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ABSTRACT 

 

It is of great interest to seek lubrications for friction minimization in order to 

save energy and thus reduce cost. Two dimensional MoS2 exhibits promising friction 

reduction and anti-wear properties. Moreover, the use of single layer MoS2 (SLM) in 

nano-devices receives significant research interest because it has remarkable electronic 

and optical properties compared to bulk MoS2. Therefore, it is important to investigate 

the tribological behavior of SLM under various conditions. 

My study is divided into three projects. The first project investigated the 

mechanical and tribological behavior of MoS2 nanoflakes on nanoscopically rough 

substrates. Single- and multi- layer MoS2 nanoflakes were prepared on SiO2 nanoparticle 

films, followed by Atomic Force Microscopy (AFM) characterization to reveal their 

conformity on nanoparticle films and tribological properties. The second project aimed 

at studying the adhesion and friction between MoS2 and selected molecules. In this 

study, silicon tips were modified with two kinds of silane molecules terminated with -

NH2 and -SH groups. Modified AFM probes were utilized to obtain the friction and 

adhesion on single layer and bulk MoS2. In the third project, tribological properties of 

MoS2 are tuned by modifying its surface. Radical reactions between 4-

nitrobenzenediazonium tetrafluoroborate (4-NBD) and MoS2 in aqueous solution have 

been previously investigated as a means for facile modification, but a detailed study has 

yet to be carried out to reveal the nature of its chemical reactivity with MoS2 on Au(111) 

substrates in terms of layer thicknesses. Here, the chemical and wear properties of single 
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and multilayer (bulk) MoS2 on Au(111) substrates were investigated with AFM before 

and after being functionalized with 4-NBD in aqueous solution.  

The study of the mechanical and tribological properties of MoS2 on different 

substrates provides insightful perspective of using 2D material boundary lubricants 

under different conditions. In addition, tribological, chemical and optical properties of 

MoS2 can be further tuned by manipulating its surface via chemical surface 

modification. 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW: INTERFACIAL INTERACTIONS 

OF 2D MATERIALS  

 

1.1 Overview 

Minimizing friction and wear has been a critical problem in the field of 

mechanical and material engineering. It has been reported that 1.0% to 1.4% of the 

country’s GDP is lost from tribological effects such. For example, the costs due to wear-

and-t0ar of automobiles in the US alone exceeds 10 billion dollars per year.1-2 The 

widely known bad effects of the energy loss and abrasion during sliding motivate the 

studies into lubricious liquids and coatings.  Liquid lubrication is widely used in 

machines such as devices in cars, in which the liquids can separate the surfaces from 

rubbing each other, reducing the energy loss and friction. However, because of its high 

viscosity and sensitivity to temperature, it does not satisfy the requirement in specific 

circumstances such as in high temperature, low pressure or micro devices. To overcome 

these limitations, solid boundary lubricants are used as an alternative method for 

reducing friction and wear at sliding interfaces. Layered materials such as graphene, 

transition metal dichalcogenides (TMD) and hexagonal boron nitride (h-BN) have been 

studied and elucidated to be useful as surface lubricants.3-6 The lattice structures of some 

types of layered materials are shown in Figure 1.1. They can not only be used as 

boundary lubricants on macro machines, but also can be used in micro devices and 

components working in vacuum or high temperature. 
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Figure 1.1 Atomic structures of single layer h-BN, graphene, and MoS2. Reprinted 
with permission from Berman et al.4 Copyright 2018 by ACS Publications. 

 
 

The optical, electronic, mechanical and tribological properties of 2D films were 

explored due to the unique properties of these materials. Single layer graphene drew 

plenty of attention when it was first reported in 2004.7 Graphene is a semimetal 2D 

crystal formed with carbon atoms arranged in a hexagonal structure. Graphene is widely 

studied because of its excellent electronic and tribological properties.  The high thermal 

conductivity of graphene makes it a widely studied material in electronic applications.8-9 

Although graphene has excellent properties showed above, it does not have free carriers 

because it doesn’t have band gaps.8, 10 Electron and hole carriers can be produced in 

graphene by chemical doping and electrostatic gating. Due to lack of band gaps, 

graphene cannot meet the demand of several technological applications. In devices such 

as transistors, digital electronics and optoelectronics at visible frequencies, instead of 

graphene, semiconducting 2D materials such as transition metal dichalcogenides (TMD) 
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are more suitable.11-15 Thus, it is critical for investigating the chemical, mechanical, and 

tribological properties of TMDs.  

There are different methods for preparation of 2D materials on substrates. 

Depending on the conditions 2D lubrication need to be used in, one needs to take into 

consideration the purity and scale of the coating area. Exfoliating and 

chemically/physically forming 2D materials on substrates are the most common ways of 

preparing these layered materials on a substrate surface. Chemical vapor deposition 

(CVD) method is used for synthesizing large area 2D materials on substrates. 16-20  The 

size and layer thickness of 2D crystals can be controlled. In CVD method, precursor 

MoO3 and sulfur (or H2S) in the vacuum pump and let them react to form MoS2 

nanosheets (Figure 1.2).  One of the most important advantages of this method is that it 

can be used to prepare thin layer (down to single layer) on various substrates and the 

substrates can even be fully covered with thin layer 2D materials if the correct 

temperature, reaction time, sample distances and gas flow rate are used.  

 

 

Figure 1.2 Schematic diagram of the CVD system for MoS2 atomic layer growth. 
Reprinted with permission from Nguyen et al.16 Copyright 2015 by Elsevier 
ScienceDirect. 

 



 

4 

 

Exfoliation method is widely used in studies due to the pristine layers produced 

and easy procedures for making samples.21-23 In exfoliation method, a piece of tape is 

used to peel off a thin layer of 2D material and the material was transferred on the 

substrate. After manually pressed the tape/sample/substrate sandwich to let the 2D 

material attached stronger on substrates, adhesive tape is removed and leave single- and 

multi- layer flakes on the substrates. Figure 1.3 shows optical images of atomically thin 

graphene, MoS2, NbSe2 and h-BN flakes nanaoflakes on SiO2/Si substrate prepared with 

exfoliation method. Areas in the red box has monolayer flakes of 2D materials.  

 

 

Figure 1.3 Optical images of exfoliated thin films of 2D materials including 
graphene, MoS2, NbSe2 and h-BN. Scale bar, 10 µm. Adapted with permission from 
Lee et al.24  Copyright 2010 by AAAS. 

 

In recent years, the exfoliation method was improved by scientists. Huang and 

coworkers investigated that heating before peeling off the adhesive tape can produce 

more graphene flakes on silica substrates. The interactions between graphene surface 

and the substrate during exfoliation are van der Waals forces. The exfoliation process is 

a competition between the interlayer interactions and interfacial forces. As shown in 

Figure 1.4a, the heating step builds up pressure between graphene flakes and the 
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substrate. Gas that is between graphene flakes and the silica substrate is then released at 

the edges. This step makes graphene contact more tightly with the substrate and the 

increased van der Waals interaction stops gas from re-entering during the cooling down 

process (Figure 1.4b).25   

 

 

Figure 1.4 Schematics of (a) heating the substrate with graphite on adhesive tape 
and (b) Cooling to room temperature after annealing. Adapted with permission 
from Huang et al. 25  Copyright 2015 by ACS Publications. 

 

In a study carried out by Magda and cowokers,26 heat released tape was used to 

transfer MoS2 on Au. As shown in Figure 1.5, after peeled off a thin layer of MoS2 with 

thermal-released tape and put on Au, the sample was also annealed to release the tape, 

following by sonicating for a few seconds to peel off big MoS2 flakes from the sample. 

This method induces large area (hundreds of microns) flakes on gold. These modified 

methods are promising for making large and pristine 2D flakes on substrates that have 

large adhesion with them.  
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Figure 1.5 Diagram of thermal-released tape assisted exfoliation method to transfer 
atomically thin MoS2 crystal on top of freshly cleaved gold substrates. 
 

 

Figure 1.6 Schematic of the procedures for the use of viscoelastic stamp to transfer 
an atomically thin 2D material flake onto a targeted location. Adapted with 
permission from Castellanos-Gomez et al. 27 Copyright 2014 by IOP Publishing 
Ltd. 

 

All-dry viscoelastic stamping is also used in transferring 2D materials on 

substrates.27 As shown in Figure 1.6, in this method, flakes are transferred by a piece of 

tape on a stamp first. After that, the stamp is pressed against the substrate and then 

peeled off slowly, leaving material sheets on the substrate. This method is very useful 
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when preparing large area heterostructures, such as transferring MoS2 on h-BN. The 

heterostructures prepared were proved to be without bubbles and wrinkles.  

After the isolation of atomically thin 2D layers, especially monolayer 2D 

material sheets, their unique electronic, optical and lubricious properties can be 

investigated. Here, the sliding interfaces and tribological properties of 2D materials are 

explored and discussed. Understanding the interactions at the sliding interfaces is 

important for modulating the friction and guiding the use of 2D materials in real 

applications. Methods for tailoring surface friction include controlling the surface 

roughness, modifying the surface chemistry, and functionalizing the 2D materials. This 

review is focused on exploring the tribological properties of MoS2, a semiconducting 

transition metal dichalcogenides.  

 

1.2 Interactions at sliding interfaces 

It is crucial to study the interfacial interactions as to tune the friction as well as 

reaction at sliding interfaces. Studies on the interactions at sliding interfaces has been 

carried out both computationally and experimentally. The mechanical properties at the 

sliding interface have been explained with stick-slip motion and 

commensurate/incommensurate sliding. In this part, the stick-slip motion, 

commensurate/incommensurate sliding as well as the sliding mechanism at the interfaces 

of 2D materials will be demonstrated. Understanding the mechanism during sliding is 

crucial for getting a way to modulate tribological properties at sliding interfaces. 
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One important mechanism to consider about when dealing with the sliding of two 

objects is stick-slip motion. Stick-slip motion occurs because of the static force is larger 

than the kinetic friction force and roughness at interfaces is a significant contributes to 

stick-slip phenomenon during sliding. As shown in Figure 1.7,28 a resisting force is 

encountered as the slider climbs an asperity. And when the slider gets on top of the 

asperity, it slides down to the valley. The stick-slip phenomenon causes oscillation of 

friction. The oscillation of friction makes resistant force can be much higher than the 

averaged sliding friction and causes irreversible transformations of surfaces.29-30 Hereby, 

it is important to reduce stick-slip motion to reduce friction and wear during sliding.  

 

Figure 1.7 Schematic of the sliding interface showing a slide moving on a rough 
surface to break adhesive junctions. Adapted with permission from Berman et al. 28 
Copyright 1996 by ACS Publications. 

 

When go down to nanoscale studies, stick-slip motion allows AFM to obtain 

atomic scale images. Due to higher energy barrier, AFM tips was trapped when climbing 
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over potential barriers and slid afterwards. The “stick” motion of AFM tips induces in 

larger friction when climbing on energy barriers and “slip” motion makes the friction 

lower, allowing us to see periodicity of atoms in nanoscale images. Figure 1.8 illustrates 

the AFM atomic resolution images of graphene and MoS2. The periodic variation of 

friction can be seen on the original friction images, and the Fourier transferred images 

show clear lattice of atomic periodicity. The measured lattices of graphene surface 

indicate single layer graphene is stretched during scanning. 

 

Figure 1.8 (a) and (b) are the friction images for monolayer and thick graphene 
samples, respectively. (c) and (d) are the corresponding filtered images. Black dots 
on (c) and (d) represent the periodic sites of the friction force signal. It can be 
clearly seen that the lattice of graphene is stretched during friction measurement. 
Scale bar 0.5 nm. Adapted with permission from Lee et al.24 Copyright 2010 by 
AAAS. 

 

Commensurate and incommensurate sliding is another important mechanism to 

pay attention to when study interfacial sliding mechanisms, especially when both of the 

sliding objects are 2D materials due to periodic lattice of atoms on the surface of 2D 

materials.6 At the interface between atomically flat surfaces, commensurate sliding 

occurs for two matching lattices and the atoms of the lattice on one side perfectly fit the 
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atoms of the periodic potential landscape on the other side of the interface.31-32 

Commensurate and incommensurate sliding affects the frictional properties at the 

interface of 2D materials. As an example, it has been reported that on the surface of 

graphene, when scanning at various angles, commensurate sliding results in a large 

friction peak every 60o.33-35 Achieving an incommensurate contact state is good for 

obtain superlubricity because of overcoming relatively small energetic barriers.36  

 

1.3 Use of MoS2 for reducing friction and wear 

1.3.1 MoS2 additives in oil lubricants 

With excellent lubricious and structure properties, MoS2 has been used as 

additives in lubricating oil. The reported advantages of nanoparticle lubricant additives 

include insolubility in oil lubricants, low reactivity, formation of films, good 

performance in durability and suitable in high temperature environments.37 The layered 

close-packed hexagonal structure of MoS2 makes it suitable for reducing friction and 

minimize wear. Studies of 2D materials nanoparticle additives in base oil have shown 

greater reduction of friction compared to base oil without additives.38-42 Figure 1.9a 

shows the TEM image of inorganic fullerene-like (IF) MoS2 nanoparticles. According to 

Figure 1.9d, IF MoS2 has better anti-wear properties than layered MoS2 (2H-MoS2) 

additives in base oil and base oil without additives. Frictional studies also illustrate that 

IF MoS2 has the lowest friction coefficient (Figure 1.9d).43  Mechanism of the 

lubricating process of MoS2 nanoparticles can be the rolling of nanoparticles at two 
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antagonist surfaces, and the deformation of nanoparticles with high contact pressure.  An 

SEM image in Figure 1.9b shows that MoS2 nanoparticles deforms after friction test. 

 

Figure 1.9 (a) TEM image of IF MoS2 nanoparticles. (b) SEM image of IF-MoS2 on 
the rubbing surface after friction test. (c)Wear scare diameter as a function of 
friction time for base oil, base oil with 2H-MoS2 and with IF-MoS2. (d) Measured 
friction coefficient as a function of friction time for three lubricants. Adapted with 
permission from Huang et al.43   Copyright 2010 by Springer Science and Business 
Media, Inc. 

 

Previous studies have demonstrated that different structures of MoS2 additives 

appear to affect the friction and wear properties of oil lubricants. MoS2 nanotubes as oil 

additives has been reported to reduce the friction in base oil. Figure 1.10(a) shows the 

TEM image of MoS2 multiwall nanotube structure. As shown in Figure 1.10(b-c), 

nanotube-assisted oil lubricant (PAO+NT) has lower friction coefficient and superior 
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anti-wear properties than pure base oil (PAO).44 Changsheng Li and coworkers have 

studied the synthesis and tribological properties of flower-like MoS2 microspheres, 

indicating flower-like MoS2 possessed better properties in reduce friction and wear than 

commercial MoS2 plates.45 The magnificent lubricating behavior of MoS2 additives in 

base oil is raised from its layered structure and deformation into thin films during 

sliding.  

 

 

Figure 1.10 (a) TEM image of MoS2 nanotubes. (b) Wear loss for base oil and base 
oil with MoS2 nanotubes. (c) Friction coefficent for base oil and base oil with MoS2 
nanotubes. Adapted with permission from Kalin et al. 44 Copyright 2012 by 
Elsevier. 
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1.3.2 Use of atomically thin MoS2 as boundary lubricants in nanoscale  

Exploring the tribological properties of MoS2 in nanoscale drew tremendous 

attention due to the development of micro-devices and its potential application in nano 

electronic devices.44, 46-48 Additionally, monolayer MoS2 has outstanding mechanical 

properties with high stiffness (180 ± 60 Nm-1) and breaking strength (15 ± 3 Nm-1 or 23 

GPa).49 It has been reported in tribological studies that even a single layer of MoS2 can 

reduce the surface friction a lot, due to its low frictional coefficient. The frictional 

response of MoS2 sheets in nanoscale is influenced by multiple factors. Examples are 

layer thickness and roughness of substrates. Using exfoliation method for the preparation 

of atomically thin MoS2 flakes on a SiO2 substrate makes them loosely adhere to the 

surface. As shown in Figure 1.11(b), it was observed that the friction of MoS2 

nanosheets increases with decreasing layer thickness.24 In the case of MoS2 on SiO2, 

because of the low interfacial adhesion and the out of plane flexibility of these 

nanoflakes, it will cause “puckering effect” while the AFM probe sliding on the 

materials (Figure 1.11(a)). And the friction enhancement is higher for thinner layer area, 

where the sliding probe induces larger out-of-plane deformation, leading to a larger 

contact area and thereby a larger friction.24 A study using simulations has illustrated the 

true contact area between the tip and graphene surface that governs the frictional 

response on the grapheme sheet. The simulations showed that a larger contact area was 

related to larger friction, and was correlated with puckering effect. However, the change 

in contact area is smaller than the increase of friction (Figure 1.12). Therefore, the 

increase in friction cannot only be attributed to the changes of contact area caused by 
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puckering of the graphene surface. It was revealed in their study that the interface 

between tip and graphene became slightly more commensurate and the local pinning was 

enhanced with each slip of the AFM probe, and finally reached a stable value. This 

variation of overall commensurability and interfacial pinning considerably account for 

the layer dependence of friction.50 From all the studies above, it can be concluded that 

the interfacial adhesion impacts the commensurability and hereby influences the stick-

slip motion. 

 

 

Figure 1.11 (a) Schematic showing the “puckering” effect. While AFM tip is 
canning on the graphene surface, graphene sheet formed ripples in front of the tip. 
(b) Friction on MoS2 nanoflakes with different layer thickness. The friction signal is 
normalized to the value obtained for the thinnest layer. Adapted with permission 
from Lee et al.24 Copyright 2010 by AAAS. 
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Figure 1.12 Variations of averaged friction (black) and contact area (grey) as a 
function of graphene layers. Adapted with permission from Li et al. 50 Copyright 
2016 by Macmillan Publishers Limited, part of Springer Nature. 

 

A further tribological study of MoS2 deposited on atomically flat substrates (mica 

and h-BN) shows different sliding friction compared to MoS2 nanosheets on silica 

surfaces. J. Quereda, et al. used mechanical exfoliation method to deposit MoS2 on h-BN 

and mica substrates, AFM was subsequently used to measure the surface roughness and 

the friction on MoS2 layers. It was revealed that MoS2 monolayers transferred on mica 

and h-BN had a roughness about 50% lower than MoS2 deposited on SiO2. The friction 

of single layer MoS2 on mica and h-BN is lower than that on SiO2. However, the value 

of friction is not simply based on the surface roughness (Figure 1.13a). As shown in 

Figure 1.13b, even if the roughness of MoS2 on h-BN is very similar to that of bulk 

MoS2, the friction force is five times larger. Their work indicated that the friction of 

MoS2 layers on substrates could be strongly tuned by the MoS2-substrate interaction.51 
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Figure 1.13 (a) Normalized friction force measured by AFM with various flake 
thickness for bulk MoS2 and MoS2 flakes on Mica (green), h-BN (red) and SiO2 
(blue). (b) Friction force of MoS2 single layers as a function of the surface 
roughness. Adapted with permission from Quereda et al.51 Copyright 2014 by AIP 
Publishing LLC. 

 

Studies have also shown that similar to graphene, frictional properties on MoS2 is 

also angle dependent due to changes of energy barrier throughout MoS2 surface.52-53 

Simulation studies have elucidated that the potential energy on the topmost layer of 

MoS2 is not uniform.53-54 It has been reported by Tasuku Onodera and coworkers the 

friction at MoS2/MoS2 interface is anisotropic.53 The misfit angle dependency of friction 

was investigated and it was found that the friction at the zigzag sliding motion is 100 

times larger than the friction at smooth sliding motion. In another study executed by 

Levita and coworkers on the study of energy barriers on MoS2. As shown in Figure 

1.13(a), two layers of MoS2 stack together with slightly shifts along y-axis to show the 

bottom layer. “2L-R180” was obtained by rotating top MoS2 layer in “2L-R0” with 180o 

around z-axis. Figure 1.13(b) shows the 2D potential energy surfaces, illustrating that at 

R0 sliding mode, there is very little difference between load 0 and 10 GPa. However, at 
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R180 sliding mode, the potential energy surface is load-dependent: Highest potential 

energy region at zero load appears to be volcano-like shape at 10 GPa applied load. That 

is because of a lower energy enhancement of the Max structure compared to its shoulder. 

This phenomenon is also proven in Figure 1.14(c). 55 From all the studies before, it can 

be concluded that potential energy drops from on the top of S atoms to in between the S 

atoms, which means that going over S atoms on the surface will be more difficult and 

requires more energy than sliding between sulfur atoms. At different scanning directions 

with an AFM probe on MoS2 crystal surface, it can be figured that the energy barriers 

the probe need to go over can also vary. At the MoS2/MoS2 interface, because the atom 

periodicities are the same, the incommensurate and commensurate scanning will have a 

very different magnitude of the friction at MoS2/MoS2 interfaces.  
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Figure 1.14 (a) Schematic of two MoS2 layers put together either in R180 or in R0 
configuration. Dark color is used for representing lower S-Mo-S layer. (b) Heat 
map showing the potential energy at MoS2/MoS2 interface for sliding motion in R0 
(upper two images) and R180 (lower two images). Both loads at zero load and 10 
GPa load were studied. Unit cells are demonstrated with black lines and red/yellow 
lines illustrate minimum energy paths. (c) Energy profiles show the minimum 
energy paths that refer to the paths shown in (b). The energy profiles compare the 
minimum energy paths for MoS2/MoS2 sliding motion R0 (solid lines) and R180 
(dashed lines) at applied load 0 and 10 GPa. Adapted with permission from Levita 
et al.55 Copyright 2014 by ACS Publications. 

 

Above we talked about layer thickness, roughness of substrate, and scanning 

direction can be used to tune tribological properties of atomically thin MoS2 nanosheets. 

Other studies have also shown that more factors also effect its frictional properties. 

Water plays a significant role in the sliding behavior on MoS2 film.56-58 Xueying Zhao 
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and coworker have shown that humidity influences the friction coefficient of MoS2 

film.56 As shown in Figure 1.15, friction coefficient gets larger with increasing humidity 

at Si3N4 – MoS2 interfaces. Other factors such as strain59-60 and scan speed61 have been 

reported to have influence on the friction of MoS2 surface. 

 

 

Figure 1.15 Friction coefficient (µ) as a function of relative humidity (RH) on MoS2 
surface with a Si3N4 tip. Adapted with permission from Zhao et al.56  Copyright 
2010 by ACS Publications. 

 

1.4 Instrument: Atomic force microscopy (AFM) 

As one of the instruments in scanning probe microscopy family, AFM is invented 

by Binning and others in 1986.62 AFM is usually used to get high resolution (even 

atomic resolution) images from the sample surface. There are other instruments that can 

be used to get high resolution images of samples. Examples are scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and scanning tunneling 

microscopy (STM). Scanning electron microscopy requires conductive samples. 
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Transmission electron microscopy requires samples to be extremely thin (usually less 

than 100 nm), making sample difficult to prepare. Scanning tunneling microscopy 

(STM) was invented before AFM. STM is also a kind of scanning probe microscopy that 

can be used to obtain topography and density of states from the surface of materials. As 

shown in Figure 1.16,63 in STM, a sharp conductive probe is used to scan the surface line 

by line. A bias is applied between tip and sample and in constant current mode, the 

feedback loop maintains constant tunneling current between tip and sample. 

Topography, electronic properties, and atomic resolution images can be extracted from 

the sample surface. Although STM can get high resolution images from the surface, it 

can only be used for conductive samples and when measuring polymer samples, 

polymers typically need to be nicely coated on a substrate to get high resolution images.  
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Figure 1.16 Diagram of scanning tunneling microscope. A sharp probe is used to 
scan the surface line by line. Tunneling electrons transfer between tip and sample 
surface. 

 

AFM overcomes all the limitations listed above. It is suitable for the 

measurement of both conductive and insulating samples. In addition, it does not need 

ultrathin samples. AFM is widely used in engineer disciplines as well as science fields. 

The setup of AFM is shown in Figure 1.17, similar to STM, a sharp probe is mounted at 

the edge of a cantilever and is employed to scan the sample surface. However, the tip 

can be either conductive or nonconductive. A laser is reflected at the end of the 

cantilever onto a photodetector and topography images can be obtained with AFM. 

When AFM tip slides on the surface and encounters a protrusion, Figure 1.18 indicates 
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that at that time, laser spots on the photodetector moves up. As a result, feedback loop 

moves the tip up, keeping the laser spot in the middle to maintain a constant force.  

 

 

Figure 1.17 Diagram of atomic force microscope. A sharp probe is mounted on the 
cantilever. Laser is reflected at the back of the cantilever onto a photodetector. 
Adapted with permission from Park, et al.64 Copyright 2013 by ACS Publications. 

 

 

 

Figure 1.18 Schematics showing the up movement of laser spot on photodetector 
when an AFM tip encounters a protrusion on the surface. Feedback loop bring the 
tip up to maintain a constant force between tip and sample surface. 
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Frictional information of surface can also be measured with AFM. As shown in 

Figure 1.19, while the tip scans on the surface in contact mode, because of the static and 

kinetic friction between sample and tip, there is a torsional deformation of the cantilever, 

making the laser spot on photodetector moves left or right. The magnitude of the 

movement distance indicates the friction signal. Friction image is usually sensitive to the 

chemical composition of the surface due to variations of friction for different materials.  

 

 

Figure 1.19 Image showing the torsional twisting of the cantilever when AFM scans 
in contact mode. As a result, the laser spot on photodetector moves left and right. 
Adapted with permission from Park, et al. 64 Copyright 2013 by ACS Publications. 

 

The raw friction signal obtained from experiment is in volt. To convert that 

signal to force unit (newton), different lateral force calibration methods have been 

explored. One of the most commonly utilized methods is called “wedge method”, in 

which a substrate with two well-defined slopes is employed.65-67 To use this method, 

friction loops were measured by sliding the tip across the slopes. The tilt angle of the 

facet and width of the friction loop were used to calibrate the lateral force of AFM. 

Another simple lateral calibration method is direct force balance method (DFBM). In 
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this method, similar to wedge method, two well-defined slopes are also employed. 

However, instead of getting friction loops, force distance (FD) curves are obtained and 

the slopes in the friction force vs. distance curves are compared to determine the lateral 

detector sensitivity (Figure 1.20).68-69 This method is useful for protecting AFM tips 

since it does not require friction loops that are obtained from scanning the surfaces. 

 

 

Figure 1.20 Substrates with known slopes are used in the lateral calibration of 
AFM. The trace on the photodetector showing the beam path of the laser during 
FD curve measurements on three different facets are illustrated. Adapted with 
permission from Asay, et al. 68 Copyright 2006 by American Institute of Physics. 
 

1.5 Outlook 

Reducing friction and wear with lubrication is critical for energy saving and 

extending lifetime of devices. Exploring new additives and boundary lubricants that can 
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be used under different conditions is a study people can perform. Simulation is also a 

good method for predicting the behavior of materials and explaining the mechanism for 

certain behavior of materials. Tailoring the friction with modulating the surface 

interactions and changing the chemistry of materials is promising for using these 

materials in real applications. In addition, heterostructures made from more than one 2D 

materials is also a way for tuning friction, making it different from the original 2D 

materials. Combining 2D materials with organic compounds might also be a way for 

expanding the use of these lubricants in different environments. Common 2D materials 

including graphene, TMDs and h-BN have been investigated on their tribological 

properties in recent years. Newly grown 2D materials such as MXene have been 

discovered and investigation of their tribological properties might open access to broader 

applications.  
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CHAPTER II  

TUNING THE MECHANIAL AND FRICTIONAL PROPERTIES OF MOS2 WITH 

NANOSCOPIC ROUGHNESS AND SURFACE CHEMISTRY* 

 

2.1 Introduction 

MoS2 is a layered material that can be used as boundary lubricant for minimizing 

friction and alleviate wear.70-73 Monolayer graphene was reported in 200474 and 

stimulated tremendous interests in researches of thin layer and even single layer MoS2 

recently. As a two-dimensional material, MoS2 can be exfoliated down to a monolayer. 

Changes in optical properties influence Raman and photoluminescence spectra of MoS2 

with different layers. Previous studies indicated that atomic displacements of E2g
1 (~383 

cm-1)and A1g (~408 cm-1)modes in MoS2 were observed in Raman spectra near 400 cm-

1.75-76 Raman spectra can be used to indicates layer thickness of MoS2 with the distance 

of E1
2g peak and A1g peak. With thicker MoS2 layers, the distance between two Raman 

peaks increases.55, 77-78 Figure 2.1(a) indicates the shifts of Raman peaks with MoS2 layer 

thickness. With increasing layer numbers, E1
2g peak was detected to have a red shift and 

A1g peak was observed to have a blue shift. The shifts A1g of peak to higher frequency is 

because that the Van der Waals force between MoS2 layers suppresses atom vibration 

with greater layer thickness. Meanwhile, the structure change induced by stacking in 

 

* Part of this chapter is adapted from Elinski, M. B.; Liu, Z.; Spear, J. C.; Batteas, J. D., 
2D or not 2D? The Impact of Nanoscopic Roughness and Substrate Interactions on the 
Tribological Properties of Graphene and MoS2, J. Phys. D: Appl. Phys., 2017 (50), 
103003 
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multilayer MoS2 play an important role in the variation of atomic vibration, inducing 

red-shift in E1
2g peak. 79 Layer thickness of MoS2 also influences photoluminescence 

spectra. Figure 2.1(b) elucidates that monolayer MoS2 shows the strongest PL intensity. 

Meanwhile, bulk MoS2 has a negligible PL signal. In PL spectra, there are two peaks A1 

(~670 nm) and B1 (~630 nm) that are corresponding to direct excitonic transitions. The 

strongest PL intensity for single layer MoS2 is featured with slower electronic relaxation. 

With outstanding optical properties, monolayer MoS2 is a promising material that can be 

used in devices. 

 

 

Figure 2.1 (a) Raman spectra of 1 layer (1L), 2 layers (2L), 3 layers (3L), 4 layers 
(4L) and bulk MoS2 obtained with a 488 nm laser. (b) Photoluminescence and 
Raman spectra of MoS2 layers with different thicknesses. The laser used was 532 
nm. Adapted with permission from Li et al.79 Copyright 2012 by WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
 

As it is shown above, the layer thickness of MoS2 modifies Raman and 

photoluminescence spectra of MoS2. Additionally, the strained MoS2 showed a 

significant redshift for both E2g
1 and A1g peaks, as shown in Figure 2.2(a). Raman 
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spectroscopy is sensitive to the strain of MoS2 because of the phonon softening with 

increased strain.76 Moreover, photoluminescence (PL) spectra of MoS2 are influenced by 

the degree of strain.80-82 The intensity of PL decreases with higher strain in monolayer 

MoS2. This is because the level of strain affects the band structure and makes a K to K 

direct transition to a Γ to K indirect transition,83 as shown in the inserted schematic of 

Figure 2.2(b).76 Since the surface roughness affects the strain properties of MoS2, it is 

expected to see the changes in PL intensity and shifts of Raman peaks after putting MoS2 

on NPs. Here, we modulate the surface roughness with SiO2 nanoparticles and the 

optical properties of MoS2 flakes on different substrates were studied. 

 

 

Figure 2.2 (a) Raman spectra of strained MoS2 from 0 to 1.6%. (b) PL spectra of a 
monolayer MoS2 as it is strained from 0 to 1.8%. Inserted schematic represents the 
band structure for monolayer MoS2 devices that are progressively strained from 
0% (black) to ~5% (maroon) and ~8% (red). Adapted with permission from Conley 
et al. 76  Copyright 2013 by ACS Publications. 

 

Layer thickness of MoS2 also has influence on the electronic properties of MoS2. 

Studies indicates that bulk MoS2 is a semiconductor with indirect band gap (1.2eV).84-85 
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And single layer MoS2 has a direct band gap (1.8eV).83, 86 The transition from indirect 

band gap to direct band gap makes monolayer MoS2 a promising material in electronic 

devices.87 Therefore it is important to studying the mechanical and tribological 

properties of monolayer MoS2. 

Changgu Lee and coworkers have done research on the frictional measurements 

of MoS2 on SiO2/Si substrates and found out that the friction is dependent on layer 

thickness of MoS2. With thicker MoS2 layers, friction decreases due to “puckering 

effect”.  The adhesive force between MoS2 and substrate is van der Waals force 

(relatively small). In addition, MoS2 is a lamella material with high out of flexibility. 

These factors induce the deformation of MoS2 flakes by AFM tip during the scan 

(“puckering effect”).24 For 2D materials on mica or h-BN with atomically flat surface, 

friction becomes layer independent because of strong interfacial interaction.24, 88 Hereby, 

interfacial interactions play an important role in the modification of the tribological 

properties of MoS2 nanosheets.  

In real applications, the surface has nanoscopic roughness, which impacts the 

frictional and electronic properties of atomically thin MoS2 layers. It has been reported 

that the morphology of the surface impacts the tribological properties of 2D materials. 

Grephene on nanoscopically flat silica substrates displays layer-dependence of friction 

while the friction of graphene on atomically flat mica surface didn’t show differences in 

friction between layers. 88-89 Jessica Spear and coworkers have shown that nanoscopic 

roughness influences the frictional response of graphene: the layer dependence of 

friction disappeared for graphene on a 20 nm silica NP film.89 Although graphene and 
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MoS2 are both 2D materials, they have different mechanical properties. The influences 

of nanoscopic roughness on the mechanical and tribological properties of MoS2 are not 

as well studied.  

Other than substrate morphology, another factor that impacts the interactions at 

interfaces is the surface chemistry. Self-assembled monolayers (SAMs) can be used to 

alter the MoS2-substrate dipole-dipole interactions, causing changes of the interfacial 

adhesion. It has been reported that functionalizing the silica substrates with SAMs can 

reduce the surface energy and maximize the routes of energy dissipation, resulting in the 

minimization of friction and wear.90-94 However, rubbing on SAMs induces irreversible 

damage of the monolayer.91 Depositing MoS2 on the top of SAMs prevents molecules 

from being shaved away while the molecules underneath tune the MoS2-substrate 

adhesive force. Bulk MoS2 is a slightly hydrophilic material with a water contact angle 

of ~90o, but single layer MoS2 is more hydrophilic. It has been reported by Philippe 

Chow and coworkers that monolayer MoS2 on SiO2/Si substrates displays an advancing 

water contact angle of ~ 83o.95 Therefore molecules with hydrophilic functional group 

are expected to have larger adhesive force with ultrathin MoS2 flakes. Xueying Zhao and 

coworkers illustrate that the friction on MoS2 surface increases with elevating relative 

humidity using both Si3N4 tip and MoS2-coated tip. The hydrophilicity of the AFM 

probe and MoS2 contributes to larger adhesive forces with higher relative humidity and 

results in higher friction.96 Meagan Elinski and coworkers functionalized AFM probes 

with SAMs terminated with -NH2, -CH3, and -phenyl to compare the tip-graphene 

adhesive force. It was found that -phenyl terminated tip has the largest work of adhesion 
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with monolayer graphene while -OH terminated tip has the smallest work of adhesion.97 

Thus, using molecules with various functional groups offers a way to control the 

adhesive force at interfaces, giving rise to the changes of the frictional response of MoS2 

nanosheets on the top of SAMs. As shown in Figure 2.3(a), in this study, MoS2 was 

exfoliated onto nanoscopically rough substrates, in addition to non-functionalized and 

functionalized flat substrates. AFM will be used to investigate the morphology and 

lubricating properties of MoS2 on both flat and rough silica substrates and flat substrates 

with SAMs (Figure 2.3(b)). In addition, Raman spectroscopy was used to determine the 

number of layers and the strain resulting from the bending of the MoS2 flakes by 

analyzing the shifts of the Stokes peaks versus flat MoS2.  

 

 

Figure 2.3 (a) Schematic of MoS2 nanoflake on SiO2 nanoparticles. (b)Schematic of 
MoS2 flakes on SAM modified SiO2/Si substrates. 
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2.2 Materials and Methods 

2.2.1 Sample preparation 

To prepare flat SiO2/Si(100) substrates, score-cut Si wafers (Virginia 

Semiconductor) were first cleaned in a base piranha solution of high-purity H2O (18.2 

MΩ cm, Barnstead), H2O2 (30%) and concentrated NH4OH with a ratio 4:1:1 at 85 oC 

for 20 min. Then the wafers were rinsed with high-purity water and ethanol, and dried 

with streaming N2. The cleaned wafers were then thermally oxidized in a kiln at 1050 oC 

for 90 min to form 90 nm thick SiO2 on the surface. Substrates with controlled 

roughness were prepared by spin coating 20 nm and 50 nm silica nanoparticle solutions 

on the cleaned silicon substrates. The silica NP solution (Ludox) was diluted from 40 

wt% to 6 wt% using high-purity water. The diluted solution was sonicated for 1 hr, and 

spin coated (400 μL, 2000 rpm for 2 mins) to form a uniform NP film about 90 nm 

thick.. The rough substrates were then annealed at 500 oC for 5 hr. Both the flat SiO2/Si 

substrates, and nanoparticle films were cleaned in base piranha again before MoS2 was 

transferred onto them. Adhesive tape (Scotch) was used to mechanically exfoliate MoS2 

nanosheets. The tape-MoS2-substrate samples were annealed at 80 oC for 2 min and 

cooled down to room temperature before peeling the tape off. Heating before removing 

the tape will release the gas at the MoS2-substrate interface, increasing the efficiency of 

transferred material.98  

To change the polarity of substrates, flat silica substrates were functionalized 

with either octadecyltrichlorosilane (OTS, Gelest, 95%), or (3-

aminopropyl)triethoxysilane (APTES, Aldrich, 99%). The substrates were first cleaned 
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with base piranha and then rinsed with high-purity water, ethanol and dried with 

sreaming N2. The cleaned substrates were put in a molecular solution (0.1 mM) for 7 hr 

to form a self-assembled monolayer. MoS2 was transferred onto the functionalized 

substrates using the same exfoliation method described above. 

 

2.2.2 Fourier transform infrared (FTIR) spectroscopy 

A Thermo Nicolet 6700 FTIR with a liquid-nitrogen-cooled MCT (HgCdTe) 

detector was used to collect IR spectra from the functionalized substrates. A Harrick 

Scientific horizontal reflection Ge-attenuated total reflection accessory (VariGATR) 

using a semispherical Ge crystal as the optical element was used in the measurement. 

Spectra were collected with 1000 scans at a resolution of 1 cm-1.  

 

2.2.3 Raman microspectroscopy measurements of MoS2 samples 

A Raman microscope (Jobin-Yvon HORIBA LabRAM HR800) coupled to an 

Olympus BX41 microscope equipped with a 514.5 nm Ar ion laser was used to collect 

both Raman spectra. The measurements were taken in ambient environment and the 

grating was set to be 1800 gr/mm. The average power of the laser was kept below 10 

mW to avoid the burning of SLM.  

 

2.2.4 Photoluminescence of MoS2 on flat and 20 nm NPs 

 Photoluminescence maps were collected with a confocal fluorescence (WITec 

Alpha 300R, Germany) equipped with an Ar ion laser (488 nm) and an Andor Peltier 
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cooled (−65 °C) CCD detector under room temperature. An objective (Nikon 100×) was 

used for imaging and spectral acquisition.  

 

2.2.5 Atomic force microscopy measurements of MoS2 samples 

MoS2 Samples were imaged using AFM (Agilent 5500) with contact silicon tips 

(Mikromasch CSC37) in nitrogen environment (0.1% RH and 20-25 oC). The spring 

constant of the cantilever was calculated with the Sader method.99-100 Tip radii were 

measured by imaging on a Nioprobe sample (Aurora NanoDevices Inc.) three times and 

the averaged value was used. All the images, tip radii and force distance curves were 

processed with Scanning Probe Image Processing (SPIP) software (Image Metrology, 

Denmark). The applied load for the friction measurements was 5 nN unless otherwise 

stated. The friction data was obtained by averaging the friction signal of 3 scans of the 

same area measured by the same AFM probe.  

 

2.3 Results and Discussion 

It has been reported that the frictional properties of MoS2 are influenced by the 

interfacial interactions.24, 50, 88 Controlling the size of silica NPs and using molecules 

terminated with various functional groups allow for the tuning of forces at interfaces. To 

prepare MoS2 samples on rough and functionalized substrates, an improved exfoliation 

method was used to make MoS2 nanosheets more efficiently.25 The tape-MoS2-substrate 

samples were heated before peeling the tape off to increase the transfer yield by 

releasing the gas at interfaces. MoS2 nanoflakes were located with Raman microscopy. 
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Figure 2.4(a) and (c) are the optical images of MoS2 flakes on a flat silica surface and a 

20 nm silica NP film, respectively, which indicates that the samples have clean MoS2 

flakes and even single layer MoS2 (SLM) have good contrast from the surfaces. Raman 

microspectroscopy and AFM were further used to study the samples.  

 

2.3.1 Raman spectra and photoluminescence (PL) map of MoS2 nanosheets on flat and 

rough substrates 

 

Figure 2.4 (a) and (c) are optical images of MoS2 flakes on a flat substrate and on a 
20 nm NP film, respectively. (b) Raman spectra of SLM, BLM and bulk MoS2 on 
flat SiO2 substrate, indicating a red shift of E12g peak and blue shift of A1g peak 
when the layer thickness becomes greater. (d) Raman spectra of SLM, BLM, Bulk 
MoS2 on 20 nm NP film. E2g1 and A1g peaks correspond to the vibrational modes of 
the MoS2 crystal. 
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To examine the number of layers and the strain of MoS2, Raman spectroscopy 

was used to characterize single- and multi- layer MoS2 flakes. The displacements and 

distances of E1
2g and A1g peaks indicate the thickness of MoS2 nanoflakes.101-103 Raman 

spectra of SLM, few layer MoS2 (FLM) and bulk MoS2 on flat silica substrates were 

shown in Figure 2.4(b). The distances between the E2g
1 and A1g peaks for SLM, FLM 

and bulk MoS2 are 16.38 cm-1, 24.84 cm-1 and 25.37 cm-1, respectively. The result agrees 

with the previous studies that have shown a red shift of E2g
1 peak (around 384 cm-1) and 

a blue shift of A1g (around 405 cm-1) with the increase of layer thickness79, 102-103. Figure 

2.4(d) shows the Raman spectra of SLM, BLM and bulk MoS2 on 20 nm NPs, showing 

the peak to peak distances are 20.98 cm-1, 24.21 cm-1 and 24.75 cm-1, respectively. 

Compared to SLM on a flat surface, SLM on 20 nm NPs experiences a blue shift of 

theA1g peak to a larger wavenumber by 2.2 cm-1 and a red shift of the E2g
1 peak to a 

smaller wavenumber by 2.39 cm-1. However, according to previous study, the strain of 

SLM caused the shift of the E2g
1 peak, while the position of A1g peak remains the same 

within the changes of strain.76, 104 The shift of the A1g peak in the SLM on 20 nm NPs 

might be due to the small area of SLM (~1 µm2) compared to the resolution of Raman 

spectroscopy (hundreds of nanometers), thus the multilayer MoS2 around it may impact 

the peak position of SLM in the Raman spectra. The strain of SLM on 20 nm NPs was 

estimated to be 0.6% based on the shifts of the E2g
1 peak.104 
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Figure 2.5 (a) and (b) are the PL mapping images of the area in white boxes 
indicating in the optical images in Figure 2.4 (a) and (c). It can be seen that with 
thinner MoS2 layers, the PL intensity becomes higher. 

 

Photoluminescence intensity was explored for MoS2 flakes on flat SiO2/Si and 20 

nm SiO2 NP substrates. Figure 2.5(a) demonstrates that on flat surface, with thinner 

MoS2 layers, the PL signal becomes larger, which is consistent with the previous studies. 

For MoS2 flakes exfoliated on 20 nm NPs (Figure 2.5(b)), both monolayer and bilayer 

MoS2 have significantly higher PL intensity than MoS2 over 2 layers. The reason is that 

the strain in monolayer MoS2 induces transition from direct band gap to indirect band 

gap. Meanwhile, strain results in transition from indirect band gap to direct band gap for 

bilayer MoS2.83 This makes the PL intensity for SLM decreased and for BLM increased. 

Thus, the PL intensity for SLM and BLM on 20 nm NPs are very close, although the PL 

signal for SLM on flat surface should be much higher according to previous studies. 76   
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2.3.2 The impacts of layer thickness and applied loads on the conformity and roughness 

of MoS2 

To investigate the changes of interaction forces and frictional properties of MoS2 

with substrates of varyings surface roughness, MoS2 nanoflakes were made on 20 nm 

and 50 nm NP films. Topography images (Figure 2.6(a-b)) were obtained using AFM 

and show that thin layer MoS2 membrane is partially conformed to the NPs. The line 

profiles (Figure 2.6(e-f)) from the black lines in the topography images illustrate that the 

degree of conformity decreases with increase in layer thickness, which is due to the 

higher stiffness for thicker MoS2 layers. In addition, the inserted topography image of 

Figure 2.6(b) illustrates that SLM on 50 nm NPs forms wrinkles on the surface, which 

were not seen for SLM on 20 nm NPs. The possible reason might be that the space was 

larger between 50 nm NPs, which makes the AFM probe can press deeper. Another 

possible reason is that the interaction forces are stronger between SLM and the substrate 

underneath, causing MoS2 to conform more on larger NPs. 

Different applied loads were used to scan a SLM MoS2 flake on 20 nm NPs. The 

morphology images with 5 nN and 125 nN applied loads of the same area are shown in 

Figure 2.6(c-d). Figure 2.6(g) shows the corresponding line profiles where the red line is 

for the 5 nN image and blue line is for the 125 nN image. It can be seen from the 

topography images that the image is sharper for higher applied load. In addition, the line 

profiles indicate a larger degree of conformity under higher applied load. The MoS2 

membrane was pushed 1-2 nm deeper at 125 nN force, which is close to the deformation 

of graphene on 20 nm NP film89, regardless of the different elastic modulus of single 
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layer MoS2 (270±100 GPa)105 and graphene (~1TPa).106-107 Using the deformation of the 

MoS2 membrane at various pushing forces, and a simplistic Hertz model,108-110 the 

Young’s modulus for SLM was calculated to be ~1 GPa. This value is relatively small 

compared to the reported Young’s modulus for SLM from other sources.105 However, 

this value is very close to the calculated Young’s modulus of single layer graphene on 20 

nm NP film from the work of Spear et al.89 The possible reason is that when tip pressed 

on the suspended MoS2 between NPs, it touched the nanoparticles on the side, which 

impact the deformation of the MoS2 nanoflake and the measurements of elastic modulus. 

From the line profiles, the length of MoS2 membrane without conformation on the NPs 

was calculated to be 388.0 nm. At 5 nN, the length of MoS2 membrane at the measured 

area was calculated to be 389.0 nm and the length was elongated to be 395.3 nm at 125 

nN. The percentage that MoS2 stretches is 0.2% when using 5 nN applied load to scan on 

the MoS2 nanoflake and 1.8% when the applied load elevated from 5 nN to 125 nN. As 

shown in the supporting information, the stretching of SLM on 50 nm NPs was also 

studied and the strain of MoS2 nanosheet was 1.0% and 2.3% when using 5 nN and 125 

nN applied load, respectively. The Young’s modulus was calculated to be ~1.5 GPa for 

MoS2 on 50 nm NPs. The deformation of SLM on nanoparticles is lower than the 

ultimate tensile strain of SLM (6%-11%),105 so SLM films didn’t break during scanning.  
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Figure 2.6 (a) The AFM topography image of single and multilayer MoS2 on 20 nm 
NPs. The black line is a line profile taken from the surface, as shown in graph (e). 
(b) The topography of single layer and multilayer MoS2 on 50 nm NPs. The inserted 
image is a zoomed-in scan of single layer and bilayer MoS2. The line proifle was 
shown in (f). (c) and (d) illustrate the surface of SLM on 20 nm NPs at 5nN and 
125nN applied loads, respectively. Line profiles are shown in (g), where the red and 
blue lines are from (c) and (d), respectively, which reveals that the level of 
conformity increases with a larger applied load. 
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Other than making MoS2 on 20 nm NPs as shown above, exfoliated MoS2 was 

also made on a 50 nm silica NP film. The conformity and elastic modulus were studied 

by AFM. As shown in Figure 2.7(a-b), MoS2 is partially conformed on the 50 nm NPs 

and the degree of conformity increases with higher applied loads. According to the 

stretch of MoS2 film, the strain was calculated to be 1.0% when using a 5 nN applied 

load and 2.3% when using a 125 nN applied load. The strain of MoS2 on 50 nm NPs is 

larger than that of MoS2 on 20 nm NPs. That is because of the larger space between 50 

nm NPs, so when using 125 nN applied load the tip can press further on the SLM. In 

addition, because of the larger space between 50 nm NPs, the area of suspended MoS2 is 

greater, causing a larger adhesive force between MoS2 and the substrate. Hereby, the 

stretching of MoS2 on 50 nm NPs was larger when using both 5 nN and 125 nN applied 

load. 
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Figure 2.7 (a)-(b) AFM topography images of MoS2 on 50 nm NPs with scan loads 
at 5 nN and 125 nN. (c) Line profiles from the blue and red lines in image (a) and 
(b), showing the stretching behavior of SLM under different applied loads. 
 

 

 

Figure 2.8 (a)-(b) RMS roughness and surface area ratio as a function of the 
normal load for SLM on 20 nm NP film and 50 nm NP film. The RMS roughness 
and surface area ratio were averaged over a 0.25 µm2 scan for each load. 
 

To further investigate the effect of the scanning loads on the surface roughness, 

the root mean square (RMS) roughness and surface area ratio (%) of SLM on rough 
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substrates were studied. AFM probes with tip radii of ~30 nm was used to scan 

exfoliated SLM areas on 20 nm and 50 nm NPs. As shown in Figure 2.8(a-b), SLM 

showed increased roughness and surface area ratio with higher normal load, indicating 

the conformity to the rough substrate increased with increased load. It can be seen that, 

SLM on 50 nm NPs experiences larger RMS roughness and surface area ratio than SLM 

on 20 nm NPs. This trend is because of the larger degree of conformity for SLM on 50 

nm NPs. In addition, the increase of RMS roughness occurred at a slower rate when the 

normal load became larger due to the larger bending stiffness for strained SLM. From 50 

nN to 125 nN, the RMS roughness of SLM on 20 nm NPs only increased 0.07 nm, 

which indicates the SLM reached its maximum conformity for the size of the tip.  

 

2.3.3 Atomic stick-slip images of SLM and bulk MoS2 on rough substrates 

To investigate the stretch of the crystal lattice of MoS2 on NPs, AFM was used to 

collect atomic stick-slip images, and the distances between sulfur atoms was measured. 

The atomic stick-slip measurements based on the fact that when the tip scans atoms in 

contact mode, the stick-slip motion causes the tip to oscillate periodically, allowing us to 

obtain images representative of the periodicity of surface atoms and crystal orientation 

of the exposed layer. The raw friction images of SLM and bulk MoS2 are shown in 

Figure 2.9(a-c), exhibiting the friction signal of forward sliding direction. The friction 

images demonstrate that the force at which slip occurs on bulk MoS2 is more organized 

than that on SLM. This is because of the stretching of SLM pushed by the AFM probe 

and larger flexibility of SLM. Figure 2.9(d-f) show the corresponding Fourier 
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transformed images with threefold symmetric pattern,24, 111 illustrating the sulfur-sulfur 

(S-S) distances of SLM on top of NPs, SLM in between NPs and bulk MoS2. The 

distances of sulfur atoms are taken from three images to calculate the averaged sulfur-

sulfur distance of an area. The values are shown in Table 1, which reveals that the 

average S-S distance is larger for SLM than bulk MoS2. This is because the stiffness of 

single layer MoS2 is lower than that of bulk MoS2 so SLM can stretch more on the 

nanoparticles. In addition, the interfacial force of MoS2-substrate is lower than the 

interlayer attractive force of MoS2, so the AFM probe was able to deform SLM more 

than the top-most layer of bulk MoS2. The distance between sulfur atoms is the largest 

for SLM between NPs because of the further deformation of MoS2 when the AFM tip 

scanned on the suspended MoS2. The strain of SLM on NPs and between NPs compared 

to bulk MoS2 is 1.9 % and 4.7 %, respectively. These values are larger than the 

calculated stretch at even 125 nN (1.6%) shown above, which may be caused by the 

lateral thermal drift of the tip during scanning and the uneven roughness on the substrate.  
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Figure 2.9 (a)-(c) Friction images measured by FFM on bulk-like MoS2, on SLM 
suspended between, and on top of 20 nm NPs, respectively. (d)-(f) The 
corresponding Fourier transformed (FFT) images. (g) The normalized friction 
signal of bulk-like MoS2 and SLM, showing the friction is the highest for SLM 
suspended between NPs. 

 

To figure out the sulfur-sulfur distances and lattice strain of MoS2 on 50 nm NPs, 

AFM was used to obtain atomic scale images of the sample. The friction images of bulk 

MoS2, SLM on top of NPs and SLM suspended between NPs are shown in Figure 

2.10(a-c). The images below are the corresponding filtered images showing the 
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periodicity of MoS2 lattice, appearing a threefold symmetric pattern. The friction 

measurement (Figure 2.10(g)) shows the largest friction on SLM hung between NPs and 

the lowest friction for bulk-like MoS2. The friction on SLM suspended between 50 nm 

NPs is larger than the friction of SLM hung between 20 nm NPs. The possible reason 

might be the influence of 20 nm NPs on the tip is greater than 50 nm NPs when the AFM 

probe scanned on the SLM between NPs, making the tip-MoS2-substrate area greater and 

resulting in a higher friction during the scan on SLM suspended between NPs. The 

averaged S-S distances are shown in Table 1. For SLM on 50 nm NPs and suspended 

between NPs, the strains were calculated to be 4.5% and 6.5%, indicating SLM on 50 

nm NPs had larger strain than SLM on 20 nm NPs. 
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Figure 2.10 (a)-(c) Friction images of bulk-like MoS2, SLM on the top of 50 nm NPs 
and SLM suspended between NPs, respectively. (d)-(f) The filtered images 
correspond to the friction images. (g) The normalized friction signal of bulk-like 
MoS2 and SLM on 50 nm NPs. The Frictional signal is normalized to the friction of 
bulk-like MoS2. 
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Table 2.1 Distances between sulfur atoms on bulk-like and single layer MoS2 
measured by AFM. 

 
 

 2.3.4 Frictional properties of MoS2 on rough substrates  

After studying the conformity and strain of SLM on rough substrates, friction 

measurements of MoS2 nanoflakes on rough substrates were also performed using AFM 

with contact mode silicon tips. The number of layers of MoS2 was determined by the 

thickness measured by AFM. The frictional properties were compared between MoS2 

nanosheets on a flat silica substrate, a 20 nm NP film and two 50 nm NP films. The 

friction images are shown in Figure 2.11(a-c), indicating that MoS2 can reduce the 

friction on nanoscopically rough substrates and SLM has higher friction than multi-layer 

MoS2. The value of friction was measured on SLM, BLM and bulk MoS2. Figure 2.11(e) 

shows the friction signal normalized by the friction of bulk MoS2 for each sample, 

demonstrating that the friction decreases with the increase in layer thickness, which is 

similar to the layer-dependent phenomenon of friction for ultra-thin MoS2 on flat silica 

substrates.24 The possible reason is that asperities on SLM surface will cause more stick-

slip motions when the tip scanned the rough surface; resulting in larger friction on 

thinner MoS2 layers. Another mechanism is due to the “puckering effect” of the flexible 



 

49 

 

SLM because the SLM-substrate interaction on rough substrates is smaller than the 

interaction for SLM on flat substrates, which made the puckering effect easier to occur. 

These two factors both contributed to the higher friction on thinner MoS2 layers on 

rough substrate. When the MoS2 layers becomes thicker, the RMS roughness drops 

(Figure 2.11(d)) and the bending stiffness increases, inducing lower friction on the MoS2 

flake. However, the frictional behavior of MoS2 is different from the frictional properties 

of graphene on a 20 nm NP film: Graphene on 20 nm NPs did not show a significant 

frictional difference between single layer graphene (SLG) and bilayer graphene (BLG).89 

That might because of the different stiffness and layer thickness for SLM and SLG. 

Comparing the friction of MoS2 on 20 nm and 50 nm NP films, it can be seen that the 

friction of SLM on 20 nm NPs is larger than its friction on 50 nm NP films despite the 

larger roughness of SLM on 50 nm NPs (Figure 2.11(d)). The reason might be that there 

are more asperities within an identically sized area for SLM on 20 nm NPs, which 

causes more stick slip motions during the scan, resulting in higher friction. The RMS 

roughness for BLM on 20 nm NPs and 50 nm NPs are very close (Figure 2.11(d)), along 

with the friction of BLM on these two sizes of NP films. That means the effect of NP 

sizes was eliminated due to higher stiffness of BLM compared to SLM. 

To further study the mechanisms for the layer-dependent of friction, the friction 

was measured for SLM on top of NPs, SLM in between NPs and bulk MoS2. The result 

(Figure 2.10(g)) illustrates SLM on top of NPs has higher friction than bulk MoS2 due to 

the deformation cause by the scanning of AFM probe. SLM in between NPs has the 

highest friction because of the largest contact area between AFM tip and MoS2 
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membrane. This result proves that the larger friction of SLM than bulk MoS2 on NPs is 

not only because of the larger roughness on SLM surface, but also caused by the 

deformation of the MoS2 layer and greater contact area. To figure out the sulfur-sulfur 

distances and lattice strain of MoS2 on 50 nm NPs, AFM was used to obtain atomic scale 

images of the sample. The friction images of bulk MoS2, SLM on top of NPs and SLM 

suspended between NPs are shown in Figure 2.10(a-c). The images below are the 

corresponding filtered images showing the periodicity of MoS2 lattice, appearing a 

threefold symmetric pattern. The friction measurement (Figure 2.10(g)) shows the 

largest friction on SLM hung between NPs and the lowest friction for bulk-like MoS2. 

The friction on SLM suspended between 50 nm NPs is larger than the friction of SLM 

hung between 20 nm NPs. The possible reason might be the influence of 20 nm NPs on 

the tip is greater than 50 nm NPs when the AFM probe scanned on the SLM between 

NPs, making the tip-MoS2-substrate area greater and resulting in a higher friction during 

the scan on SLM suspended between NPs.  
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Figure 2.11 (a)-(c) The friction images of single- and multi- layer MoS2 on 20 nm 
and 50 nm NP films. d) RMS roughness for SLM, BLM and bulk MoS2 on 20 nm 
and 50 nm NP films.  (e) The normalized friction signal measured by AFM. The 
friction signal is normalized to the friction on bulk MoS2 for each sample. 
 

2.3.5 FTIR of functionalized flat silica substrates 

Studies above have shown that the surface roughness influences the frictional 

properties of MoS2 nanoflakes. Moreover, since the frictional properties of a supported 

MoS2 nanoflake depend on the interfacial interactions, tuning the adhesive force at 

interfaces might be a useful way to control the frictional response of MoS2. A method to 

control the interactions at interface is to modulate the dipole-dipole interactions between 

MoS2 and the substrate. Using self-assembled molecules (SAMs) to functionalize the 

substrates can tune the interfacial interactions.97, 112-113 Previous studies have shown that 
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functionalizing probes with various molecules had different adhesive forces with 2D 

materials,97 which indicates molecules with various functional groups will affect the 

adhesive force at MoS2-substrate interfaces. In this experiment, molecules with different 

functional groups were used to tune the dipole-dipole interaction at the interface, 

therefore modulating the frictional properties of supported MoS2 nanoflakes. 

Here, the chemistry of substrates was changed by functionalizing silica surface 

with APTES and OTS. FTIR was used to identify the molecules on the surface before 

the transfer of MoS2. For both the OTS and APTES functionalized substrates, the CH2 

asymmetric (~2920 cm-1) and symmetric (2850 cm-1) stretches of the alkyl chains are 

shown in their IR spectra (Figure 2.12).  

 

 

Figure 2.12 FTIR spectra of OTS and APTES functionalized flat SiO2 substrates. 
Both molecular films show the CH2 asymmetric and symmetric stretching band at 
~2920 cm-1 and ~2850 cm-1, respectively. The spectra are normalized to the CH2 
stretch at ~2920 cm-1. 
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2.3.6 Frictional properties of MoS2 on functionalized substrates  

Figure 2.13(a-c) are the AFM topography images of single- and multi- layer 

MoS2 on unmodified silica substrate, OTS film and APTES film, respectively. Figure 

2.13(d-f) are the corresponding friction images, indicating MoS2 is able to reduce the 

friction on all the three substrates. As shown in Figure 2.13(g-h), the friction data is 

normalized to the friction signal of bulk MoS2 of each sample and exhibits that the 

APTES and OTS functionalized substrates both have lower friction than bare silica 

substrates due to the energy dissipation on SAMs. Additionally, the frictional difference 

between SLM and bulk MoS2 is more pronounced for MoS2 on functionalized substrates. 

The mechanism may be attributed to the smaller adhesive force at SLM-SAM interfaces 

and the further deformation of SAMs, both resulting in larger shear stress when a tip 

scans the SLM-SAM composite. Thus, SLM on OTS and APTES films has higher 

friction than SLM on the unmodified silica substrate.  
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Figure 2.13 (a)-(c) AFM topography images showing single- and multi-layer MoS2 
on silica, OTS and APTES films, respectively. (d)-(f) The corresponding friction 
images, indicating lower friction on MoS2 membrane. (g) and (h) The normalized 
friction signal of MoS2 layers and the substrates. 
 

2.3.7 Raman study of CVD-grown MoS2 on silica substrate 

Studies above have shown studies on atomically thin MoS2 prepared with 

exfoliation method. Exfoliated MoS2 is more pristine and has fewer defects. However, 
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using exfoliation method to prepare MoS2 has low production efficiency, which makes it 

not suitable in real application to make large area membrane. To overcome this 

limitation, chemical vaper deposition (CVD) method was used for the preparation of 

ultrathin MoS2. To study the frictional properties of CVD-grown MoS2, large area of 

ultrathin MoS2 layers were prepared on a flat silica substrate by heating MoO3 and sulfur 

powder at 850 oC for 10 min. Raman spectroscope was used to identify 1-3 layers of 

MoS2. As shown in Figure 2.14, it demonstrates the red shift of A1g peak and the blue 

shift of E2g
1 peak with thicker layers. The distances of peaks on different layers of CVD 

MoS2 match the study before,114 indicating 1 to 3 layers of MoS2 flakes were 

successfully made. 

 

Figure 2.14 (a) The optical image of CVD as-grown single- and multi- layer MoS2 
on a silica substrate. (b) Raman spectra of SLM, BLM and 3 layers MoS2, showing 
the shifts of E2g1 and A1g peaks with the changing of layer thickness. 
 

2.3.8 Friction of as grown MoS2 on silica substrates by CVD method 

According to a study before, CVD-grown MoS2 adheres more strongly on silica 

substrate than exfoliated MoS2 on silica.19 Since the interfacial interaction affects the 

frictional response of single- and multi- layer MoS2, AFM was used to study the friction 
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of CVD as-grown MoS2 on silica surface to see if there is a difference compared to 

MoS2 made by exfoliation method. As shown in Figure 2.15, the friction on CVD-grown 

MoS2 also shows a reducing friction with the larger layer thickness from 1 to 5 layers for 

both sample-1 and sample-2, which means that the interfacial interaction between CVD 

as-grown MoS2 and silica substrate is not high enough to overcome the “puckering 

effect” during the scan of AFM probe.  

 

Figure 2.15 Friction measurements of ultrathin CVD-grown MoS2 with AFM. It 
shows that the averaged friction on CVD-grown MoS2 is dependent on layer 
thickness. 
 

2.4 Conclusion 

In summary, MoS2 nanoflakes were prepared on nanoscopically rough substrates 

and functionalized silica substrates using the mechanical exfoliation method. Atomically 

thin MoS2 flakes were found to be partially conformed on nanoscopically rough 

substrates and the degree of conformity depends on the layer thickness and applied 

loads. SLM stretched on rough substrates causes the occurrence of lattice strain. Friction 
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measurements illustrate a higher friction value for SLM on 20 nm NPs than on 50 nm 

NPs, which may be due to the presence of more asperities within acertain identical sized 

area. AFM atomic stick-slip images reveal the stretch of the lattice, which is caused by 

the deformation of SLM on rough substrates and the pushing of the AFM tip. The 

friction measurements of single- and multi- layer MoS2 on OTS and APTES 

functionalized substrates showed a more pronounced frictional difference between SLM 

and bulk MoS2 than MoS2 on an unmodified flat substrate due to the greater shear stress 

at tip-SLM interfaces. This study contributes to an in-depth understanding of MoS2-

substrate interactions by investigating the influence of surface morphology and 

chemistry on the lattice strain and frictional properties. Minimizing the surface friction 

with MoS2-SAM composites is expecting be a better method than just MoS2 nanoflakes 

because of more energy dissipation routes and tunable adhesive forces at interfaces. 

Surface nanoscopic roughness helps mimic the behavior of the materials in realistic 

applications due to the growing interests in ultra-thin MoS2-based electronic devices. In 

addition, it opens the possibility to further affect the electronic and catalytic properties 

caused by lattice strain. 
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CHAPTER III  

EXPLORING THE FRICTIONAL AND ADHESIVE PROPERTIES OF MOS2 WITH 

MPTMS AND APTES MODIFIED AFM PROBES 

3.1 Introduction 

While MoS2 has been used as a solid lubricant and additives in liquid lubricants 

to reduce friction and alleviate wear since the 1940s,70-73 the discovery and study of 

single layer graphene74 has stimulated interests in the research of atomically thin MoS2 

in recent years. As a 2D material, MoS2 can be exfoliated to a monolayer, inducing more 

interesting optical and electronic properties. Studies have shown that bulk MoS2 is a 

semiconductor with an indirect band gap (1.2eV).84-85 However, when exfoliated to a 

monolayer, it transitions to a direct band gap (1.8eV).83, 86 The excellent electronic and 

optical properties of atomically thin MoS2 make it a promising material in nanoscale 

devices such as nanotransistors.87 Thus, studying its mechanical and tribological 

properties is important for the use of single layer MoS2 as a solid lubricant and in 

nanodevices. 

The frictional properties of MoS2 nanoflakes have been studied on amorphous 

SiO2 substrates. Changgu Lee, Qunyang Li and coworkers reported that the adhesive 

force at the MoS2-SiO2 interface is relatively small, so the AFM tip deformed thin MoS2 

layers and caused a larger contact area during the scan (“puckering effect”). The 

“puckering effect” caused by the high flexibility of thin flakes results in the friction of 

MoS2 layers increases with decreasing layer thickness.24 In the case of graphene on 

atomically flat surfaces such as mica, the layer dependence of friction disappears due to 
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the strong graphene/substrate interaction.24, 88 Furthermore, a study using molecular 

dynamics simulations has shown that the evolution of interfacial commensurability also 

contributes to the layer dependence of friction.50 Thus the interaction at interfaces is an 

important factor for the modulation of the frictional properties of MoS2 nanoflakes. 

Seeking methods for modulating the interfacial interactions will be promising for tuning 

the friction on 2D materials.  

A factor that impacts the interactions at interfaces is the surface chemistry. Self-

assembled monolayers (SAMs) can be used to alter the MoS2-substrate dipole-dipole 

interactions, causing changes of the interfacial adhesion. It has been reported that 

functionalizing the silica substrates with SAMs can reduce the surface energy and 

maximize the routes of energy dissipation, resulting in the minimization of friction and 

wear.90-94 However, rubbing on SAMs induces irreversible damage of the monolayer.91 

Depositing MoS2 on the top of SAMs prevents molecules from being shaved away; 

meanwhile the molecules underneath tune the MoS2-substrate adhesive force. Bulk 

MoS2 is a slightly hydrophilic material with a water contact angle of ~90o, and single 

layer MoS2 is more hydrophilic. It has been reported by Philippe Chow and coworkers 

that monolayer MoS2 on SiO2/Si substrates displays an advancing water contact angle of 

~ 83o.95 Therefore molecules with hydrophilic functional group are expected to have 

larger adhesive force with single layer MoS2 flakes. Varying the chemistry at interfaces 

affects the frictional properties of 2D materials. Elinski and coworkers functionalized 

AFM probes with SAMs terminated with -NH2, -CH3, and -phenyl to compare the tip-

graphene adhesive forces. It was found that the -phenyl terminated tip has the largest 
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work of adhesion with graphene while -OH terminated tip has the smallest work of 

adhesion, indicating that interfacial chemistry influences the friction and adhesion 

measurements on graphene.97 Lu and coworkers illustrated that the adhesive force 

between the AFM tip and MoS2 was changed by functionalizing the AFM probe with 

octadecyltrichlorosilane (OTS). For bare silicon nitride AFM probes, the interaction 

forces on pristine and edge faces were not zero, however, for OTS-coated AFM probes, 

the adhesive force on the edge face became zero.112 From the studies shown above, we 

can conclude that using molecules with various functional groups offers a way to tune 

the hydrophilicity at interfaces, giving rise to the changes of the adhesion and frictional 

response at MoS2/tip interfaces.  

In this study, two kinds of molecules shown in Figure 3.1, (3-

Mercaptopropyl)trimethoxysilane (MPTMS) and (3-Aminopropyl)triethoxysilane 

(APTES) were chosen to modify silicon AFM probes by forming a monolayer on the tip 

and tuning the interactions at MoS2/tip interfaces. It has been reported that thiol (-SH) 

groups can form covalent bonds with molybdenum due to defects on MoS2 flakes115-117, 

thus the interaction between -SH terminated molecules and MoS2 was explored. APTES 

was chosen to tune the MoS2/tip interaction as amine (-NH2) groups have strong Lewis 

acid-base interaction with MoS2 flakes.118 In this study, single layer MoS2 was exfoliated 

onto SiO2/Si substrates. MPTMS and APTES were used to change the chemical 

properties of AFM probes. After that, functionalized AFM tips were used to investigate 

the lubricating properties of MoS2.  
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Figure 3.1 The schematic image of functionalized AFM probe on a single layer 
MoS2 flake. 

 

3.2 Experimental Method 

3.2.1 Sample preparation 

To prepare SiO2/Si(100) substrates with 90 nm thick SiO2 on the surface, score-

cut Si wafers (Virginia Semiconductor) were first cleaned in a base piranha solution of 

high-purity H2O (18.2 MΩ cm, Barnstead), H2O2 (30%) and concentrated NH4OH with a 

4:1:1 ratio at 85 oC for 20 min. Then the wafers were rinsed with high-purity water, 

ethanol, and dried with streaming N2. The cleaned wafers were then thermally oxidized 

in a kiln at 1050 oC for 90 min to form 90 nm thick SiO2 on the surface. The SiO2/Si 

substrates were cleaned in base piranha again before MoS2 (SPI) was transferred onto 

them. Adhesive tape (Scotch) was used to mechanically exfoliate MoS2 nanosheets. The 

tape-MoS2-substrate samples were annealed at 80 oC for 2 min and cooled down to room 

temperature before peeling the tape off. Heating before removing the tape will release 
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the gas at the MoS2-substrate interface, increasing the efficiency of transferred 

material.98  

To change the chemistry of AFM probes, silicon tips were functionalized with 

either (3-Mercaptopropyl)trimethoxysilane (MPTMS, Aldrich, 95%), or (3-

aminopropyl)triethoxysilane (APTES, Aldrich, 99%). The tips were first cleaned with 

base piranha for 40 s and then rinsed with high-purity water, ethanol and dried in air. 

The cleaned tips were put in a nitrogen tent and the relative humidity was controlled 

below 0.1%. Here, AFM tips were put in a molecular solution (0.1 mM in toluene) for 

12 hr to form a self-assembled monolayer on the surface. 

 

3.2.2 Fourier transform infrared (FTIR) spectroscopy 

Silica nanoparticles (20.7 were functionalized in 0.1 mM MPTMS and APTES in 

toluene solutions and stir for 12 hr to form self-assembled monolayers onto them. The 

NPs were washed with toluene for one time and ethanol for two times followed by 

drying in a N2 tent. A Thermo Nicolet 6700 FTIR equipped with a liquid-nitrogen-

cooled MCT (HgCdTe) detector was used to take IR spectra from the functionalized 

nanoparticles. About 9 mg of the functionalized nanoparticles were mixed in 91 mg of 

KBr for the transmission IR measurements. Spectra were collected with 256 scans with a 

resolution of 1 cm-1.  
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3.2.3 Thermogravimetric analysis (TGA) 

The packing density of molecules on silica nanoparticles was explored using a Q-

50 thermogravimetric analyzer (TA Instruments). The heating rate was 10 oC/min from 

25 oC to 800 oC, and the gas was changed from nitrogen to air at 650 oC to insure all the 

carbon parts had been burned off. 

 

3.2.4 Raman microspectroscopy measurements of MoS2 samples 

The Raman spectra were taken with a Raman microscope (Jobin-Yvon HORIBA 

LabRAM HR800) equipped with a 514.5 nm Ar ion laser. An Olympus BX41 

microscope was used to collect scattering light. The grating was set at 1800 gr/mm. The 

measurements were taken in ambient environment.  

 

3.2.5 Atomic force microscopy measurements of MoS2 samples 

Samples were measured with AFM (Agilent 5500) in nitrogen environment 

(0.1% RH and 20-25 oC). Bare and modified contact silicon tips (Mikromasch CSC37) 

were used. The radii of the silicon tips range from 20 to 50 nm. The spring constant of 

the cantilever was calculated with calibration method called Sader method.99-100 Tip radii 

were measured by via blind tip reconstruction scanning on a Nioprobe sample (Aurora 

NanoDevices Inc.). The applied load for the friction measurements was 5 nN unless 

otherwise stated. The friction data was obtained by averaging the friction signal of 3 

scans of the same area measured by the same AFM probe.  
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3.3 Results and Discussion 

3.3.1 Characterization of single layer MoS2 

Single layer MoS2 flakes were prepared on the SiO2/Si substrates using an 

exfoliation method. The layer thickness of thin layer MoS2 was investigated with AFM. 

The topography image and friction image were taken from the thin layer MoS2 area 

(Figure 3.2(b) and Figure 3.2(d)). The layer thickness was measured to be 0.6 nm, 

indicating it is monolayer MoS2. Single layer and bulk MoS2 were examined by Raman 

spectroscopy to confirm the layer thickness of the MoS2. In Raman spectra, the 

displacements and distances of E1
2g and A1g peaks indicate the thickness of MoS2 

nanoflakes.101-103 Raman spectra of SLM and bulk MoS2 on silica substrates are shown 

in Figure 3.2(c). The distances between the E2g
1 and A1g peaks for SLM and bulk MoS2 

are 16.38 cm-1 and 25.37 cm-1, respectively. The results agree with previous studies 

showing a red shift of E2g
1 peak (around 384 cm-1) and a blue shift of A1g (around 405 

cm-1) with the increase of layer thickness79, 102-103.  
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Figure 3.2 The optical image in (a) shows a MoS2 flake with single layer MoS2 area 
on SiO2/Si substrate. AFM topography (b) and friction (d) images indicates single 
layer MoS2 with lower friction than silica substrate. The Raman spectra (c) were 
taken from single layer and bulk MoS2 on this flake, indicating that the distance 
between E2g and A1g peaks increases from single layer MoS2 to bulk MoS2. 
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3.3.2 FTIR of functionalized SiO2 NPs  
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Figure 3.3 FT-IR spectra of MPTMS (blue) and APTES (red) functionalized SiO2 
NPs. The two peaks at around 2920 cm-1 and 2985 cm-1 are corresponding to the 
stretches of the –CH2 and –CH3 groups, indicating the successful functionalization 
of MPTMS and APTES molecules on silica NPs. 

 

Since the frictional properties of a supported MoS2 flake depend on the 

interfacial interactions, tuning the adhesive force at interfaces might be a useful way to 

control the frictional response of single layer MoS2. In that case, studying the 

interactions at MoS2/SAM interfaces becomes significant to explain the behavior of 

MoS2 on SAM surface. Here, silicon AFM tips were functionalized with MPTMS and 

APTES by submersion in 1 mM molecule solutions for 12 hr. To support our assumption 

that the AFM probes were successfully functionalized, 100 nm silica NPs were 

functionalized with MPTMS and APTES to mimic modified AFM probes. Here, 100 nm 

silica NPs were submerged in 1 mM molecule solutions and stir for 12 hr. FT-IR 
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transmission spectroscopy was subsequently used to confirm the bonding of the 

molecules on the NP surfaces. The percentage of NPs in the IR window is 9 wt.%. As 

shown in Figure 3.3, for MPTMS and APTES functionalized NPs, the CH2 asymmetric 

(~2940 cm-1) and symmetric (2850 cm-1) stretches of the alkyl chains are shown in their 

IR spectra (Figure 3.3), which indicates that the molecules are bound to the silica 

NPs.119-120 Specifically, for silica NPs modified with APTES, the peak 1562 cm-1 

correspond to the NH2 scissor vibration.121 The FT-IR measurement indicated that silica 

NPs were functionalized with molecules successfully.  

 

3.3.3 Thermogravimetric analysis of functionalized SiO2 nanoparticles 

 

Figure 3.4 TGA thermogram of bare, MPTMS-functionalized and APTES-
functionalized SiO2 NPs from 110 oC to 800 oC with heating rate of 10 oC/min. 

 

To obtain the packing density of molecules on silica NPs, a thermogravimetric 

analyzer was used to investigate the weight losses of SAMs on the NPs. After heating at 
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100 oC for 30 min to evaporate all of the water in the NPs, the mass changes of three 

types of NPs with increasing temperature are shown in Figure 3.4. The change of weight 

in unmodified SiO2 NPs can be ascribed to the elimination of water. Meanwhile, the 

weight loss between 300 oC and 800 oC of the functionalized NPs relates to the 

decomposition of APTES and MPTMS chains.122-124 In this temperature range, the 

weight losses of the MPTMS and APTES functionalized silica NPs were 5.4 wt. % and 

5.7 wt. %, respectively. With BET surface analyzer indicating the surface area of 100 

nm SiO2 NPs is 20.7±3 m2/g, the surface densities of the MPTMS and APTES molecules 

are calculated to be 0.0203 mmol/m2 and 0.0281 mmol/m2, respectively. The density of 

surface silanol groups on silica is about 5 OH/nm2 (0.0083 mmol/m2),125 indicating that 

both MPTMS and APTES formed more than one layer of molecules on silica NPs. 

Studies have demonstrated that the predominated groups on the surface are –SH for 

MPTMS and –NH2 for APTES.123, 126-127 For that reason, the tip/sample interactions are 

mostly the interactions of –SH/MoS2 and –NH2/MoS2.  

 

3.3.4 Adhesion and friction of single layer and bulk MoS2 with modified AFM probes 

The pull off forces were obtained from force-distance curves and the work of 

adhesion between the tip and sample was calculated using Eq.1, where the pull-off force 

(Fp) and tip radius (R) were used. As shown in Figure 3.5(a), the work of adhesion at the 

interface between the tip and single layer/bulk MoS2 was increased by the APTES 

molecules on AFM tips, which is believed to be caused by the strong interaction between 

the non-pair electrons in the amine group and the molybdenum atoms in MoS2. In 
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addition, the MoS2/MPTMS interface exhibited the largest work of adhesion, which is 

possible due to the formation of covalent bonds between molecules and defects on 

MoS2. It is worth noting that the work of adhesion on SLM and bulk MoS2 using tips 

with the same chemistry was very close, which may be due to single layer MoS2 having 

3 layers of atoms allowing it to screen the electronic effects from the substrate. Thus, 

there is no pronounced difference for the work of adhesion on SLM and bulk MoS2. 

Figure 3.5(b) demonstrates the Wa distribution histogram of three tips with different 

chemistry. As we can see, the work of adhesion measured with the modified AFM 

probes show a larger Wa distribution range with a smaller force peak. The possible 

reason might be that the varied distribution of defects on MoS2 surface128 has a greater 

influence on the adhesive properties of -SH and -NH2 terminated AFM probes. 

 

 

Figure 3.5 Work of adhesion calculated using pull off force on single layer and bulk 
MoS2 (a) indicates that both APTES and MPTMS molecules on silicon probes 
increase the adhesive forces. The work of adhesion distribution histogram for three 
tips with different chemistry on SLM is shown in (b). 
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The frictional properties of MoS2 with modified AFM probes were studied and 

compared to the tribological properties of MoS2 flakes measured with unmodified silicon 

probes. AFM tips were coated with a layer of molecules (MPTMS and APTES) and 

were used to measure the adhesion and friction on single layer MoS2 and bulk MoS2. 

Figure 3.6(a-c) demonstrate the friction force (Ff) obtained at applied load from 0 to 26 

nN (blue lines) and from 26 to -5 nN (orange lines). The friction vs. load curves of 

loading and unloading trials indicate that during unloading, the friction drops slower 

with reduced loads, which might be due to the adhesive force at the tip/sample interface, 

making the tip adhere to the single layer MoS2, resulting in a larger contact area during 

the unloading process. It can be seen from the friction vs. load curves that as the normal 

load increases, the friction increased as well. However, the increase of friction with 

higher applied load was not linear, which means that Amonton’s law in which the 

friction force is proportional to the normal load, does not apply to our system. Here, 

assuming the tip/SLM contact area meets all of the required conditions,129 intermediate 

JKR (Johnson-Kendall-Roberts) – DMT (Derjaguin-Muller-Toporov) model was used 

for determining the contact area (Eq. 2) and for the calculation of friction forces (Eq. 4).  
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Figure 3.6 Friction vs. load graphs of loading and unloading trials with a silicon 
AFM probe (a), an MPTMS-modified AFM probe (b) and an APTES-modified 
AFM probe (c) on SLM illustrate the hysteretic effect of friction. Graph (d) shows 
the experimental friction vs. load data of a MPTMS-modified AFM tip on SLM and 
the fitted curve using the intermediate model. 
 

𝑊𝑎 = − 2𝐹𝑝
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     (1) 
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𝐹𝑝
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𝜎 = 𝐹𝑓0
𝜋𝑎0

2      (5) 

 

Using the intermediate model, an example of the transition fitted curve is shown 

in Figure 3.6(d). Eq. 2 was applied to calculate the contact radius (a) for which the 

applied load (FL), pull off force (Fp), contact area at zero load (a0) and transition 

parameter (α, where α=1 means it follows JKR model and α=0 means it follows DMT 

model) were used. The friction force was calculated using the combination of 

Amonton’s law and the single asperity law (Eq. 3). The friction vs. load data was fitted 

in the intermediate model in which the friction force at zero (Ff0), α, Fp and the friction 

coefficient (μ) are set to be free parameters, meanwhile the tip radius was set as the 

calibrated value. After fitting all of the friction vs. load data in the equation, it was found 

that the α values are very close to 1 and friction coefficients range from 10-12 to 10-8. 

This indicates that the MoS2/SiO2 and MoS2/SAM interfaces in our study follow the JKR 

model and the friction coefficients are negligible values. 

Figure 3.7(a) demonstrates the shear strength at the MoS2/silica, MoS2/MPTMS 

and MoS2/APTES interfaces. The shear strength was calculated by dividing the 

calculated frictional force at zero load by the contact area at zero applied load (Eq. 5). 

Despite the much larger work of adhesion caused by the amine and thiol groups, the 

frictional shear strength didn’t show as much of an increase. The possible reason might 
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be that the frictional shear strength is dependent on more than one factor. Not only does 

the interfacial adhesion affect the friction, the stick-slip motion and surface evolution 

also influence the friction at interfaces.  

 

 

Figure 3.7 The shear strengths (a) and friction coefficients (b) on SLM and bulk 
MoS2 surfaces with different AFM tips, showing that functionalized AFM probes 
magnified the shear strengths while reduced the friction coefficients.   

 

Even though the friction data fitted better in the single asperity law, it is useful to 

use Amonton’s law to calculate µ to compare the rate of increase in friction with higher 

applied loads for different tips. The friction coefficient was obtained using the friction 

data from applied loads of 5 nN to 26 nN, where the friction changes were closer to 

being linear. As shown in Figure 3.7(b), the friction coefficient is the largest at 

silica/MoS2 interfaces. This can be explained by Eq. 4, in which if Fp is larger, the 

increase of Ff will be slower with higher FL. The possible mechanism is that because 

functionalized AFM tips have larger adhesion and relatively large contact area at low 

load. When increasing the load, the changes in contact area would be relatively small 

compared to unmodified silicon probes. Another phenomenon that draws our attention is 
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that µ on SLM is larger than that on bulk MoS2, which can be explained by the lower 

SLM/substrate interaction resulting in larger deformation of SLM with applied load.  

 

3.4 Conclusion 

To conclude, friction and adhesion on single layer MoS2 and bulk MoS2 were 

studied with unmodified silicon probes, MPTMS and APTES modified AFM probes. 

The friction vs. load data was fitted using an intermediate JKR-DMT model with R2 

more than 0.98 for all samples. The pull-off forces were used to get the work of adhesion 

for 3 different types of functionalized tips on SLM and bulk MoS2. APTES 

functionalized AFM tips exhibited larger work of adhesion on the MoS2 surface than 

unmodified silicon tips because of the strong Lewis acid-base interaction between the 

amine and transition metal. In addition, MPTMS functionalized tips exhibited the 

greatest work of adhesion, which might be due to the interactions between –SH group 

and defects on MoS2 surfaces. The shear strength at the tip/MoS2 interface was found to 

be influenced by the interfacial adhesion where the functionalized AFM tips had higher 

shear strength on MoS2; however, the difference in shear strength was not as large as the 

difference in the work of adhesion between tips. The reason is that the shear strength is 

affected by multiple factors (e.g. adhesion at interface, stick-slip motion, surface 

evolution and roughness). This work explored the adhesion and friction between MoS2 

and different molecules, showing the potential of tuning the adhesive force at 

MoS2/substrate interface with SAMs and opening up the possibility of modulating the 

tribological properties on 2D materials.  
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CHAPTER IV  

REACTIVITY OF 4-NBD WITH MONOLAYER AND MULTILAYER MOS2 ON 

AU(111) 

 

4.1 Introduction 

The interests in the researches of 2D materials was retrieved following the 

discovery and pioneering work on graphene since 2004. Graphene, however, is not 

suitable in many technological applications due to the absence of a band gap.130-134 To 

overcome this limitation when developing nanoelectronic devices, semiconducting 2D 

materials such as MoS2 are explored. Monolayer MoS2 is favored in electronic devices 

such as nanotransistors.135-138 Other than its outstanding electronic properties, MoS2 is 

also discovered to have excellent lubricious properties. Studies since last century have 

proven the applications of MoS2 as additives in oil and as boundary lubricants for 

minimizing friction.52, 139-145 The study of optical, mechanical, tribological, and chemical 

properties on MoS2 has been a hot topic recently due to the outstanding electrical and 

lubricating properties of MoS2.56, 146-148  

MoS2 is a layered material composed of vertically stacked Mo atoms sandwiched 

with S atoms layers, and the layers of MoS2 are held together weakly by van der Waals 

forces. Single layer MoS2, 6.5 Å thick, can be extracted from MoS2 crystal with 

exfoliation methods or chemical/physical composition methods. The layer-dependent 

properties of MoS2 have drawn plenty of attention. As an example, it has been reported 

that exfoliating bulk MoS2 into monolayer makes it transition from indirect band gap 
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(1.2eV) 84-85  to direct band gap (1.8eV). 83, 86 The direct band gap results in 

photoluminescence from single layer MoS2, which makes it promising to use in many 

optoelectronic applications. Hereby, studying the mechanical and chemical properties of 

single- and multi-layer MoS2 on different substrates including conductive surface is 

necessary to predict the behavior of MoS2 in real devices. In this experiment, gold 

substrates were used because gold is inert and conductive metals are commonly seen in 

electronic technologies. A newly developed exfoliation method by our group using 

thermal-release tape was executed for depositing MoS2 on the gold substrates. Large 

areas up to over a millimeter of single layer MoS2 was able to be prepared on gold 

surface due to the strong adhesion at Au/MoS2 interface.  

 

 

Figure 4.1 Schematic showing induced sulfur vacancies on MoS2 surface after 
annealing at 250 oC. (b) Schematic of chemically absorbed thiol molecules onto 
MoS2 surface. Adapted with permission from Sim et al.149 Copyright 2015 by ACS 
Publications. 
 

Modifying the MoS2 surface through chemical reactions is considered a 

promising way to tune its mechanical and chemical properties. The surface of natural 

MoS2 is 2H-phase, which is an inert basal plane in MoS2.150-153 Hereby, highly reactive 
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sites such as S vacancies are usually needed in MoS2 modification. Sulfur-containing 

functional groups can subsequently generate covalent bonds with these sulfur vacancies 

or unsaturated molybdenum edges. 115-117 Sim and coworkers annealed MoS2 samples at 

250oC in air for 1h to create binding sites for molecular attachment (Figure 4.1(a)). Then 

thiolated ligands were chemically absorbed on the MoS2 sheet, as shown in Figure 

4.1(b). Thiols are organic molecules that can form self-assembled monolayers on 

inorganic substrates. It was revealed in their study that both mercaptothylamine (NH2-

terminated thiol, MEA) and 1H,1H,2H,2H-perfluorodecanethiol (CF3-terminated thiol, 

FDT) were tightly bond on the MoS2 surface via the strong interaction between thiol and 

sulfur vancancies.154 Sulfur vacancies are not abundant in natural MoS2 crystals. 128 

Annealing the sample in high temperature or sputtering the surface with argon atoms 

allows to get MoS2 surfaces rich of S vacancies.155-159 However, it is difficult to control 

the density of defects with high temperature and it generates other defects on the surface 

of MoS2 with argon plasma bombardment. Chemically bonding thiols on MoS2 needs 

abundant sulfur vacancies, therefore it is difficult to get a high degree of 

functionalization with thiol molecules.  
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Figure 4.2 Schematic indicates the reaction between MoS2 and 4-NBD. Nitrogen 
(N2) molecules break from the molecule because of charges on MoS2 surface. As a 
result, nitrobenzene radical forms a C-S bond with the MoS2 surface. Adapted with 
permission from Chu et al. 160 Copyright 2018 by ACS Publications. 
 

To get a controlled degree of functionalization, other modifying methods were 

pursued. The study carried out by Ximo S. Chu and coworkers has explored the reaction 

between 4-nitrobenzenediazonium tetrafluoroborate (4-NBD) and MoS2 on SiO2/Si 

substrates, revealing the formation of covalent C-S bonds (Figure 4.2). In addition, the 

molecular coverage is related to reaction time, layer thickness and defects of MoS2.160 

However, the thickness of molecular film and the force required to wear away the 

molecules were not well studied. Here, as shown in Figure 4.3, single- and multi- layer 

MoS2 on gold samples were modified with 4-NBD in aqueous solution. The bonding 

between nitrobenzene molecules and the surface of MoS2 was studied with Raman 

spectroscopy, XPS, STM, and AFM.  
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Figure 4.3 Schematic of MoS2 on Au substrate after 4-NBD treatment. AFM was 
used to study the topography and sliding wear behavior of the surface. 
 

4.2 Experimental Methods 

4.2.1 Sample preparation 

The MoS2 on gold samples were made with a modified exfoliation method. 

Before transferring MoS2 on Au substrates, the Au on mica substrates (Phasis, 200 nm 

thick Au thin films on mica, flame annealed) were cleaned with UV ozone for 15 

minutes, then washed by water and rinsed with ethanol, then dried with steaming N2. 

Thermal-released tape was used to peel off a thin layer of MoS2 from MoS2 crystal (SPI 

Supplies) and transferred onto Au (111) substrates. After manually pressing the MoS2 to 

increase the adhesive force, the tape/MoS2/Au sandwich was put on a heating plate to 

anneal it at 100 oC. At this temperature, the tape was released from the sample, and 

tweezers were used afterwards to carefully peel off bulk MoS2 from gold substrates and 

large clean monolayer MoS2 was left on the gold surface. The size of thin layer MoS2 

can reach up to one millimeter. Figure 4.4 demonstrates the procedures in sample 

preparation. 
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Figure 4.4 Modified thermal-released tape method. After heating the sample to 
remove the tape, the bulk MoS2 flake was peeled off from the surface with tweezers 
instead of sonication.   
 

4.2.2 Modification of MoS2 with 4-NBD 

The reaction of MoS2/Au samples and 4-NBD was executed in a nitrogen tent. 

MoS2/Au samples were immersed in 4-NBD aqueous solutions that were heated in a 

water bath to 35 oC for 20 min. The vial was covered with aluminum foil to avoid light 

and swirled continuously. After the reaction finished, the modified MoS2 on gold 

samples were washed with nanopure water and ethanol, then dried with flowing N2.  

 

4.2.3 Raman spectroscopy of MoS2 on gold samples 

Raman spectra of MoS2 were obtained before and after modification. A confocal 

Raman microscope (WITec alpha 300 RA, Germany) with an EC Epiplan-NEOFLUAR 

(ZEISS, Oberkochen, Germany) 100× objective (NA = 0.9, DIC) was used to explore 

the sample surface at room temperature. Each spectrum was taken using a 532 nm 
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coherent compass sapphire laser (WITec, Ulm, Germany). The results were processed 

using WITec’s Project FOUT software to get Raman spectra of each sample. 

 

4.2.4 XPS investigation of MoS2 samples  

A Scientia Omicron ESCA+ X-ray photoelectron spectrometer equipped with a 

Mg Kα (1253.6 eV) source (300 W) was implemented for XPS measurements. During 

the measurement, the base pressure for XPS data collection was preserved in the ~10-10 

mbar range. The energy resolution was about 0.9 eV and the beam size was about 54 

µm. Survey scans were performed at a passing energy of 100 eV at 1.0 eV step and 0.1 s 

dwell time. The survey results were averaged from 3 scans at the same area. In addition, 

High-resolution scans of Mo 3d, Mo 3p and S 2p were carried out at a passing energy of 

20 eV at 0.05 eV step and 0.1 s dwell time. The spectra showing Mo, S, N-C and N-O 

peaks were averaged from 50 scans of each. All the peaks were calibrated by the Au 4f7/2 

at 84 eV binding energy. 

 

4.2.5 STM studies of MoS2 surface 

An Omicron VT-STM system using mechanically cut Pt/Ir (80/20) tips with a 

base pressure less than 1 x 10-10 mbar was used to collect STM images. STM images 

were obtained using constant-current mode at a tip biasing and sample grounding 

configuration. The details of bias voltages and tunneling currents are reported with each 

corresponding STM image. The images were analyzed with Scanning Probe Image 

Processor software (version 6.7.2, Image Metrology, Lyngby, Denmark). 



 

82 

 

4.2.6 AFM measurements for morphology and wear properties 

Contact mode AFM (Agilent 5500) was used in the measurement. In this study, 

silicon tips (Mikromasch CSC37) was used in nitrogen environment (0.1% relative 

humidity). The radii of the silicon tips are ~10 nm. The spring constant of the cantilever 

was calculated with the Sader Method161 and tip radii were measured via scanning on a 

Nioprobe sample (Aurora NanoDevices Inc.). All the AFM topography and friction 

images, tip radii, tuning curves and force distance curves were analyzed with Scanning 

Probe Image Processing software (Image Metrology, Denmark).  

 

4.3 Results and Discussion 

 

4.3.1 Raman spectroscopy and XPS characterizations of MoS2 on gold sample before 

and after modification with 4-NBD 

Single- and multi-layer MoS2 were deposited on Au(111) surfaces with the 

thermal-released tape method (Figure 4.4). The optical image of exfoliated MoS2 on Au 

sample is shown in Figure 4.5(a), showing that there are both multilayer and single layer 

MoS2 on the surface. Raman spectroscopy was used to determine the layer thickness of 

MoS2 and to study the formation of the surface after functionalization with 4-NBD. 

Raman spectra of pristine single layer MoS2 and multilayer MoS2 are shown as red and 

blue lines in Figure 4.5(b), respectively. The distances between E2g
1  and A1g peaks are 

18.39 cm-1 for the thinner MoS2 area and 25.71 cm-1 for the thicker MoS2 area. The 

distance of the two Raman peaks at thinner the MoS2 area indicates that it is monolayer 
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MoS2.79, 101, 103-104 The splitting of the E2g
1  peak on monolayer MoS2 is induced from the 

tensile strain on the MoS2 bubbles.76, 162-163 After modification with 4-NBD molecules, 

Raman spectroscopy was used to characterize single- and multi-layer MoS2 again. The 

Raman spectra show that the E2g
1   and A1g peaks of MoS2 are at the same positions 

before and after 4-NBD modification. There is no shift or extra splitting of peaks, 

indicating that there might be no chemical reaction between MoS2 and 4-NBD.  

 

 

Figure 4.5 (a) Optical image of multi- and single- layer MoS2 on Au substrate. (b) 
Raman spectra of single layer MoS2 (SLM) and multilayer MoS2 before (red) and 
after (blue) 4-NBD functionalization. There is no shift or extra splitting of the 
Raman peaks of MoS2 after modification. 
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Figure 4.6 (a) and (b) are XPS spectra of MoS2 on Au(111) sample before and after 
being modified with 4-NBD, respectively. (d) shows the existing of N-O and N-C 
peaks after 4-NBD modification, however, there is no S-C peak. 
 

To gain a better understanding of the surface chemistry, XPS was used to 

characterize the surface of MoS2 on gold samples before and after functionalization with 

4-NBD. Figure 4.6 (a) and (b) indicate the XPS spectra on single layer MoS2 before and 

after modification. It shows that for both spectra pre and post modification, there are two 
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peaks that are corresponding to Mo 3d (232.5 eV, 229.4 eV) and two peaks for S 2p 

(163.5 eV, 162.4 eV). As shown in the middle graph of Figure 4.6 (a), the XPS spectrum 

for as-exfoliated MoS2 show peaks for Mo3+ and Mo4+. While after modification (Figure 

4.6 (b)), there are not only peaks that are corresponding to Mo 3p at 413.7 eV and 395.3 

eV, but also peaks that are corresponding to N-O (405.9 eV) and N-C (400.2 eV). This 

indicates that there are nitrobenzene molecules adsorbed on MoS2 surface, which is also 

demonstrated in the STM and AFM images shown below. However, there is no C-S 

peak at 163-164 eV, indicating that there is no reaction between 4-NBD and the surface 

of MoS2. 

 

4.3.2 Explore the surface of unmodified and modified MoS2 with STM 

Scanning tunneling microscopy (STM) was used to study the surface properties 

of MoS2/Au(111) before and after the functionalization of 4-NBD molecules. As shown 

in Figure 4.7 (a) and (b), before modification, monolayer MoS2 surface is clean and S 

atoms can be observed in the atomic resolution image. Moiré patterns can be seen at 

small scanning area due to the mismatch of MoS2 and Au lattices.164-165 The exhibition 

of moiré patterns indicates that this is single layer MoS2 on Au(111). In addition, bubble 

structures on MoS2 are shown as bright spots in STM topography images. Meanwhile, 

after modification, STM topography images (Figure 4.7 (c) and (d)) show that the 

surface of monolayer MoS2 is covered with molecules. We also noticed that 4-NBD 

molecules desorb from the MoS2 surface after several scans by STM in ultra-high 

vacuum (UHV, base pressure 10-10 mbar). The possible desorption mechanism could be 
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the multiple-vibrational excitation by tunneling electrons at low bias regions.166 Such a 

phenomenon indicates 4-NBD physically adsorbs onto the MoS2 surface without 

forming a covalent bond. 

 

 

Figure 4.7 (a) STM image (0.2 V, 500 pA) of MoS2 on Au(111). (b) Atomic 
resolution STM image (0.05 V, 500 pA) of MoS2 on Au(111). (c) STM image 
showing the surface of MoS2/Au(111) sample after modified with 4-NBD solution. 
(d) STM image of a 15 nm area of the modified monolayer MoS2 surface. The 
scanning parameters for c and d are 1 V, 10 pA. 
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4.3.3 AFM study on the MoS2 surface before and after functionalization 

After transferring large-scale MoS2 on Au(111) substrates, the surface of MoS2 

was explored by contact mode AFM to obtain the topographic and friction properties. 

We first tried the old thermal-release tape exfoliation method. The procedure of this 

method is shown in Figure 1.5. Instead of peeling bulk MoS2 with tweezers, samples are 

sonicated to get rid of bulk MoS2 layers. The AFM topography image shown in Figure 

4.8(a) demonstrates that the MoS2 surface is not flat, there are bubbles everywhere on 

the MoS2 surface. The gold steps can be seen on gold surface and through monolayer 

MoS2 in the topography images. The friction images on the sample surface are shown in 

Figure 4.8(b), indicating reduced friction on MoS2 surface. It can also be seen that both 

the MoS2 and the gold surface is clean without tape residue. From the friction images 

and STM study, the bubbles are determined to be MoS2, and these bubbles can be 

eliminated using a large applied load. As shown in Figure 4.9(a) and (b), after using 30 

nN and 50 nN loads to scan the surface, the bubbles gradually disappeared and the tip 

could press down the gold more at the bubble area because there were holes at the areas 

where the bubbles were. Using 1 nN load to scan the same area after compressing down 

the bubbles (Figure 4.9(c)) shows that the some most of the bubbles reappear. The 

bubbles on MoS2 surface indicate that the MoS2 flakes is not completely adhered on the 

gold substrate. The gold vacancies beneath the MoS2 bubbles can be explained by 

vacancies on Au surface. This phenomenon also proves the bubbles might be produced 

by air or organic assembles trapped underneath MoS2.  
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Figure 4.8 (a) AFM topography image of monolayer MoS2 on Au(111). (b) 
Corresponding friction image showing MoS2 has lower friction than Au substrate.   

 
 

 

Figure 4.9 (a) Topography image of monolayer MoS2 on Au(111) with 1 nN applied 
load. (b) and (c) are the same area with 30 nN and 50 nN applied load, respectively. 
(d) Topography image of the same area after scanning with 50 nN applied load. 

 
 

With our newly developed tweezers-peeled exfoliation method. AFM was used 

to get the topography and wear properties on sample surfaces before and after 

modification of 4-NBD. Results show that large-scale continuous monolayer MoS2 can 

be obtained. The AFM topography image shown in Figure 4.10 (a) demonstrates that the 

MoS2 surface is not flat. There are bubbles on the MoS2 surface, which is due to air 
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trapped between MoS2 and gold substrate. This MoS2 sample was put in a 10 mM 4-

NBD solution for 20 mins, followed by rinsing with water, ethanol and drying with 

nitrogen. Here, the morphology of 4-NBD modified MoS2 on gold samples was studied 

for the first time. As shown in Figure 4.10, AFM was used to image the MoS2 surface 

after functionalization. The thickness of the multilayer MoS2 flake was determined to be 

~9 layers with AFM topography imaging. The AFM images illustrate that both mono- 

and multi- layer MoS2 surfaces are covered with a layer of molecules. As shown in 

Figure 4.10(d), on multilayer MoS2 surface, the organic molecules were clustered to 

form discontinuous islands of molecules. Meanwhile, single layer MoS2 was mostly 

covered with nitrobenzene molecules, with only some pores all over the surface showing 

uncovered MoS2 area that has lower friction in the friction image. This phenomenon can 

be seen more clearly in zoom-in topography and friction images of mono- and multi- 

layer MoS2 in Figure 4.11 (a), (b), (e) and (f).    
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Figure 4.10 (a) AFM topography image of the multi and single layer MoS2, showing 
that the MoS2 surface prepared is not totally flat. There are bubbles all over the 
surface. (b) AFM topography image after modification. It exhibits molecules 
assembled on MoS2. (c) and (d) are the friction images before and after 
modification. According to the friction images, the MoS2 surface is not totally 
covered with nitrobenzene molecules and the area covered with molecules has 
higher friction. The color scale for both topography images is Δz = 10 nm, and the 
color scale for both friction images is ΔFf = 20 mV. 

 

To study the wear properties of nitrobenzene molecules on MoS2 surface, four 

different applied forces of 1 nN, 3 nN, 5 nN and 10 nN were used to wear away 

molecules attached to MoS2 surface. A 1.5 µm image was scanned at 0.3 nN load before 

and after scratching the surface with different loads. As shown in Figure 4.11 (g) and 

(h), on multilayer MoS2, the molecule clusters can be easily removed by the AFM tip at 
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3 nN.  However, for molecules on single layer MoS2, even at 5 nN load, there are still 

molecule assembles on monolayer MoS2 surface. Only at 10 nN applied load, the 

congregated molecules on MoS2 single layer are completely worn away. The greater 

degree of coverage and stronger connections of nitrobenzene molecules on single layer 

MoS2 is possibly due to the influence of electron-donating Au substrate. This is opposite 

to what was observed on MoS2 deposited on SiO2/Si substrate.160 Clusters of 

nitrobenzene molecules are removed from the MoS2 surface with the applied load as 

little as 3 nN. The reason for the easy removal of nitrobenzene molecules on MoS2 is 

because of the physisorption between molecules and MoS2 surface. Additionally, the 

thickness of the molecule films is also measured with AFM. The line profiles shown in 

Figure 4.12 (a) and (b) reveal that the thickness of the molecule layers is ~1.5 nm for 

both monolayer MoS2 and multilayer MoS2.  
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Figure 4.11 (a) and (b) are AFM topography and friction images with a scan size of 
1.5 × 1.5 μm2 on single layer MoS2. (e) and (f) are AFM topography and friction 
images on multilayer MoS2. These images reveal that the degree of 
functionalization of nitrobenzene molecules on single layer MoS2 is higher than that 
on multilayer MoS2. (c) and (d) are the topography and friction images after using 
four different loads (1 nN, 3 nN, 5 nN and 10 nN) to scan at 0.5 × 0.5 μm2 squares 
on modified monolayer MoS2. (g) and (h) are the topography and friction images on 
multilayer MoS2 after rubbing the surface with various loads. 
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Figure 4.12 (a) and (b) are the line profiles from Figure 4.11(e) and (g), 
respectively, indicating the thickness of the molecule films is ~1.5nm for both 
single- and multi-layer MoS2. The color scale for all topography images is Δz = 8 
nm, and the color scale for all friction images is ΔFf = 7 mV. 

 

4.3.4 The influence of the concentration of 4-NBD solutions on the coverage and 

wear properties of molecule films on monolayer MoS2 surface 

To study how the concentration of 4-NBD solutions impacts the coverage and 

wear properties of nitrobenzene molecules on monolayer MoS2, 4-NBD solutions with 

the concentration of 5 mM, 10 mM and 20 mM were used. The reaction time was set to 

be 20 min to immerse three exfoliated MoS2/Au samples into each solution separately. 

The AFM topography and friction images of monolayer MoS2 modified with a 5 mM 
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solution are shown in Figure 4.13 (a) and (d). The molecule film formed on MoS2 has 

larger holes on it compared to the sample put in a 10 mM 4-NBD solution shown in 

Figure 4.13 (b) and (e). Figure 4.13 (c) and (f) are the topography and friction images on 

a monolayer MoS2 sample modified in a 20 mM solution. The exposed MoS2 spots on 

this sample are fewer and smaller than the other two samples. It indicates that the 

coverage of organic molecules on the MoS2 surface increases with an increasing 

diazonium concentration from 5 mM to 20 mM.   

 

Figure 4.13 (a), (b), and (c) are the AFM topography images of single layer MoS2 
surface modified with 5 mM, 10 mM, and 20 mM 4-NBD solutions for 20 min, 
respectively. (d), (e) and (f) are the corresponding friction images. The color scale 
for all topography images is Δz = 8 nm, and the color scale for all friction images is 
ΔFf = 7 mV. 
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Figure 4.14 (a) and (c) are the AFM topography images after the modification of 
MoS2 on Au(111) samples with 5 mM and 20 mM 4-NBD solutions, respectively. (b) 
and (d) are the corresponding friction images. The color scale for both topography 
images is Δz = 8 nm, and the color scale for both friction images is ΔFf = 7 mV. 

 

Normal loads of 1 nN, 3 nN, 5 nN and 10 nN were also applied on the samples 

functionalized with 5 mM and 20 mM solutions. Figure 4.14 (a) and (b) are the AFM 

topography and friction images for the MoS2 on Au sample functionalized with a 5 mM 

4-NBD solution. It can be seen that most of the molecule clusters were worn away at a 3 

nN applied force. Meanwhile, Figure 4.14 (c) and (d) indicates that for MoS2 on gold 

sample reacted in a 20 mM 4-NBD solution, even at 5 nN applied load, the surface of 

MoS2 is still mostly covered with nitrobenzene molecules. However, for monolayer 



 

96 

 

MoS2 reacted with a 10 mM 4-NBD solution, molecules were mostly worn away at 5 nN 

(Figure 4.11 (c) and (d)). It indicates that the concentration of 4-NBD solutions also 

affects the wear properties of molecular films formed on monolayer MoS2. The higher 

the concentration, the more difficult it is for the molecules to be worn away. 

Furthermore, line profiles were taken to study the thickness of molecule layers on these 

two samples. As shown in Figure 4.15 (a) and (b), the thickness of the molecules formed 

on monolayer MoS2 was measured to be ~1.5 nm, which implies that the thickness of 

nitrobenzene molecular films on MoS2 surface does not change with the concentration of 

4-NBD solutions.  
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Figure 4.15 (a) and (b) are the line profiles showing the thickness of molecule films 
with 5 mM and 20 mM solutions, respectively, indicating the thickness of organic 
molecules is not dependent on the 4-NBD concentration. 

 

4.4 Conclusion 

In conclusion, we have studied the reaction between mono- and multi- layer 

MoS2 with 4-NBD solutions. MoS2 on Au samples modified with 4-NBD solutions were 

characterized with XPS, Raman spectroscopy STM, and AFM. In XPS measurement, 

although N-O and N-C peaks appear, there is no S-C peak in XPS spectra, indicating 

there is no chemical reaction. Additionally, Raman spectra show no shifts or splits of 

both E2g
1  and A1g peaks on single- and multi- layer MoS2 after modification with 

diazonium solutions. From XPS and Raman studies, it can be concluded that 
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nitrobenzene molecules are physically adsorbed on MoS2/Au surface, and there is no S-

C bond between them. In addition, AFM was used to study the wear properties of 

nitrobenzene molecule films on MoS2. It shows that molecules aggregated on multilayer 

MoS2 can be totally worn away at 3nN, while it needs more than 5 nN to completely 

wear off the molecules on monolayer MoS2. Moreover, the concentration of solutions 

was observed to play a particular role in the coverage of molecules and the force that is 

required to diminish nitrobenzene molecules on monolayer MoS2. With higher 4-NBD 

concentration, the coverage of molecules increases, and it needs larger applied load to 

wear away organic molecules. Our experiments revealed the chemical, optical and wear 

properties of the surface of MoS2 on Au samples after the reaction with 4-NBD 

solutions. These findings shed light on the understanding of the reaction between 4-NBD 

and MoS2. 
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CHAPTER V  

SUMMARY AND OUTLOOK 

5.1 Summary 

In this work, different methods to tune the tribological properties of MoS2 have 

been explored. It has been reported that the interfacial interactions between 2D materials 

and substrates is a significant factor that influences their frictional behavior. This is 

because of “puckering” effect as well as evolution of 2D materials during sliding. The 

out of plane flexibility of 2D materials plays an important role in the “puckering” effect. 

Here, we changed the surface roughness and chemistry to modulate the interfacial 

interactions for MoS2 on SiO2 substrates. In addition, methods were explored to change 

the chemical properties on MoS2 surface by forming covalent bonds.  

The first study demonstrated in Chapter II modulated the surface roughness and 

chemistry to control frictional and mechanical properties of single- and multi- layer 

MoS2. Depositing various sizes of SiO2 nanoparticles on substrates is a way to change 

surface roughness. Here, we chose 20 nm and 50 nm SiO2 nanoparticles and spin coat 

them separately on freshly cleaned Si wafers to adjust surface morphology. AFM 

topography images indicate thin MoS2 layers are partially conformed on nanoscopically 

rough substrates, which is attributed to the flexibility of thin layer MoS2 nanosheets. 

AFM atomic resolution studies have revealed that S-S distances in atomic scale images 

of MoS2 are affected by surface roughness. This is caused by different strain of MoS2 on 

20 nm and 50 nm NPs. In addition, friction studies indicate the friction on monolayer 

MoS2 surface is also influenced by nanoscopic roughness of substrates. In further 
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studies, molecules that can form covalent bonds with SiO2/Si substrates were used to 

modulate surface chemistry and interfacial interactions between MoS2 and substrates. 

Results exhibit larger friction on MoS2/SAM surfaces due to ease of sliding of MoS2 on 

SAM, resulting in larger puckering effect. Studies in Chapter I relate the interfacial 

forces with the tribological properties of atomically thin MoS2 nanoflakes.  

A further study on the interaction between MoS2 and organic molecules was 

executed and demonstrated in Chapter III. In Chapter II, the friction on the MoS2/SAM 

composites was studied, however, it did not research on the interactions between MoS2 

and organic molecules. It is difficult to directly measure the adhesion between MoS2 and 

the substrate, instead, molecules was put on AFM tips. In Chapter III, AFM tips were 

coated with MPTMS and APTES to change their chemical properties, followed by 

measure the frictional and adhesive properties from MoS2 surfaces. The results elucidate 

that molecules coated on AFM tips give rise to different tribological properties at 

tip/MoS2 interfaces. Diverse functional groups in MPTMS and APTES contribute to 

changes in adhesion between AFM tips and MoS2, inducing difference in friction. Works 

presented in Chapter II and Chapter III have proofed that the interfacial interactions, 

including adhesion have influences on the tribological properties of supported MoS2 

nanoflakes. Hereby, tuning the interactions at interfaces is considered a functional 

method for modulating surface friction.  

Chapter IV shows an attempt to tune the tribological response of MoS2 using a 

different method, which is to change the chemistry on MoS2 surface. Effort has been 

paid to search for molecules that can form covalent bonds with MoS2 to alter its surface 
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friction. Moreover, breaking the lattice of MoS2 may produce more reaction sites on its 

surface and improve its catalytic properties. Studies before has shown the chemical 

reaction between 4-NBD and MoS2. Here we also immersed MoS2 in 4-NBD solution to 

make the reaction take place. However, according to Raman, XPS and AFM 

characterizations, there is no chemical bond between MoS2 and nitrobenzene molecules. 

Nitrobenzene molecules only polymerized and formed a ~1.5 μm molecular film on 

MoS2 surface. We figured out that the layer thickness of MoS2 and the concentration of 

4-NBD solution both affects the coverage and wear properties of nitrobenzene films. 

Although there is no chemical reaction between MoS2 and 4-NBD, the friction on MoS2 

surface is changed by the covered molecules.  

 

5.2 Outlook 

This research focuses on studying various factors that affects the tribological 

properties of MoS2. It has been proved that there might not be any reaction between 4-

NBD and MoS2. Future studies can explore creating defects on MoS2 and see if MoS2 

with abundant defects will form enough covalent bonds with nitrobenzene molecules to 

be detected by characterization methods. Additionally, after chemically bond molecules 

on MoS2 surface, the optical, electronic and catalytic properties of MoS2 can be 

investigated. Further work on MoS2 may also expand to studying its oxidation process 

on surfaces. We are now able to make MoS2 on different substrates. The influence of 

substrates, humidity and temperature is interesting to exploit. 
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There are other newly developed 2D materials that are not well studied yet. Such 

as MXenes. MXenes are mostly metal carbides or metal nitrides that can be exfoliated 

from MAX. Materials in MXene family have metallic conductivity and are promising for 

applications in optoelectronic devices.167-170 Therefore, studying its tribological 

properties on different substrates can be useful for its possible applications. 
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