TMCCs seem to have higher thermal and chemical stability, which may be traced 
back to the strong Nb-C bonds. Because they are more chemically inert, oxidative processes 
are limited to the outermost TMCC layers. However, the presence of an oxidic phase inside 
the tribofilm is not necessarily negative, as it may help prevent the rapid exfoliation of TMCCs 
flakes. More studies are needed to investigate the role of oxides, whether they are also 
lubricious or have a mere retention function. 

5.3.4 Interlayer sliding by DFT simulations 

TEM-EDS analysis confirms the presence of intact and crystalline 2D TMCC layers within 
the effective tribofilm. Supported by this experimental evidence, we carried out numerical 
DFT calculations to model the interlayer sliding for Nb2S2C and Ta2S2C bilayers, exploring their 
easy-to-shear properties from a nanoscale perspective. The amount of energy required to 
separate two layers, i.e., the work of separation (WSEP), and the potential corrugation values 
(∆WSEP) are listed in Table 5.1. These two quantities represent a good predictor for the 
lubricating ability of materials,105,248 since they correlate with the shear strength.112 In addition 
to Nb2S2C and Ta2S2C, we also provide a comparison with well-established solid lubricants, 
i.e., MoS2, graphene, WS2 and Ti2CTx (T = F1/3, O1/3, OH1/3). The low WSEP and ∆WSEP values 
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observed for Nb2S2C and Ta2S2C connect well with the vdW nature of their interlayer 
interactions. Ta2S2C (0.33 J/m2) shows a slightly higher binding energy than Nb2S2C (0.24 J/m2), 
since electronic correlation effects are more pronounced for Ta than Nb, leading to stronger 
vdW interactions. However, the maximum energetic barriers experienced during mutual 
sliding are almost the same for the two TMCCs (∆WSEP = 0.08-0.10 J/m2), being in the range 
observed for graphene, MoS2 and WS2.111 The comparison between TMCCs and titanium-
based MXenes (Ti2CTx) strictly depends on the termination types of MXene (T), which are 
known to be poorly controllable when following a top-down HF etching approach.131 As 
broadly documented in chapter 2, MXene layers with mixed terminations have a significant 
interlayer adhesion (0.52 J/m2), due to the formation of hydrogen bonds and dipole-dipole 
interactions between layers, making them more adhesive to each other and reducing the 
interlayer slipperiness. Nb2S2C and Ta2S2C layers, conversely, only expose to the interface 
homogeneous sulfur terminations, leading to pure vdW forces acting between the layers and 
hence low interlayer adhesion. Although MoS₂ and WS₂ layers are also passivated by sulfur 
atoms, Nb₂S₂C and Ta₂S₂C exhibit lower ∆WSEP values, suggesting better performance for 
TMCCs, at least in principle. It is important to note that DFT calculations presented here serve 
as an ideal predictive tool and do not account for other potentially significant factors acting 
at the micro- and macro-scales (surface roughness, grain boundaries). 

Table 5.1. Work of separation (WSEP), and the potential energy surface corrugation (∆WSEP) for 
a selected list of 2D materials. 

2D-bilayer WSEP (J/m2) ∆WSEP (J/m2) 

Nb2S2C 0.24 0.08 
Ta2S2C 0.33 0.10 
Graphene (0.25)a 

(0.26)b 
(0.06)a 
(0.08)b 

MoS2 (0.26)a 
(0.27)b 

(0.12)a 
(0.10)b 

WS2 0.29 0.12 
Ti2CTx (T = F1/3, O1/3, OH1/3) (0.52)a (0.46)a 

aRef.91 
bRef.111 

To further confirm the lubrication ability of TMCCs, in Figure 5.10 we report the potential 
energy surface (PES) for Nb2S2C and Ta2S2C bilayers as a function of the external load applied 
(from 0 to 5 GPa). Since a PES describes the interlayer interaction between two surfaces as a 
function of their relative lateral position, it provides precise information about the energetic 
barriers experienced during mutual sliding, or in other words, about the amount of energy that 
can be dissipated by frictional processes. Both Nb2S2C and Ta2S2C show hexagonal crystal 
structure with similar a lattice parameter (3.284 Å and 3.268 Å, respectively, in very good 
agreement with Ref.40) and the same most favorable stackings (labeled ‘min 1’ and ‘min 2’ in 
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Figure 5.10). The minimum energy path (MEP, i.e., the most favorable sliding path during 
reciprocal sliding) is highlighted with a yellow dashed line, while the corresponding energy 
profile is reported on the right side of Figure 5.10. The energy barriers faced during interlayer 
sliding along the MEP are surprisingly low, with almost no difference between Nb2S2C and 
Ta2S2C. Indeed, for applied normal loads ranging from 0 to 5 GPa the maximum energy barrier 
never exceeded 0.05 J/m2. Such numerical results are in perfect agreement with our 
experimental findings as they confirm the easy-to-shear ability of TMCCs. Moreover, they 
predict a similar lubricant behavior between Nb2S2C and Ta2S2C, which has also been 
observed in our experiments whenever the TMCC-based tribofilm was formed. 

 

Figure 5.10: Potential energy surfaces (PES) for bilayers of Nb2S2C (above) and Ta2S2C (below) 
from 0 to 5 GPa load. The minimum energy path (MEP) is highlighted by a yellow dashed line, 
with the corresponding energy profile depicted on the right. Schematics on the relevant 
lateral configurations (min1, min2 and max) are shown below the PESes.  

5.4 Conclusions 

We have widely discussed the tribological performance of TMCC powders in both reducing 
the COF and preventing wear. No complicated coating process had to be applied, but rather 
the TMCCs were simply added to the contact area as powders, and the results were still 
impressive. The exceptional tribological performance can be traced back to the ability of 
TMCCs to form an adhesive and protective tribofilm, with the layers oriented in parallel to the 
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surface. Once the TMCC-based tribofilm is formed, the 2D nature of the Nb2S2C/Ta2S2C flakes 
ensures easy shearing, thus leading to low friction.  

In Figure 5.11 we report the results obtained for WS2 and Ti3C2Tx MXene as-deposited 
powders under the same tribological conditions as described before for Nb2S2C and Ta2S2C 
TMCCs against Al2O3 counterbody (i.e., Hertzian contact pressure of 0.45 GPa, stroke length 
of 1 mm and sliding velocity of 1 mm/s). 

 

Figure 5.11: Tribological performance of Nb2S2C (red line) and Ta2S2C (blue) TMCCs 
compared with tungsten disulfide (WS2, green) and MXene (Ti3C2Tx, yellow) powders, against 
Al2O3 counterbody.  

Figure 5.11 clearly indicates that Nb2S2C and Ta2S2C outperform WS2 and Ti3C2Tx powders in 
terms of frictional performance. It is worth mentioning that WS2 and Ti3C2Tx are usually not 
tested as powders, instead they are commonly applied as coatings to optimize their 
performance. However, the resulting COFs are close to earlier observed values when WS₂ or 
Ti3C2Tx are applied as coatings and tested under similar conditions.85,201,249 In the first few 
minutes, the WS2 powder could efficiently lubricate the tribological contact, leading to COF 
similar to the TMCCs. The standard deviation (e.g., highlighted by the faded area in the 
diagram) reaches even values well below the limit of 0.2 observed for TMCCs. However, after 
a while the WS2 powders were rapidly removed from the contact, with the effect that the COF 
reached the reference value. Instead, Ti3C2Tx powder was completely dislodged from the wear 
track from the very beginning of the experiments, being indicative of low adhesion to the 
sliding surfaces. These comparative results highlight the importance for 2D materials of 
establishing a good adhesion to the substrate, so as to resist the peeling-off during rubbing. 
Further benchmarking and comparisons with other Niobium- and Tantalum-based TMDs 
(NbS₂ and TaS₂) or MXenes are expected to enhance the understanding of TMCCs’ potential 
usage as lubricants. 

To conclude, this chapter extensively discussed the tribological behavior of 2D layered 
TMCCs (Ta2S2C and Nb2S2C) when applied as powders onto steel substrates (AISI304), 
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investigating the effect of different counterbody materials (Al2O3, SiC, PTFE, and AISI304 
steel) in a ball-on-disk setup under ambient air. In most cases, the presence of Ta2S2C and 
Nb2S2C at the contact interface proved to be beneficial for lubrication, significantly 
outperforming traditional 2D materials such as WS2 and MXenes. This was primarily due to 
the rapid formation of a patchy tribofilm composed of compacted TMCC powder, which 
protected the tribo-pair from excessive wear and ensured a stable and low coefficient of 
friction (COF < 0.2). For the PTFE counterbody, which has a much lower elastic modulus, a 
less compacted but still effective tribofilm was observed, maintaining the same COF trend. 
In contrast, with the steel counterbody, the TMCC powder was completely removed from the 
substrate after a few cycles, leaving the contact unlubricated. We concluded that strong 
adhesion of TMCC particles to the counterbody and sufficient contact pressure are necessary 
for the formation of a beneficial tribofilm, as observed with the Al2O3 and SiC ceramic 
counterbodies.  

SEM-EDS measurements of the wear tracks revealed that the tribofilms were not 
continuous but consisted of patches of compacted TMCC particles (with Nb/Ta, S, and C 
signals). XPS and AMES analysis of the near-surface region confirmed the expected binding 
environments (S-Nb/Ta-C) and elemental composition (Nb/Ta, S, C) for TMCCs. TEM-EDS 
imaging, combined with SAED, showed that TMCC particles compacted within the tribofilm 
had a range of sizes, from large micro-sized crystalline particles to smaller nanocrystalline 
particles embedded in an amorphous oxide phase. While SEM-EDS mapping indicated only 
minimal oxygen content, XPS analysis, by probing a depth of 7-10 nm, revealed oxygen-related 
bonding environments (SOx, sulfates, metal oxides, C-O, C=O). 

Based on these results, we inferred that while oxidative processes occur near the surface, 
the functionality of the tribofilm does not rely on significant tribochemical transformations 
but rather on the layered structure of TMCCs, which promotes easy interlayer shearing. 
Indeed, high-resolution TEM images of the near-surface region revealed the presence of 
TMCC flakes oriented parallel to the sliding surface. This experimental evidence was further 
supported by comparative DFT simulations, which demonstrated low energy barriers for 
interlayer sliding of TMCCs, confirming their potential as efficient solid lubricants. 

These findings pave the way for further studies involving more advanced deposition 
techniques (e.g., air-spraying, electro-spraying) and various tribological testing setups under 
different environmental conditions (e.g., nitrogen or vacuum). It is important to note that the 
samples tested contained secondary phases, such as rock-salt carbides and MAX phases, 
which have strong bonding in all directions and lack the weak out-of-plane forces 
characteristic of TMCCs. Therefore, it is reasonable to predict even better lubricity with purer 
samples. Future research on TMCCs should focus on enhancing the purity of the TMCC 
phases. The presented results serve as a foundation for introducing TMCCs to the materials 
science and tribology communities, offering possibilities for more durable, efficient, and 
sustainable solid lubricants.  
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Chapter 6 

6. Final remarks and future perspectives 
In this thesis, computational simulations have been combined with experimental 

techniques to investigate the tribological properties of 2D materials, with a focus on TMDs, 
MXenes, TMCCs, and their composites. All computational results were obtained through 
Density Functional Theory (DFT) atomistic simulations, which allowed for an accurate 
description of interlayer interactions in 2D materials, as well as their chemical reactivity 
under mechanical stress. The chosen methodology (PBE+D2NG) was carefully optimized to 
handle van der Waals interactions efficiently, delivering both precision and computational 
economy. 

In Chapter 2, we demonstrated by DFT atomistic simulations that titanium-based MXenes 
possess excellent potential as solid lubricants, particularly in terms of interlayer slipperiness 
and substrate adhesion. Our results showed that surface terminations (–F, –O, –OH) 
significantly affect lubrication performance, more than monolayer thickness or C/N ratio. 
Hydroxyl-terminated surfaces offer higher interlayer adhesion and stronger interactions with 
substrates like iron and iron oxide. Conversely, –F terminations reduce interlayer binding but 
weaken adhesion to ferrous substrates, promoting exfoliation during sliding. MXenes with –O 
termination exhibited the best overall performance, adhering well to ferrous surfaces and 
performing comparably to graphene and MoS2. We also explored MXene hydrophilicity by 
mapping defect-free surfaces, mono- and poly-defected surfaces, as well as edges. Water 
chemisorption was observed on surfaces with single termination vacancies, edges, and 
defect clusters. Notably, exposed unsaturated Ti atoms allowed the oxygen in H2O molecules 
to chemisorb, with higher energy gains observed on vacancy clusters (1.00-1.80 eV) 
compared to edges (0.75-0.85 eV) and termination vacancies (0.60-1.20 eV). 

In Chapter 3, we discussed the synergistic effects observed in MXene/MoS2 composite 
coatings, which outperform the pure materials in terms of adhesion and lubrication. DFT 
simulations provided insights into the tribological performance of the MXene/MoS2 hybrid 
interface, complementing experimental results. Under harsh conditions, such as 0.8 GPa 
contact pressure, two Ti3C2Tx/MoS2 hybrid coatings (random mixture and sandwich-like) were 
tested in dry sliding tests. We demonstrated the formation of a stable tribofilm that 
significantly reduced wear and lowered friction, with a steady COF of around 0.15 throughout 
the test. These findings highlight the potential of MXene-based composites for unlocking 
multiple synergistic effects, from enhanced resistance to specific environments to improved 
load-carrying capacity. 

Chapter 4 introduced an innovative method for generating MoSe2- and WSe2-based 
tribofilms from selenium nano-powders during the reciprocating sliding of Mo- and W-coated 
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surfaces. The in operando formation of these TMD layers within the contact zone substantially 
reduced friction and wear, with the addition of Se nano-powders ensuring repeatability and 
reproducibility. Ab initio molecular dynamics (AIMD) revealed the shear-driven reaction 
mechanisms responsible for TMD layer formation, emphasizing the role of metallic debris in 
catalyzing the tribochemical reaction between metal and selenium. This approach holds 
promise for applications in vacuum environments where traditional lubricants are unsuitable 
or in maintenance-critical settings where TMD coatings fail once fully worn. 

In Chapter 5, we provided an initial investigation into the lubricating capabilities of TMCCs, 
specifically Nb2S2C and Ta2S2C multilayer powders. Tribological testing against different 
counterbody materials demonstrated their potential as solid lubricants under ambient 
conditions. The best performance was observed in steel vs. Al2O3 contacts (0.45 GPa), where 
TMCC powders formed a protective tribofilm with parallel-oriented layers. Once the tribofilm 
formed, the 2D nature of the Nb2S2C/Ta2S2C flakes enabled easy shearing, as evidenced by 
TEM imaging and DFT simulations. The ability of TMCCs to reduce wear and friction was 
superior to that of WS2 and Ti3C2Tx MXenes under similar conditions. These results represent 
a foundational step toward unlocking the tribological potential of TMCCs in the materials 
science and tribology fields. 

In conclusion, the results presented in this thesis underline the viability of 2D materials for 
tribological applications. Their effectiveness is rooted in their layered structure, which makes 
the covered surfaces inert, facilitating the easy shearing, combined with their high 
compressive strength. Whether we consider transition metal dichalcogenides (TMDs), 
transition metal carbides/nitrides (MXenes), or transition metal carbo-chalcogenides 
(TMCCs), as well as their composites, such as Ti3C2Tx/MoS2, all exhibit remarkable potential 
as solid lubricants, capable of outperforming conventional oils and greases. TMDs are 
already used in various applications, particularly in space lubrication.250,251 However, further 
optimization is required, especially through composite coatings, representing an exciting 
frontier. MXenes, though a more recent discovery, are rapidly gaining attention, with new 
advancements emerging every day.82 Addressing environmental stability issues, particularly 
oxidation, while exploring biodegradable or non-toxic synthesis methods, will be crucial for 
future developments. Although Ti3C2Tx has been extensively studied, the broader family of 
MXenes remains underexplored in tribological contexts. In fact, we can say that research on 
MXenes for tribology is still in its infancy. As for TMCCs, their potential is even less studied, 
with the results presented in this thesis representing only the first step in a much longer 
journey. Future work will involve testing TMCCs using advanced deposition techniques (e.g., 
air-spraying, electro-spraying) and exploring their performance in different environments 
(e.g., nitrogen or vacuum). 

Each of these families of 2D materials offers unique advantages in terms of load-carrying 
capacity, temperature stability, and resistance to harsh environments. Defining these ranges 
is crucial for expanding our understanding of their properties, thus systematic studies play a 
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key role in advancing the knowledge of 2D materials for solid lubrication. Additionally, 
computational simulations represent predictive and explanatory tools that guide the design 
and optimization of these materials. It is essential not only to conduct systematic laboratory 
experiments but also to explain the underlying mechanisms, establishing clear cause-effect 
relationships. In this regard, the integration of machine learning techniques with atomistic 
simulations could accelerate the discovery of new 2D materials with optimized tribological 
properties.  
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