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We present a comparative study of nanoexfoliation on bulk, layered materials (MoSz, WSez, HOPG, and mica)
conducted via atomic force microscopy (AFM). The samples were scratched by single crystal diamond probes
with varying scan velocities and normal forces. Friction forces measured during the scratch tests and post-
mortem topography images allow a detailed investigation of nanoexfoliation mechanisms. In particular, while
MoS;, WSe,, and HOPG undergo nanoexfoliation that is characterized by the peeling of flakes from the surface
and crack propagation off the main scratch direction, mica is devoid of such effects, instead forming well-defined
wear tracks that involve layer-by-layer exfoliation of terraces separated by monoatomic steps. A comparison of
material properties (bending stiffness, interlayer adhesion, and tensile strength) mechanistically explains the
differences in nanoexfoliation behavior. Moreover, the velocity dependence of lateral contact stiffnesses is
studied to infer the influence of capillary-adhesion-mediated contact aging on nanoexfoliation, revealing a
connection to the degree of surface hydrophobicity. Our results contribute to the formation of a physical un-
derstanding of the elementary steps involved in wear of layered materials, and hint at the possibility of precise,

controlled nanoexfoliation by a careful selection of operational and environmental parameters.

1. Introduction

The field of tribology —which comprises studies of friction, wear, and
lubrication— has experienced a “renaissance” in the last few decades
thanks to the development of advanced experimental and computational
methods that brought physical insight into an area of inquiry that was
long dominated by empirical observations [1]. In particular, the utili-
zation of atomic force microscopy (AFM) has greatly simplified the
interpretation of tribology experiments, removing complications asso-
ciated with analyzing data extracted from micro- and macroscopic in-
terfaces that invariably feature “multi-asperity” contacts, whereby the
real contact area is not known a priori. In particular, AFM experiments
deliver tribological information obtained at the “single asperity” contact
geometry established between the sharp AFM probe and the sample
surface under investigation, in a fashion that is devoid of the geometric
complexities of a multi-asperity contact. Consequently, AFM experi-
ments, often complemented by atomistic simulations, have been
extensively used to shed light on fundamental aspects of friction, e.g. in
terms of its load, area, speed, and temperature dependence on nano-
scopic length scales [2].

While AFM experiments contributed greatly to the formation of a
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fundamental understanding of friction, the method has also been used to
some extent toward the study of wear, a phenomenon of drastic
importance for reliability of mechanical systems [3]. Some attempts
have been made to move beyond the empirical Archard wear equation
(that simply establishes a proportional relationship between wear vol-
ume and normal force as well as sliding distance [4]) that is ubiquitously
used in macroscopic systems. These include important studies that
reveal atomic-scale wear processes in silicon [5,6], as well as related
work focusing on hard coating materials such as ultrananocrystalline
diamond [7] and diamond-like carbon [8]. This body of work led to the
conclusion that wear on nanoscopic length scales is physically a much
richer process than that implied by the Archard equation [9], and that
more work needs to be done to form a “first principles” view of the
phenomenon.

Within this context, studies of wear on layered materials such as
graphite and molybdenum disulfide (MoS;) bear special importance,
due to the fact that these materials are often employed in mechanical
systems as solid lubricants [10]. While the bulk form of the materials is
typically utilized for macroscopic applications, their two-dimensional
(2D) variants are being envisioned as solid lubricants for nano- and
micro-scale mechanical systems [11]. As such it is somewhat surprising
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that the number of nanoscopic wear studies performed on layered ma-
terials (either in bulk or 2D form) via AFM are quite low compared to
friction work; some highlights can be found in Refs. [12-16]. Impor-
tantly, by way of atomistic simulations and AFM experiments performed
on single-layer graphene on a platinum substrate, it has been determined
that increasing normal loads during sliding lead first to the plastic
deformation of the platinum substrate, which is followed by the rupture
of graphene, accompanied by a sizeable increase in friction forces [12].
The role of step edges in enhancing wear on graphene has also been
investigated [16]. More recent work performed on MoS; revealed the
tearing and exfoliation of flakes from the surface after a threshold
normal load is reached during scratching, whereby the tearing direction
could be related to specific crystallographic orientations of the substrate
[13]. The fracture [17] and fatigue [18] behavior of layered materials,
with relevance to wear, have also been the subject of recent scientific
attention.

Motivated by the studies described above and the lack of a mecha-
nistic understanding of processes that dictate the early stages of wear on
different layered materials, we present here a comparative set of AFM-
based nanoexfoliation experiments performed by scratching single
crystal diamond probes on bulk samples of MoS,, synthetically-grown
tungsten diselenide (WSep), highly oriented pyrolytic graphite
(HOPG), and muscovite mica. In this way we have included in our study
two transition metal dichalcogenides (MoS; and WSey) in natural and
artificial forms, respectively, and a layered material (muscovite mica)
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which, while used more as a filler than a lubricant in tribological ap-
plications, finds large use as a substrate in AFM experiments [19]. Our
results demonstrate a drastically different nanoexfoliation behavior for
mica when compared with the other three materials, among which
HOPG stands out by the formation of significantly large flakes during
nanoexfoliation. The results are explained by a comparative analysis of
material properties including bending stiffness, interlayer adhesion, and
tensile strength. While our results contribute to the goal of under-
standing the basics of wear initiation on layered materials, they also
imply the possibility of nanoscale shaping by a precise control of oper-
ational and environmental parameters that can, for instance, be utilized
in conjunction with spontaneous tearing and peeling effects [20].

2. Materials and methods

Nanoexfoliation experiments were conducted in contact-mode AFM,
by way of single crystal diamond tips with nominal radii r ~ 5-10 nm
attached to rectangular cantilevers with spring constant values of k ~ 40
N/m (AIST-NT, D300). Similarly to the experimental procedure followed
in Ref. [13], we have used the same tips for both scratching the surfaces
in contact mode and imaging the resulting nanostructures in tapping
mode. For each experiment, the sample was scanned in a single line with
normal forces (F,) ranging from 2 to 3 pN, which is the maximum force
that can be applied with the instrumental setup used in this work (JPK
Instruments, NanoWizard 4). Scan velocities (v) ranged from 10 nm/s
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Fig. 1. Nanoexfoliation experiments on MoSs. (a) Post-mortem topography of the MoS, surface, showing layers peeling off the wear track as a result of scratching the
surface with F, = 3 pN and v = 10%° nm/s. (b) Topography profiles taken from the lines indicated with arrows in (a), showing that ~5 layers are removed and folded
over the pristine surface, together with the formation of wrinkles (red arrow) and folds (black dashed arrow). (c) High-resolution topography image of the wear track
showing indentations (black arrows) that correspond to the spikes in the lateral deflection signal taken during scratching (d). (d) Lateral force experienced by the tip
during scratching, where the stick-slip component is shown in black, and the baseline is shown in blue. Inset shows a zoom-in on the stick-slip component. Scale bars
correspond to 200 nm in (a), 50 nm in (c), and 100 nm in the inset of (d) (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).
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—the lowest velocity with which features on the order of ~10 nm can be
sampled in the lateral force signal- to 10* nm/s. MoS,,
synthetically-grown WSey, ZYB-quality HOPG, and muscovite mica
samples were obtained from commercial sources (HQ Graphene, Nano-
AndMore, and SPI Supplies). Normal and lateral force calibrations of the
cantilevers were performed according to established standards in liter-
ature [21,22].

3. Results and discussion
3.1. MoS;

Bulk MoS; substrates were scratched for a length of 5 pm with
normal forces of 2.5 pN and 3 pN, and with logarithmically increasing
scan velocities in arbitrary crystallographic directions. As demonstrated
representatively in Fig. 1, a ~50-nm-wide groove has formed after
scratching the surface with F, = 3 uN and v = 10%® nm/s. As the contact
diameter between the tip and the sample is estimated to be only ~9 nm
via Hertz theory, this observation implies that the exfoliation process
involves cracks propagating off the wear track, as reported for mono-
layer MoS; previously [13,23]. It can also be seen in Fig. 1a that as the
AFM tip moves on the surface, multiple layers are removed from the
sample in steps and folded back onto the pristine MoS; surface. Height
profiles taken inside the groove and on the peel (Fig. 1b) show that a
total of 5 layers (~ 3 nm) of MoS;, were removed, and demonstrate the
formation of wrinkles and folds ranging from 0.5 to 1 nm in height
during the exfoliation process. High resolution post-mortem AFM im-
ages of the scratches (Fig. 1c) reveal the formation of repeated in-
dentations with a diameter of ~10 nm in the wear track, reminiscent of a
stick-slip like motion. Lateral forces experienced by the tip during
nanoexfoliation (Fig. 1d) indeed show that there are two distinct be-
haviors; a stick-slip motion with a period of ~10 nm that coincides with
the average spacing of the indentations made on the surface inside the
wear track (shown in black), and a “baseline” (extracted from the raw
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lateral force signal by low-pass filtering) that follows the topography of
the larger peels.

3.2. WSey

The experiments on WSe, were performed on a single crystal that
was grown synthetically, with known crystallographic orientation of
crystal edges. This allowed the sample to be scratched in directions that
can be related to specific crystallographic directions. As previously seen
for MoS,, the wear behavior of WSe, is also strongly anisotropic,
whereby cracks propagate off the wear track along the zigzag (ZZ) di-
rections as the sample is being scratched in the armchair (AC) direction
(Fig. 2). Another advantage of using synthetically grown crystals is that
the sample comprises large, flat terraces, which allows nanoscratches
with a larger range of parameters to be performed. When nano-
exfoliation tests were conducted along the ZZ and AC directions with
varying velocities (Fig. 3), it was seen that (i) the lateral contact stiffness
(k) does not depend on velocity and (ii) the average value of the lateral
contact stiffness is significantly different in the ZZ and AC directions
(kzz= 131 N/m and kac = 86.5 N/m, respectively). While (i) can be
tentatively attributed to the hydrophobicity of the surface (please see
Section 3.5 for the related discussion) [24,25], the lateral contact stiff-
ness values measured for the ZZ and AC directions in (ii) exhibit an in-
verse relation with tensile strength (15.05 GPa and 24.70 GPa, for the ZZ
and AC directions, respectively [26]). This observation of an inverse
relationship between tensile strength and lateral contact stiffness is seen
to be generally true for the materials investigated in this study (please
see Section 3.5 for the related discussion).

3.3. HOPG
Nanoexfoliation experiments on HOPG show results that are similar

to the other van-der-Waals solids investigated above (MoS; and WSey),
as seen in Fig. 4. One particular difference is that layers can be exfoliated
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Fig. 2. Nanoexfoliation experiments on WSe,. (a) Post-mortem topography after scratching the surface with F, = 3 pN and v = 10? nm/s in the armchair direction
showing highly anisotropic crack propagation in the zigzag direction and leaf-like flakes peeled from the surface. Scale bar corresponds to 200 nm. (b) Lateral force
experienced by the tip during scratching, where the stick-slip component is shown in black, and the baseline is shown in blue. (c) Topography profile taken along the
white dashed line in (a), showing atomically flat terraces of 20 nm and 27 nm depth from the surface (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.).
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Fig. 3. Lateral contact stiffness (k) during scratching as a function of loga-
rithmically increasing velocities for scratches made along armchair (AC, black)
and zigzag (ZZ, blue) directions on WSe,. Dashed lines indicate mean values
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

in the form of sizeable flakes that are larger than 1 pm and up to 1.3 pm
in lateral size, which is the longest ever detected on any of the materials
investigated during the experiments reported here. In the high-
resolution AFM image presented in Fig. 4d, it can be seen that the
edges of the wear track are jagged, possibly following surface defects
along AC and ZZ directions as it has been shown for MoS; before [27].
Although there is no clear indication of the crystallographic orientation
associated with the scratching direction, the step edge on the left side of
the scratch suggests that it’s either the zigzag or armchair orientation.
Height profiles taken along the wear track (inset in Fig. 4d) show
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terraces separated by 0.5 - 3.5 nm in the vertical direction, which sug-
gests that progressive removal of the surface down to at least bilayer
spacing can be achieved during the scratching process.

3.4. Mica

Mica has a significantly different crystal structure compared to the
other materials studied here (MoS;, WSez, and HOPG), whereby a single
“layer” consists of multiple atomic sheets with a total thickness of ~1 nm
[28]. Although interlayer interactions are significantly weaker than the
intralayer binding energy in mica, they are still considerably stronger
when compared with interlayer interactions associated with MoSs,
WSey, and HOPG [29,30]. This is accompanied by a much more brittle
structure with a high bending modulus. Owing to its crystal structure, it
is also expected that mica exhibits a smaller degree of in-plane anisot-
ropy than MoS;, WSe,, and HOPG [26,31]. When nanoexfoliation ex-
periments are performed on a freshly cleaved mica surface instead of
MoS,, WSes, or HOPG, striking differences are found (Fig. 5). First thing
to note is that there is no visible crack propagation outside of the wear
track, and this is also supported by the fact that the lateral force expe-
rienced by the tip during the experiment has a much smoother baseline
than MoS,, WSe, and HOPG (Fig. 5b), since no extra work is done to
drag and fold peels. Considering the relatively high bending modulus
and relatively small tensile strength of mica, exfoliation of long folds is
not possible, as the removed layers are expected to break off much easier
than the other materials considered here. One implication of this fact is
that scratching parameters can be tuned to create very well-defined
wear tracks, provided that the sample surface is relatively clean. One
example of such a nanoscratch can be seen in Fig. 5, where the exfoli-
ation results in terraces separated by ~0.8 nm in the vertical direction,
which is close to the layer spacing of mica [28]. This suggests exfoliation
on mica occurs predominantly in single layers. The sudden transitions
from one to two monolayer depths and vice versa are possibly due to
thermally activated breakup and formation of Si-O bonds, as discussed
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Fig. 4. Nanoexfoliation experiments on HOPG. (a) Post-mortem topography of the HOPG surface after scratching with F, = 3 pN and v = 10> nm/s. Scale bar
corresponds to 500 nm. (b, ¢) Zoomed-in topography images of the end of the scratch and the peel, respectively. Scale bars correspond to 200 nm and 100 nm,
respectively. (d) High-resolution topography image of the wear track. Inset: Topography profile taken along the dashed white line in (d), showing terraces separated
by 0.5 - 3.5 nm in the vertical direction. (e) Lateral force signal corresponding to the topography line profile in the inset of (d). The stick-slip component is shown in
black, and the baseline is shown in blue (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 5. Nanoexfoliation experiments on mica. (a) Post-mortem topography of the mica surface after scratching with F, = 3 pN and v = 10 nm/s. Scale bar corre-
sponds to 200 nm. (b) Lateral force signal corresponding to the scratch in (a), where the stick-slip component is shown in black, and the baseline is shown in blue. (c)
Topography profile taken along the wear track in (a), showing clearly resolved terraces separated by ~0.8 nm in the vertical direction. The orange and green areas
correspond to regions where one and two monolayers were removed, respectively, whereas the blue areas correspond to regions that remained undamaged (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

by Kopta et al. [28].

3.5. Comparison of Nanoexfoliation Behavior in Layered Materials

From post-mortem topography images, it can be seen that all layered
bulk materials studied here besides mica show a similar nanoexfoliation
behavior, where flakes peel off the surface in directions off the main
wear track, stick to the tip, and after growing up to a certain length, fold
back onto the sample outside the wear track while still being partially
attached to the substrate on one end. The flake lengths measured in the
experiments go up to 1000-1300 nm for HOPG and 200-500 nm for both
MoS, and WSe;. No flakes are formed during the nanoexfoliation of
mica, which results in well-defined wear tracks (see Supp. Fig. S1 for
additional scratch tests). These observations imply that the flakes can
only sustain their length up to a critical length I, which could, for
instance be determined by the ratio of the tensile strengths of the ma-
terials to their bending moduli [32]. In other words, longer flakes would
be expected with smaller bending moduli (which makes it easier to peel
flakes in the out-of-plane direction from the sample surface) and higher
tensile strengths (which conserves the structural integrity of the flake as
it is being peeled from the surface). Moreover, a low degree of interlayer
adhesion is expected to facilitate the peeling process. The mechanical
properties listed in Table 1 support this line of argumentation, whereby
HOPG exhibits the highest tensile strength to bending modulus ratio and

Table 1
Mechanical properties of the materials studied in this work.

Bending Modulus
(monolayer) (eV) [33,

Interlayer
Adhesion (J m~?)

Tensile Strength
(monolayer)(GPa) [26,

34] [29,30] 35, 36]
MoS, 10.2 0.48 17-27
WSe, 11.9 0.48 15-25
HOPG  1.87 0.33 110-121

Mica 68.7 0.65 4-9

mica the lowest (and vice versa for interlayer adhesion). Hence, the
large flakes for HOPG and no formation of observable flakes on mica.
Another possible physical reason for this difference is the formation of
covalent bonds between C atoms in the diamond tip and in the top HOPG
layers, which are possibly converted into a diamond-like film at high
pressures in the GPa range [37, 38]. In this way, the scratching exper-
iments on HOPG reveal characteristic features of adhesive wear (in the
peeling process) superimposed on abrasive wear (in the groove forma-
tion process). On mica, only the abrasive contribution is present.

Another observable in the experiments concerns the normal force
threshold for the peeling (i.e. the minimum force required to initiate
plastic deformation, Fy,). This value also varies from material to mate-
rial, where we found through our experiments that Fy, pos2= 2.5 uN,
Finr wse2 = 2.0 uN, Fir opg= 3.0 uN and Fiyy mice < 2.0 uN. This is again in
agreement with the tensile strengths of the materials reported in Table 1,
which imply that it would require a larger normal force to initiate
fracture (and thus, exfoliation) on HOPG when compared with mica,
with the two transition metal dichalcogenides (MoS; and WSe;) ex-
pected to exhibit intermediate normal force thresholds, in accordance
with the experimental results.

Velocity dependence of lateral contact stiffness (inferred from the
lateral force (F;) in the form of k = ‘%, which corresponds to the slope
of the sticking period of the stick-slip motion of the tip, extracted from
the black lines in Figs. 1d, 2b, 4e, and 5b) provides additional clues
regarding the nanoexfoliation mechanisms involved in our experiments.
In the case of prominent contact aging (where the contact area and thus,
the lateral contact stiffness between the tip and the sample increase with
time), lateral contact stiffness is expected to decrease logarithmically
with velocity. This is because the tip spends a shorter amount of time on
a given spot on the surface during the scratching process with increasing
scan velocities, thus limiting the extent of contact aging and leading to a
decrease of lateral contact stiffness [39]. As the contact aging effect was
previously found to vanish under dry atmosphere, it is reasonable to
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conclude that capillary condensation at the tip-sample junction medi-
ates contact aging, i.e. a greater degree of condensation per time occurs
with slower scan velocities, leading to tip-sample junctions that are
harder to deform laterally [13]. This result also implies that hydro-
phobic surfaces should be less susceptible to
capillary-condensation-mediated contact aging and thus not exhibit
strong velocity dependence of lateral contact stiffness.

Following up from the discussion above, the results presented in
Fig. 6 allow us to evaluate the effect of capillary-condensation-mediated
contact aging during nanoexfoliation measurements performed on
layered materials. In particular, while mica and MoS; exhibit significant
drops in lateral contact stiffness with increasing scan velocities, the ef-
fect is absent for WSe; and HOPG. It should be noted that in the case of
HOPG, no exfoliation was observed for scan velocities below 10° nm/s,
and the lateral contact stiffnesses attained at velocities higher than this
value did not change significantly. The observation of a strong contact
aging effect for mica is perhaps not surprising considering the hydro-
philic nature of the material [25], which would result in the rapid for-
mation of capillary layers at the tip-sample junction. On the other hand,
the contrasting behavior of MoS; and WSe; can be understood when one
considers that the experiments on MoS; were performed on fresh ter-
races, immediately after the cleaving of a bulk natural crystal whereas
the experiments on WSe; were conducted on a CVD-grown synthetic
crystal that was not subjected to any cleaning procedure prior to the
measurements. As the hydrophobicity of “fresh” surfaces of 2D materials
were shown to significantly increase with time due to accumulated
contamination from the ambient [40,41], it is natural to expect that the
untreated WSey surface investigated here does not exhibit significant
capillary-condensation-mediated contact aging whereas the freshly
cleaved MoS; surface is strongly affected.

Another interesting observation involves the fact that the contact
stiffness values measured for the four materials in the region of Fig. 6
that is not affected by contact aging (i.e. at high velocities) generally
follow an inverse trend with tensile strength (Table 1), such that HOPG
exhibits low and mica exhibits high contact stiffness. This observation is
in line with the measurements of contact stiffness along the ZZ and AC
directions of WSey (Section 3.2) that showed an inverse relationship to
tensile strength. A physical argument that could substantiate these ob-
servations involves the idea that it is much easier to form indentations
(such as the ones shown in Fig. 1c, which result in stick-slip motion) on
the surface of materials with low tensile strength during scratching. This
would in turn lead to steeper slopes in the “stick” phase of lateral force
traces during scratching due to the tip getting stuck at the indentations,
which then manifests as enhanced lateral contact stiffness values.

4. Conclusion

We have presented a comparative study of nanoexfoliation on
selected layered materials through experiments performed via AFM.
While nanoexfoliation on MoS;, WSey, and HOPG occurred through
peeling of flakes from the surface and featured significant crack propa-
gation off the scratches, the nanoexfoliation process on mica was devoid
of such effects, with straight grooves forming on the surface in the di-
rection of scratching. Differences in material properties including
bending stiffness, interlayer adhesion, and tensile strength were utilized
to explain the observed differences in nanoexfoliation behavior. The
dependence of lateral contact stiffness on scan velocity was also studied,
allowing to form qualitative connections between capillary-adhesion-
mediated contact aging and surface hydrophobicity. The results
described here provide clues regarding the initial stages of wear in
layered materials and open possibilities for precise nanoscale exfoliation
utilizing controlled values of normal force, scan velocity and environ-
mental factors such as humidity.

Applied Surface Science Advances 6 (2021) 100146
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Fig. 6. Dependence of the lateral contact stiffness on scan velocity for MoS;
(black), WSe, (blue), HOPG (red), and mica (green). The WSe, plot corresponds
to the armchair direction (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).
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