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Abstract
We report an investigation of the friction mechanisms of MoS2 thin films under changing environments and contact condi-
tions using a variety of computational and experimental techniques. Molecular dynamics simulations were used to study 
the effects of water and molecular oxygen on friction and bonding of MoS2 lamellae during initial sliding. Characterization 
via photoelectron emission microscopy (PEEM) and Kelvin probe force microscopy (KPFM) were used to determine work 
function changes in shear modified material within the top few nanometers of MoS2 wear scars. The work function was 
shown to change with contact conditions and environment, and shown by density functional theory (DFT) calculations and 
literature reports to be correlated with lamellae size and thickness of the basally oriented surface layer. Results from nanoscale 
simulations and macroscale experiments suggest that the evolution of the friction behavior of MoS2 is linked primarily to 
the formation or inhibition of a basally oriented, molecularly thin surface film with long-range order.
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1  Introduction

Molybdenum disulfide (MoS2) films have been used as a 
solid lubricant in aerospace and related applications for more 
than 70 years [1–7] because they can exhibit extremely low 
friction and wear reduction in inert environments like the 
vacuum of space. The low shear strength and subsequently 
low friction coefficients of MoS2 are a result of its lamellar 
structure, where basally oriented, molecularly thin lamel-
lae with sulfur-terminated surfaces interact predominantly 
through weak van der Waals forces. Apart from its mechani-
cal properties, MoS2 has enjoyed renewed interest for its 
chemical and electrical properties with applications in areas 
such as catalysis [8, 9] and optoelectronics [10–12]. Recent 
studies have noted that the degradation in performance and 
stability of MoS2 thin films in ambient conditions remains a 
challenge to practical utility in a wide range of applications 

[13–15]. A detailed physical/chemical understanding of how 
friction behavior in these films degrades (i.e., increased fric-
tion and wear) when exposed to water and other environmen-
tal contaminants, however, has remained elusive.

The tribological community has made significant pro-
gress in understanding the independent and combined 
roles of water and oxygen in this degradation in tribo-
logical performance over time (i.e., aging behavior) of 
MoS2 contacts [16, 17]. Two predominant theories have 
emerged to explain the increase in shear strength of films 
exposed to ambient air at room temperature: (1) the forma-
tion of oxides through reactions with water and/or oxygen 
[18–22], and (2) adsorption of water [16, 23–29]. Khare 
and Burris recently showed that below a temperature 
threshold of 100 °C, higher friction in the presence of 
water vapor is likely associated either with the physisorp-
tion of environmental water or effusion from the bulk [16]. 
At temperatures above 100 °C, the presence of molecular 
oxygen resulted in oxidation and increased friction of the 
MoS2 coating. Friction has also been shown to decrease 
upon annealing in inert atmospheres [16, 30], and to be 
recoverable after cycling from humid to dry environments 
[20, 23, 31], indicating that physisorbed water is a leading 
cause of the increased shear strength. However, a clear 
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mechanism linking water exposure to increased friction 
remains elusive. Proposed reasons include polar bond-
ing between lamellae [27], capillary forces or enhanced 
adhesion [26, 32], among others. A complication arises 
for these theories in that water does not tend to interca-
late between MoS2 lamellae [33], and the basally oriented 
lamellae that accommodate shear during sliding tend to be 
mildly hydrophilic and become mildly hydrophobic when 
exposed to ambient hydrocarbons [34–37].

Interactions between water molecules and unterminated 
edges of MoS2 lamellae have also been suggested as an 
impediment to low-strength shear [33]. In macroscale con-
tacts, edges of MoS2 lamellae at the surface are likely oxi-
dized prior to testing, further enhancing interactions with 
water [15, 24, 38–40]. Previous work by our group showed 
that the surface microstructure (i.e., crystallite or lamellae 
size and thickness of the oriented layer) has a significant 
impact on friction behavior and its evolution in the presence 
of various vapor species, including water and molecular oxy-
gen. In this paper, we present further evidence supporting 
the hypothesis that degradation in friction in humid environ-
ments is largely a result of changes in the surface microstruc-
ture due to water and oxygen exposure.

2 � Materials and Methods

2.1 � Deposition and Tribological Test Methods

MoS2 thin films were prepared via direct current (DC) mag-
netron sputtering under 10 mTorr pressure of argon gas. 
High purity MoS2 and Ti targets (Angstrom Sciences) were 
used to produce 650 nm thick MoS2 films on top of a 75 nm 
Ti adhesion layer at 200 W and 300 W bias voltages on  
1 cm2 Si wafers. Separate samples were prepared for PEEM 
and KPFM analysis.

Tribological testing was conducted on a custom built lin-
ear-reciprocating microtribometer [41–43]. Unless otherwise 
noted, experiments were performed in a dry N2-filled glove-
box (< 10 ppm O2 and < 10 ppm H2O), using a chilled mirror 
hygrometer to measure humidity. Three test series were run 
on each sample, the first at a 200 mN load for 250 cycles in 
two different environments, one track in humidified (50% 
RH) N2 and the other in dry N2, the second at a constant 200 
mN load in dry N2 with variable cycle count (1, 10, and 250 
cycles) and the third in dry N2 for 250 cycles with varying 
load (10, 50, and 200 mN). All experiments used a 1 mm 
diameter ruby ball with a sliding speed of 1 mm/s. Wear 
scars were spaced in close proximity to each other to fit mul-
tiple tracks into the 2 mm diameter analysis window avail-
able to PEEM. This allowed for direct comparisons between 
tracks of a given set without re-adjusting the PEEM system.

2.2 � Molecular Dynamics: Shear and Bonding 
Simulations

Molecular dynamics (MD) simulations with a reactive 
force field (ReaxFF) [44] were used to probe the inter-
actions between molecular oxygen, water and triangular 
MoS2 lamellae to investigate how adsorbed species induce 
structural changes and influence shear strength (and thus 
friction coefficient). Simulations consisted of three layers 
of randomly rotated lamellae (triangles ~ 3 nm on a side) 
of MoS2 sandwiched between four monolayers of MoS2. 
The outer layers were held rigid to apply normal load 
and shear. After initial shearing, the top layers of MoS2 
were removed, and the lamellae were exposed to oxygen 
or water at a pressure of 100 atm. These systems were 
equilibrated for 100 ps before atmospheric molecules were 
removed and the upper MoS2 layers replaced for further 
shear. Simulation methods and schematic of the simula-
tion structure can be found in a previous publication [45].

2.3 � Density Functional Theory: Work Function 
Calculations of Lamellae

Work function of different size lamellae, monolayer and 
bulk MoS2, were calculated with density functional theory 
(DFT). The Vienna Ab initio Simulation Package (VASP) 
v5.4.4 [46, 47] was used with the standard PAW_PBE 
pseudopotentials packaged with VASP (Mo: 08Apr2002 
and S: 06Sep2000). The energy cutoff was 520 eV, equal 
to 1.3 times the largest ENMAX value for any of the pseu-
dopotentials. The exchange correlation was treated with 
the PBE functional [48], and dispersion corrections were 
added using the DFT-D3 method from Grimme [49, 50] 
using Becke-Johnson damping. Gaussian smearing was 
employed with a sigma value of 0.05, and the k-points 
were treated using a 4 × 4 × 1 Monkhorst–Pack grid [51]. 
Dipole corrections were used for the Z- direction (nor-
mal to the plane of MoS2). The calculation was not spin 
polarized. The SCF convergence criterion was 10−4, and 
structures were geometrically relaxed to a maximum force 
criterion of 0.02 eV/Å. VASP calculations were set up and 
managed using the Atomic Simulation Environment [52]. 
Integration was done with the “accurate” flag. The work 
function was computed using

where Evac is the energy of the vacuum level and EFermi is 
the Fermi level from the VASP output. The vacuum energy 
is computed from a 1D averaged electrostatic potential 
based on the 3D potential output from VASP using the post-
processing utility from Walsh and Catlow [53]. The bulk 
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layer calculations used 5 × 5 unit cells in the X and Y direc-
tions with at least 20 Å of vacuum space in the Z direction 
to avoid self-interaction.

2.4 � KPFM Methods

KPFM measurements across wear scars were performed on 
a Bruker Dimension Icon atomic force microscope (AFM). 
The MoS2 sample was mounted on a stainless-steel AFM 
puck and electrically grounded to the puck using silver 
paint. A dual-pass lift off was utilized on each line scan to 
obtain both surface height z and contact potential difference 
VCPD data. On the first pass, z was measured via PeakForce 
Tapping, while on the second pass, VCPD was measured by 
retracing the topography at a user-defined height and varying 
the DC sample voltage VDC to null the cantilever oscillations 
(VDC = VCPD when the tip-sample electrostatic force gradient 
was minimized). The work function of the sample ϕs was 
calculated from the VCPD data through the relationship

where ϕt is the work function of the tip and e is the ele-
mentary charge [54]. In this study, a single Bruker PFQNE-
AL probe (nominal tip radius R = 5 nm, spring constant 
k = 0.8 N/m) was used to collect the z and VCPD data for all 
of the wear scars, such that tip-to-tip variations in R and ϕt 
were mitigated. For this cantilever, k was taken to be the 
nominal value and ϕt was taken to be 4.88 eV from earlier 
work [55]. A Bruker PFKPFM-SMPL standard was imaged 
before and after the KPFM measurements; minimal changes 
in z and VCPD across selected regions of the grating sug-
gested that R and ϕt remained relatively constant through-
out the experiments. The scan parameters were largely set 
by the ScanAsyst optimization technique; notable excep-
tions included a PeakForce setpoint of 10 nN and a lift-off 
height of 50 nm. A plane fit correction was applied to all z 
maps to account for sample tilt, while the VCPD and ϕs maps 
were unprocessed. Cross-sectional profiles of the z and ϕs 
maps were taken across the widths of the wear scars, and 
the results presented herein were typical of data along the 
lengths of the wear scars.

2.5 � PEEM Methods

PEEM measurements were conducted using a LEEM-III 
system (Elmitec Elektronenmikroskopie GmbH) coupled to 
a continuous-wave (CW), tunable wavelength light source 
based on a Xe lamp. The tunable wavelength light source 
was comprised of a pressurized Xe lamp (Energetiq, EQ-77 
LDLS), a Czerny–Turner monochromator (Acton research, 
SP2150), and reflective refocusing optics, and illuminated 
the sample at an incident angle of 73° relative to the surface 

(2)�
s
= �

t
+ eV

CPD

normal. Maps of the relative work function were determined 
by recording the photoelectron intensity as a function of the 
electron kinetic energy using monochromatic light illumina-
tion (185 nm wavelength, 6.70 eV) [56]. Similar to conven-
tional analysis of X-ray photoelectron spectroscopy (XPS) 
and ultraviolet photoelectron spectroscopy (UPS) spectra, 
lines were fit to the low electron kinetic energy edge and the 
intersects of the fitted lines with the baseline of the spectra 
were determined. These intersects specified the locations 
of the vacuum level. The energy resolution of our electron 
energy filter was set to ~ 0.1 eV, which resulted in a total 
broadening of the spectral width by ~ 0.15 eV. This broad-
ening due to the measurement resolution was corrected for 
post facto by shifting the edges of the spectra, similar to the 
procedure outlined in Yi et al. [57]. Maps of the vacuum 
level were obtained by fitting the spectra at each pixel. Local 
variation in the vacuum level across the field of view yielded 
the work function variation.

3 � Results

3.1 � Simulation Results from MD/DFT

Slices from MD simulations through the plane of lamel-
lae sheared between periodic MoS2 lamellae are shown in 
Fig. 1a–d. Lamellae with edge sites that are fully passivated 
with sulfur atoms are defect-free but non-stoichiometric; 
these are referred to as defect-free throughout the manu-
script. Those where stoichiometry is preserved by removal 
of selective sulfur atoms from the edges of the lamellae are 
not fully passivated, and therefore defective and referred to 
as such.

Stoichiometric (defective) lamellae sheared in vacuum 
(i.e., no water or oxygen present, Fig. 1b) exhibited the high-
est friction coefficients, with � ~ 0.15 (Fig. 1e). The simula-
tions show that lamellae tend to anchor themselves at ran-
dom to neighboring lamellae because of the highly reactive 
exposed edges. This is likely the atomic scale process that is 
operative at the interface early in sliding during macroscale 
experiments when friction is observed to be high. Results 
from simulations where lamellae were exposed to water and 
molecular oxygen (Fig. 1c, d) showed lower friction than 
the defective lamellae, � ~ 0.12 and 0.07, respectively, likely 
because of passivation of exposed Mo atoms at the edges 
of lamellae by adsorbed species. This effect is visible in 
Fig. 1d. These simulations demonstrate that water tends to 
agglomerate at edges more than molecular oxygen.

To isolate and independently determine the effects of 
water and oxygen on the friction (i.e., without the changes 
in passivation of edge sites), we compare friction coeffi-
cients between defective and defect-free systems (i.e., with 
fully passivated, sulfur-terminated lamellae). As shown in 
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Fig. 1e, the defect-free systems exhibited the lowest friction 
coefficients. The effects of environmental species on micro-
structure evolution can be probed by counting the number of 
inter-lamellar bonds in all systems. While individual lamel-
lae are held rigid so that no chemical reactions can occur, 
the lamellae are able to physisorb and form larger lamel-
lar structures; we refer to these inter-lamellar interactions 
as bonds and quantify them through the atomic separation 
between different lamellae. The defect-free systems showed 
the highest number of inter-lamellar bonds, followed by the 
defective systems, and then defective systems exposed to 
water and molecular oxygen. This again indicates passiva-
tion from environmental species. Visualization of slices 
through the simulation box corroborate these results and 
show that under shear, lamellae order and begin to form 
larger lamellar structures.

3.2 � Tribological Testing Results

Friction experiments in different environments (dry N2 
vs 50% RH N2) were used to validate simulation results 
(Fig. 2a). Additional experimental parameters, including 
load and cycle count, were systematically varied to deter-
mine their impact on the evolution of the surface microstruc-
ture by producing surfaces that could be characterized with 
PEEM and KPFM.

Baseline experiments in dry N2 using contact forces of 
10, 50 and 200 mN exhibited friction behavior typical of 
MoS2 films with high initial (few cycle) friction coefficients, 
� ~ 0.1–0.2, that gradually decreased throughout the first 
few hundred sliding cycles to values of � ~ 0.05. As in prior 
literature [58], these MoS2 films obeyed Hertzian contact 
mechanics, with friction coefficients that were inversely pro-
portional to contact force. Experiments in humid N2 consist-
ently led to higher friction than those in dry N2 (Fig. 2a).

3.3 � Work Function Measurements via PEEM/KPFM

The work function was measured by PEEM and KPFM on 
separate wear tracks for which representative friction data are 
shown in Fig. 2. Results of these analyses are shown in Figs. 3 
and 4, respectively, where PEEM data are presented in terms 
of the relative change in work function from the as-deposited 
surface and KPFM data are presented as absolute values. The 
work function of these films was independently determined 
to be 4.9 eV from separate ultraviolet photoelectron spec-
troscopy (UPS) measurements, matching the values found 
via KPFM and corroborating the assumed value for the work 
function of the KPFM tip. PEEM and KPFM results were in 
good agreement and showed that the shear modified surfaces 
exhibit a higher work function than the as-deposited films by 
about 0.10–0.25 eV. The debris surrounding the wear scars, 

Fig. 1   Representative top-down cross-section view of simulation 
showing MoS2 lamellae interactions for a defect-free lamellae, b 
defective lamellae, c defective lamellae with oxygen and d defec-

tive lamellae with water. Mo atoms are shown in red, S in blue, O in 
yellow and H in magenta. Friction coefficients from simulations and 
count of inter-lamellar interactions are shown in e 



Tribology Letters           (2021) 69:96 	

1 3

Page 5 of 10     96 

conversely, shows a decrease in work function by a similar 
magnitude (0.10–0.25 eV) relative to the as-deposited film. 
Work functions increased with sliding cycles and were higher 
for friction experiments in dry N2 than in humid N2. Changes 
in work function as a function of normal force were less dis-
tinct, but local increases in work function appear to correlate 
with regions of increased peak contact pressure and were over-
all higher for the highest contact force. It should be noted that 
PEEM analysis was carried out in ultrahigh vacuum (UHV) 
while KPFM was conducted in laboratory air, but these dif-
fering analysis environments do not appear to have had an 
appreciable impact on results. 

DFT was used to calculate changes in the work function 
of MoS2 as a function of lamellae size and layer thickness, 
and we compare these results to prior literature as well as our 
PEEM and KPFM results. The work function for stochiomet-
ric lamellae (Mo21S42, Mo28S56 and Mo36S72) was found to 
increase with increasing lamella size from 4.79 eV to 5.02 eV. 
These values are smaller than that for a continuous monolayer 
of MoS2 (5.69 eV), and the work function further increases to 
5.94 eV for both 3- and 4-layer systems (Fig. 5), suggesting 

convergence to the bulk value. These results are in reasonable 
agreement with other DFT-calculated values for MoS2 [59, 
60].

4 � Discussion

The results of the MD simulations suggest that the pres-
ence of water and molecular oxygen tend to interrupt inter-
actions between lamellae, preventing formation of the mul-
tilayer, persistent basally oriented films that are associated 
with low friction in MoS2 lubricated contacts. The forma-
tion of a basally oriented film with long range order is an 
important part of the run-in process for MoS2 coatings and 
is frequently observed in initially amorphous PVD sput-
tered films [61, 62]. Previous studies on impinged MoS2 
films reached similar conclusions and suggested that films 
with ordered surface microstructures were less affected by 
humidity than amorphous films [29].

A key limitation of the simulations was the inability to 
directly simulate the restructuring of small lamellae during 
run-in, yet defective and defect-free simulations draw paral-
lels to experimentally observed behaviors. For example, in 
simulations, defective lamellae readily anchor themselves at 
random to neighboring lamellae due to the highly reactive 
edges (Fig. 1b), analogous to run-in. The complete passiva-
tion of edges with sulfur (Fig. 1a) enables the lamellae to 
freely assemble themselves, in this case into larger ordered 
lamellae that exhibit low friction, similar to what is observed 
experimentally after a film is run-in [61, 62]. Interestingly, 
when exposed to water and oxygen, these simulations exhibit 
friction coefficients that agree well with experimental results 
[17]. Practically, however, the surface of sputtered MoS2 
films exposed to air are expected to be fully terminated, for 
example by oxygen (i.e., MoO2, MoO3). This is not likely a 
concern when comparing to simulation results, as wear dur-
ing the first few cycles of sliding has been shown to remove 
the oxidized surface film, eventually leading to a recovery 
of low friction by the formation of ordered films and transfer 
films on the countersurface [45, 63]. This behavior is dif-
ferent from edges terminated by sulfur atoms, as oxides are 
also more likely to attract environmental contaminants like 
water [24, 25, 40].

Historically, transmission electron microscopy (TEM) 
or scanning tunneling microscopy (STM) has been used to 
quantify the density of in-plane defects like sulfur vacancies 
for monolayer MoS2 films [12, 64, 65]. Unfortunately, these 
techniques tend to be labor-intensive and not well-suited for 
analysis of edge defects amongst multiple lamellae or the 

Fig. 2   Cycle average friction coefficients for experiments using a 
1  mm diameter ruby ball and 1  mm/s sliding speed showing the 
impact of changing (a) environment (dry N2 vs 50% RH N2), b cycle 
count (1, 10, 250 cycles) and c contact force (10, 50, 200 mN)
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rough surfaces typical of those created during macroscale 
sliding contact. Traditional X-ray diffraction (XRD) as well 
as the more surface sensitive grazing incidence techniques 
have been used to measure lamellae size in MoS2 powder 
samples and thin films, but are not suited to the assess-
ment of lateral dimensions of MoS2 flakes, since calculated 
lamellae sizes are more representative of the thickness of the 

lamellar structure [66–68]. Raman spectroscopy has been 
used recently to assess defect density as well as lamellae size 
in MoS2 [68–70], but again with limited depth-resolution.

Validation of simulation results in the present work was 
possible through techniques that allow for characterization 
of the chemical potential of wear scar surfaces (i.e., work 
function) that can help to infer defect density, lamellae size 

Fig. 3   Grayscale maps of relative work function change in eV from 
PEEM measurements of selected wear tracks shown in Fig.  2 as a 
function of a–c contact force for fixed number of cycles, d–f cycle 

count at fixed contact force, and g–h environment with fixed cycle 
count and normal force. Field of view is 50 µm across the diagonal 
direction of the images
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and thickness of the basally oriented layer (typically < 10 nm 
[61, 62]). The combination of PEEM and KPFM enabled 
a quantitative approach to characterize structural differ-
ences in the first few monolayers of macroscale wear tracks 
through measurements of work function at the surface. There 
have been several recent reports that show how the work 
function of single and multilayer MoS2 systems are influ-
enced by strain/defect density [71], oxidation state [72, 73], 
layer thickness and adsorbates [74, 75], as well as how work 
function varies across the surface of lamellae from edge to 
center [76, 77]. Generally, most of these factors increase the 
work function of MoS2. For example, the work function of 
MoO3 is typically 2 eV higher than that of MoS2, well above 
the measured increase of 0.1–0.25 eV observed in the wear 
scars in our experiments. It is unlikely that there is an appre-
ciable amount of oxidation at the surface of the wear scar 
[45], and it is more likely to find MoO3 in the surrounding 
as-deposited film, but as others have shown, these films do 

not typically undergo appreciable oxidation during storage 
in dry N2 [38]. Lastly, adsorbates are not thought to play 
an appreciable role in our results, as PEEM was performed 
in UHV and KPFM in lab air, and results from both are in 
good agreement.

This work shows that size and thickness of the lamellar 
structures in the wear tracks, and the presence of edge sites 
were the main factors contributing to the observed changes 
in work function and friction behavior in this investigation. 
As mentioned previously, MoS2 films gradually form a thin 
(~ 10 nm) basally oriented layer at the sliding interface dur-
ing the first few cycles of sliding [61, 62]. Notably, the work 
function difference between single layer and bulk MoS2 
films has been shown to be approximately 0.10–0.25 eV 
[74, 75], identical to the difference in values between the 
as-deposited regions, and the wear tracks that showed low 
steady-state friction. This layer dependence is best exem-
plified in the cycle-resolved results for PEEM and KPFM, 

Fig. 4   a–c Cross-sectional topographical line scans and d–f corre-
sponding work function in eV from KPFM measurements of selected 
wear tracks shown in Fig.  2 as a function of a, d contact force for 

fixed number of cycles, b, e cycle count at fixed contact force, and c, f 
environment with fixed cycle count and normal force
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(Figs. 3d–f and 4b, e) where the work function was shown 
to gradually increase as the relatively thick, effectively bulk, 
film is run in and the thickness of the oriented surface film 
increased. These results are also supported by our DFT cal-
culations (Fig. 5).

Other recent KPFM studies have shown that the edges 
and grain boundaries of MoS2 monolayers (and other tran-
sition metal dichalcogenides) tend to exhibit lower voltage 
potentials [76, 77], and subsequently lower work functions 
as shown in Eq. 2. This relationship is also borne out in 
our DFT calculations, where smaller lamellae exhibit lower 
work functions (4.79 eV) than larger lamellae (5.02 eV), and 
both are lower than the work functions of continuous mon-
olayers and bulk MoS2 (5.69–5.94 eV, Fig. 5). This implies 
that work functions will increase with lamellar dimensions 
inside wear scars. We observe this relationship in our exper-
iments in dry N2, but not humid N2. These experimental 
results corroborate trends observed in simulations showing 
that water prevents coalescence of small lamellae and their 
assembly into larger lamellae, ultimately resulting in higher 
friction coefficients (Fig. 1). In addition, debris around the 
edges of the wear tracks likely consists of smaller or thin-
ner crystallites than those found inside the contact zone, 
because of the shorter contact times for debris ejected from 
the contact, as shown in Fig. 3, and this debris has lower 
work functions than the wear scars.

While the use of work function measurements is a prom-
ising technique to quantify differences between the surface 
microstructure in macroscale contacts, more work is neces-
sary to confirm these hypotheses. Specifically, future inves-
tigations will focus on linking work function to structural 

characteristics of monolayer MoS2 systems, and how these 
are correlated to structures observed in the few monolayer 
surface films generated during macroscale sliding contact.

5 � Conclusions

A combination of simulations, experiments, and characteri-
zation techniques were used to elucidate the fundamental 
mechanisms responsible for the friction behavior for MoS2 
films in humid and oxygenated environments. MD simula-
tions showed that exposure to water and molecular oxygen 
impacts the inter-lamellar interactions and ordering of MoS2 
lamellae under shear, interrupting the formation of larger 
lamellae and increasing friction coefficients over those of 
less reactive, edge-terminated lamellae.

Macroscale sliding contact experiments and ex situ char-
acterization were used to corroborate simulations results. 
Specifically, changes in the work function in wear tracks 
were measured using KPFM/PEEM and correlated to micro-
structural changes as a function of changes in contact force 
and cycle count, both in dry and humid N2. This approach 
enabled the first detailed, highly spatially-resolved analy-
sis of macroscale contacts on thick (> 1 µm) physical vapor 
deposited (PVD) films with shear modified layers on the 
order of ~ 1% of the film thickness. This analysis is typically 
out of the reach of traditional methods for probing micro-
structure and defect densities (e.g., Raman, TEM, XRD). 
Work function changes on the surface of MoS2 wear tracks 
suggest that the lamellae size and thickness of basally ori-
ented material are strongly influenced by the presence of 
contaminants that effectively restrict coalescence and forma-
tion of larger, ordered MoS2 lamellae. This directly prevents 
the transition to the desirable low friction state. Further work 
is necessary to develop quantitative characterization tech-
niques to accurately probe changes in surface microstructure 
for the thicker films representative of running contacts. Ulti-
mately, understanding the effects of environmental species 
on the microstructure of MoS2 coatings can enable tailor-
ing of the surface microstructure to mitigate the detrimental 
effects of long- and short-term aging and degradation.
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