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Abstract
We present the results of friction experiments performed by manipulation of oxidized platinum nanoislands on highly oriented 
pyrolytic graphite (HOPG) substrates through atomic force microscopy (AFM). The oxidation of the platinum nanoislands, 
performed via mild plasma exposure, is confirmed through X-ray photoelectron spectroscopy (XPS) and high-resolution 
energy-dispersive X-ray spectroscopy (EDX), the latter of which reveals partial oxidation on the sliding surfaces of the 
nanoislands. Oxidized platinum nanoislands are found to exhibit higher friction than non-oxidized islands, with a ~ 70% 
increase in mean shear stress over the investigated contact size regime. An increase in chemical interaction forces between 
the oxidized platinum and the graphite substrate is proposed to explain the increase in friction forces. Our results reveal that 
alteration of interfacial chemistry through oxidation leads to a noticeable modulation of friction forces, but not a total break-
down of the superlubric state (as evidenced by the signature observation of decreasing shear stress with increasing contact 
size), providing further feasibility for the design of superlubric mechanical systems to be operated under ambient conditions.
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1 Introduction

A particularly important grand challenge for humanity 
in the twenty-first century will be to drastically reduce 
our consumption of fossil fuel sources for energy. While 
research in renewable energy sources made great strides in 
the past few decades and are playing a major role toward 
this arduous task [1], a complementary approach involves 
searching for improvements in energy efficiency, e.g., 
by striving to minimize energy dissipation in mechani-
cal systems through friction. Considering the tremendous 
amount of useful mechanical energy that is “lost” every 
day through friction in almost any mechanical system one 
can think of [2], the significance of devising novel ways to 
minimize friction quickly becomes apparent.

Despite the importance of minimizing friction from 
economic and environmental points of view, our lack of a 
comprehensive understanding of the phenomenon prevents 
the formation of universal strategies that can be applied 
toward this goal. As interfaces formed between compo-
nents on the conventional engineering scale are complex, 
mainly due to the fact that they consist of multiple-asper-
ity contacts, the number, size and mechanical properties 
of which are not known a priori, fundamental friction 
research aiming to identify physical mechanisms is almost 
always performed on much smaller length scales (from the 
micro- to the nanoscopic regime), where a certain degree 
of control over contact geometries can be established [3].

Atomic force microscopy (AFM) experiments in which 
nanoscale objects (e.g., nanotubes, nanoparticles, and 
pancake-like nanoislands) are manipulated (i.e., laterally 
moved) over certain substrates play an important role in 
fundamental friction research [4, 5]. Such experiments, 
in contrast to conventional AFM-based friction measure-
ments where contact geometries/chemistries at the tip-
sample junction remain largely uncharacterized [6], allow 
researchers to carefully study friction on the nanometer 
scale as a function of multiple parameters including but 
not limited to contact size, shape, and chemistry. It was 
in fact through such experiments that it was first discov-
ered that gold and antimony nanoislands slide in superlu-
bric fashion (i.e., with ultralow friction forces) on highly 
oriented pyrolytic graphite (HOPG) substrates under 
ultrahigh vacuum (UHV) conditions [7, 8]. These meas-
urements confirmed earlier theoretical predictions that 
atomically flat but structurally incommensurate interfaces 
free of contaminants should slide with negligible friction 
forces, in a regime that was named as structural (super)
lubricity [9, 10]. Despite the success of this work, not 
too much of a connection was formed to realistic applica-
tions, mainly due to the perceived limitation to molecu-
larly clean conditions that could not be established under 

ambient conditions [11, 12]. As such, the more recent 
discovery that gold and platinum nanoislands (prepared 
via thermal evaporation of thin films under vacuum fol-
lowed by annealing) exhibited structural superlubricity on 
HOPG under ambient conditions, came as a surprise to the 
scientific community [13, 14]. The striking observation 
of structural superlubricity under ambient conditions for 
these material systems was attributed to the formation of 
atomically flat and crystalline sliding interfaces that were 
predicted, via ab initio calculations, to resist contamina-
tion by ambient molecules [13]. Despite the fact that both 
gold and platinum nanoislands exhibited structural super-
lubricity on HOPG, a significant difference was observed 
in friction forces: platinum nanoislands experienced 
roughly four times the friction force experienced by gold 
islands of comparable size while sliding on HOPG. Ab ini-
tio calculations pointed toward the occurrence of stronger 
chemical interactions between platinum and HOPG, when 
compared with gold and HOPG, as the likely reason for the 
observation of increased friction forces [14]. This result 
underlined the important influence of interfacial chemistry 
on friction forces in the structural superlubricity regime.

Within this context, an important but so far unanswered 
question is the following: Can we tune friction forces in the 
structural superlubricity regime by modulating interfacial 
chemistry? Equally importantly, as we know that surfaces 
of most metals chemically degrade under environmental 
conditions with time, do we expect a common phenomenon 
such as oxidation to affect, or perhaps lead to a complete 
breakdown of superlubric sliding? To take preliminary 
steps toward the answering of these important questions, 
we present here AFM-based friction experiments performed 
on platinum nanoislands on HOPG, whereby the surfaces 
of the islands have been oxidized through mild plasma 
exposure. Specifically, we discover that partial oxidation at 
the slider–substrate leads to a noticeable increase in fric-
tion force and shear stress, but not a total breakdown of the 
superlubric, ultralow friction state.

2  Materials and Methods

Platinum nanoislands were grown on freshly cleaved, com-
mercially available ZYB-grade HOPG substrates via e-beam 
evaporation of a thin (~ 1 nm) film under high vacuum, fol-
lowed by post-deposition annealing for 30 min at 1000 °C 
as described before [14]. An alternative growth method was 
also tested, where another batch of platinum nanoislands, 
with a nominal coverage of 1 nm Pt, were synthesized by 
magnetron sputtering deposition on HOPG which was kept 
at 564 °C during deposition, similar to a method described 
earlier [15]. Comparison of the morphology and structure 
of the platinum nanoislands grown by these two methods 
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yielded no noticeable differences as checked by Scanning 
Electron Microscopy (SEM) imaging and Electron Back-
scatter Diffraction (EBSD), performed using a Dual Beam 
SEM/FIB microscope equipped with the EDAX/Ametek 
EDX/EBSD analysis system (Quanta 3D FEG, FEI). The 
EBSD data were collected at 20 keV electron energy; only 
the data with a confidence index (CI) of > 0.1 were selected 
for further analysis. To oxidize the nanoislands, samples 
prepared in the fashion described above were exposed 
to oxygen plasma in a reactive ion etching (RIE) system, 
under 50 µBar of plasma pressure and at 50 W power for 
a duration of 2 min. The oxidation of the platinum nanois-
land surfaces was confirmed via X-Ray photoelectron spec-
troscopy (XPS) and additionally through high-resolution, 
cross-sectional energy-dispersive X-ray spectroscopy (EDX) 
mapping performed in a scanning transmission electron 
microscope (STEM) operated at 200 keV ((S)TEM Titan3 
G2 60–300, FEI). The STEM imaging was performed in 
the High Angle Annular Dark Field (HAADF) mode where 
the signal intensity is proportional to atomic number and to 
sample thickness. XPS spectra were calibrated by measur-
ing the binding energy of the C1s orbital, and comparing it 
with reference values from the literature [16, 17]. The sam-
ples for STEM measurements were prepared using Focused 
Ion Beam (FIB). Friction experiments were performed via 
lateral manipulation of the nanoislands on the HOPG sur-
face in contact-mode AFM (XE-100E, PSIA); the details of 
the related procedure were previously described [13, 18]. In 

essence, the AFM tip scanning over the surface occasion-
ally makes contact with a nanoisland, pushing it from the 
side and thus moving (i.e., manipulating) it over the HOPG 
substrate. As soon as the manipulation starts, an increase in 
the lateral force signal experienced by the AFM cantilever 
is recorded, which manifests as a bright “streak” in the lat-
eral force map and directly corresponds to the friction force 
acting at the nanoisland–HOPG interface. The mean and 
standard deviation values of friction associated with each 
island are extracted from these lateral force profiles. In line 
with previous work, contact areas between the nanoislands 
and the HOPG substrate were determined simply from the 
AFM-based topographical imaging of the nanoislands, 
whereby error bars of ± 10% have been included to account 
for potential tip shape effects [19]. The lateral calibration of 
the cantilevers employed in the AFM experiments (ContAl-
G, BudgetSensors) was performed via the Ogletree method 
[20]. No normal force was applied on the cantilevers during 
the measurements, i.e., the net normal force consisted of 
adhesion only.

3  Results and Discussion

To directly probe the influence of interfacial chemistry on 
friction in the structural superlubricity regime, and moti-
vated by previous studies of platinum oxidation in the lit-
erature [16, 17], we oxidized the surfaces of our platinum 

Fig. 1  Structural charac-
terization of oxidized platinum 
nanoislands via electron micros-
copy. a SEM image of oxidized 
platinum nanoislands on HOPG. 
b High-resolution, cross-sec-
tional HAADF STEM image of 
an oxidized platinum nanoisland 
showing pristine atomic planes 
in the bulk, and the correspond-
ing diffraction pattern (inset). 
Note that the presence of any 
oxide layers on the nanoisland 
surfaces cannot be clearly 
detected in the TEM images. c 
SEM EBSD Inverse Pole Figure 
(IPF) (z out of plane) showing 
that all platinum nanoislands 
grow by exposing their (111) 
planes in parallel fashion toward 
the HOPG surface. Scale bars 
correspond to 200 nm, 3 nm, 
and 600 nm, respectively



 Tribology Letters          (2021) 69:105 

1 3

  105  Page 4 of 8

nanoislands as described in Sect. 2. Figure 1a presents a 
representative scanning electron microscopy (SEM) image 
of the HOPG substrate decorated with oxidized platinum 
nanoislands. By way of such SEM images, it can be con-
firmed that the oxidized platinum nanoislands preserve 
the flat, “pancake-like” morphology of their parent plati-
num particles (attributed to the relatively short durations of 
plasma exposure) [14], spanning a lateral size regime from 
a few tens of nm to a few hundreds of nm. It should be 
additionally noted that while the HOPG surface appears to 
be densely packed with nanoislands, sufficiently wide, bare 
areas can be found that allow adequate lateral manipula-
tion of islands for friction measurements. Finally, while the 
oxidized nanoislands often expose straight edges, indica-
tive of crystallinity, we additionally performed SEM EBSD 
measurements, as well as high-resolution, cross-sectional 
HAADF STEM imaging on several nanoislands to confirm 
their structure. A representative HAADF STEM image, pre-
sented in Fig. 1b, clearly shows atomic planes arranged on 
top of each other in (111) configuration, parallel to the top 
surface of the HOPG substrate. The corresponding Fourier 
Transform (Fig. 1b, inset) provides further validation for 
the crystalline structure of the nanoisland. Additionally, the 
SEM EBSD Inverse Pole Figure (IPF) (z out of plane) in 
Fig. 1c clearly shows that all nanoislands are in (111) con-
figuration with respect to the HOPG surface. 

The fact that the cross-sectional HAADF STEM images 
show predominantly pristine (111) planes in the nanois-
lands leads to the conclusion that the oxidation must have 
been limited to a very thin region on the island surfaces; as 
such, the method of XPS was utilized to confirm the sur-
face oxidation of the nanoislands. Toward this purpose, XPS 
spectra were obtained for Pt4f, C1s, and O1s regions in the 
plasma-treated samples, whereby a representative spectrum 
in the Pt4f region is provided in Fig. 2. Here, metallic Pt4f 
doublet peaks (blue) are accompanied by a further doublet 
peak (red), which corresponds to  PtO4f(7/2) and confirms 
that our platinum nanoislands are indeed oxidized [16, 17]. 
Moreover, no significant change in the C1s spectrum was 
observed after oxidation (please see Fig. S1), suggesting that 
the chemical characteristics of the HOPG substrate remained 
unchanged after the brief exposure to oxygen plasma.

Despite the fact that the XPS results presented in Fig. 2 
clearly indicate oxidation, the technique is limited by pen-
etration depths of a few nm on the platinum nanoislands, and 
as such the related results only confirm that the top surfaces 
of the islands are oxidized and do not provide useful infor-
mation about the bottom surfaces of the islands that form the 
sliding interface with the HOPG substrate. As friction on the 
nanoscale is mainly dominated by the structural and chemi-
cal characteristics of the slider and substrate surfaces [21], 
a more careful investigation of oxidation at the bottom sur-
faces of islands is of crucial importance. Motivated in this 

fashion, we acquired high-resolution EDX maps on oxidized 
platinum nanoislands that were prepared via FIB and inves-
tigated in a cross-sectional STEM configuration. A repre-
sentative result is shown in Fig. 3, where the cross-sectional 
HAADF STEM image belonging to a particular nanoisland 
is presented together with the corresponding EDX map of 
oxygen and a line profile showing oxygen intensity along 
the cross-section of the island. As one can see in Fig. 3, a 
clear oxygen signal is detected both on the top and the bot-
tom (i.e., sliding) surfaces of the nanoisland. At this point, a 
couple of observations need to be highlighted: (i) the overall 
intensity of oxygen is typically higher on the top surface 
than the bottom surface, (ii) the intensity of oxygen on the 
bottom surface changes depending on lateral position, and 
(iii) while the majority of islands we investigated showed 
recognizable oxygen content on the bottom surfaces, there 
were some islands where oxidation of the bottom surface 
could not be clearly recorded. Point (i) can be quickly ration-
alized when one considers that the top surfaces of the islands 
are fully exposed during the plasma oxidation process while 
the bottom surfaces are (partially) protected by the HOPG 
substrate. On the other hand, while point (ii) indicates a non-
uniform oxidation of the bottom surface, point (iii) can be 
understood when one takes into account the variability in 
the way that the FIB-based cross-sectioning procedure is 
performed. Specifically, considering that the oxygen plasma 
penetrates the island–substrate interface at island edges, FIB 
cross sections performed closer to the edges of a particular 
island would naturally show a higher degree of oxidation at 

Fig. 2  XPS investigation of the oxidized platinum nanoislands. The 
experimentally measured spectrum (background subtracted) is shown 
in black, whereas the reference spectrum corresponding to the metal-
lic Pt4f orbital is shown in blue, and the reference spectrum corre-
sponding to  PtO4f(7/2) is shown in red (Color figure online)
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the bottom surface, whereas slices performed closer to the 
middle region of the islands may not show too much oxida-
tion at all. Regardless, our results demonstrate that oxygen 
ions can indeed penetrate the island–substrate interface and 
lead to a chemical alteration of the sliding interface.

As the final step in the characterization of the sample 
system, we performed AFM-based topographical scans (on 
both the HOPG substrate and the nanoisland surfaces) pre- 
and post-oxidation, from which root-mean-square (RMS) 
roughness values were extracted (see Table 1). Although 
no change in the RMS roughness of the HOPG substrate is 
detected after the brief plasma exposure (0.5 ± 0.2 nm), the 
roughness of the top surface of the nanoislands increases 
significantly (from 5.5 ± 0.4 nm to 13.6 ± 1.4 nm). It should 
be noted that the RMS roughness measured on the islands 
are often affected by bump-like topographical features which 
form during the growth process, hence the relatively high 
values when compared with the atomically flat HOPG.

Friction experiments were then conducted on the 
nanoislands, whereby the friction force experienced by 
each nanoisland was measured as it was manipulated on 
the HOPG substrate by the tip of the AFM, together with 
the corresponding contact area, as described in Sect. 2. 
Results are reported in Fig.  4a, together with results 
obtained on gold and non-oxidized platinum nanoislands 
presented in previous work [13, 14]. A particular obser-
vation can be readily made by inspecting the data pre-
sented in Fig. 4a: on average, oxidized platinum nanois-
lands experience higher friction forces than platinum and 
gold nanoislands. In particular a mean friction of 9.25 nN 
is measured for oxidized platinum nanoislands, whereas 
mean friction values of 1.41 nN and 0.33 nN are reported 
for platinum and gold nanoislands, respectively. On the 
other hand, it needs to be taken into account that a signifi-
cant number of oxidized platinum nanoislands investigated 
here are larger than the majority of platinum and gold 
nanoislands, as underlined by the fact that they are accu-
mulated on the right side of the plot. Considering that fric-
tion scales with contact area in the structural superlubric-
ity regime [22], a more rational comparison between the 
friction values experienced by the three types of islands 
can be made by dividing Fig. 4a into two regions. In par-
ticular, Region 1 contains oxidized platinum nanoislands 
that are of comparable size to the great majority of gold 
and platinum nanoislands, whereas Region 2 contains oxi-
dized platinum nanoislands that are significantly larger. 
Once this is done, it is observed that oxidized platinum 

Fig. 3  a Cross-sectional 
HAADF STEM image of an 
oxidized platinum nanoparticle. 
b The corresponding EDX map 
for the oxygen Kα peak, where 
brightness indicates a higher 
oxygen count (background 
subtracted). Scale bar corre-
sponds to 15 nm. c Line profile 
of oxygen intensity taken along 
the white, dashed arrow in (a), 
from the top to the bottom of 
the nanoparticle. Two peaks 
corresponding to increased oxy-
gen content on the top (~ 5000 
counts) and the bottom surfaces 
(~ 2500 counts) can be observed 
(Color figure online)

Table 1  RMS roughness values for the HOPG substrate pre- and 
post-oxidation, as well as the non-oxidized and oxidized platinum 
nanoislands

RMS roughness (nm)

HOPG, pre-oxidation 0.5 ± 0.2
HOPG, post-oxidation 0.5 ± 0.2
Platinum nanoislands 5.5 ± 0.4
Oxidized platinum nanoislands 13.6 ± 1.4
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nanoislands in Region 2 experience a mean friction force 
of 11.8 nN, while those in Region 1 experience a mean 
friction force of 4.14 nN. Compared with the mean fric-
tion force reported for platinum nanoislands (please see 
Table 2 for a summary of mean and standard deviation val-
ues of friction forces for all types of nanoislands discussed 

here), we arrive at the conclusion that interfacial oxida-
tion leads to a noticeable increase in friction for platinum 
nanoislands.

While ultralow friction forces are an indication of super-
lubricity, it needs to be mentioned that the magnitude of 
the friction force is a function of both contact area and the 
strength of chemical interaction between the slider and the 
substrate in the structural superlubricity regime. As such, a 
direct comparison of friction forces experienced by nanois-
lands composed of different materials should not yield a 
straightforward conclusion about the persistence or break-
down of structural superlubricity. Instead, shear stresses 
(i.e., friction force per contact area) need to be inspected 
for a clear proof of structural superlubricity. Shear stresses 
also provide a better means of comparing islands of different 
size in terms of frictional behavior than friction forces. To 
follow up from the first point, let us recall that in the struc-
tural superlubricity regime, friction forces scale sub-linearly 
with contact size; in other words, shear stress is expected 
to decrease with increasing contact area [22, 23]. To check 
whether this theoretical prediction is valid for our data, we 
calculated shear stresses ( � ) for the gold, platinum, and 
oxidized platinum nanoislands discussed here and plotted 
them as a function of contact area ( A ) in Fig. 4b, along with 
best fits in the form of � = c

1
A
c
2 . The results clearly show a 

decreasing trend for all three types of nanoislands and thus 
validate that the ultralow friction forces we recorded are 
indeed in agreement with the theory of structural superlu-
bricity. On the other hand, it can be seen that although the 
shear stress for the oxidized platinum islands is decreasing 
with contact area, this occurs with a significantly weaker 
slope, i.e., with a scaling factor c

2
 (− 0.31 ± 0.12) that is 

significantly lower than what has been recorded for gold 
and platinum islands (− 0.64 ± 0.25 and − 0.66 ± 0.27, 
respectively).

We also extracted mean values of shear stress for the three 
types of islands in our experiments. The results, reported in 
Table 2, point to a ~ 70% increase in mean shear stress when 
platinum nanoislands are oxidized. It should be noted that 
(i) friction forces recorded by way of experiments described 
here are susceptible to significant fluctuations (which can 
be attributed to spontaneous rotations of islands as they are 
being manipulated by the AFM tip [24]) and (ii) friction in 
the structurally superlubric regime is not only a function 
of contact size but also of its shape [22]; hence the rather 
substantial error bars in the reported friction force and shear 
stress values.

Motivated by the results described above, the natural 
next step in our investigation is to determine potential 
reasons why interfacial oxidation leads to a noticeable 
increase in shear stresses, and consequently friction forces, 
experienced by platinum nanoislands. Two main avenues 
through which friction can increase in the structural 

Fig. 4  a Friction force measured as a function of interfacial contact 
area for gold (blue), platinum (black) and oxidized platinum (red) 
nanoislands. The dashed line separates Regions 1 and 2, as described 
in the text. b Shear stress measured as a function of interfacial con-
tact area for gold (blue), platinum (black) and oxidized platinum (red) 
nanoislands. Lines are best fits to the data that represent scaling of 
shear stress with respect to contact area according to the relation 
� = c

1
A
c
2 (Color figure online)

Table 2  Friction forces and shear stresses experienced by the three 
types of nanoislands. For oxidized platinum nanoislands, the reported 
friction force corresponds to islands in Region 1 of Fig. 4a

Friction force (nN) Shear stress (MPa)

Gold [13] 0.33 ± 0.39 0.02 ± 0.02
Platinum [14] 1.41 ± 0.83 0.13 ± 0.10
Oxidized platinum 4.14 ± 2.77 0.22 ± 0.30
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superlubricity regime are (i) an increase in the magnitude 
of chemical interaction forces between the slider and the 
substrate (as was the case when platinum nanoislands were 
manipulated on HOPG instead of gold nanoislands [14], 
or when the substrate was switched from HOPG to  MoS2 
for manipulation experiments on antimony nanoislands 
[23]) or, (ii) an increase in the topographical roughness 
of the interface, which naturally involves the evolution 
of a multiple-asperity contact at the interface from the 
originally atomically flat, albeit structurally incommen-
surate geometry. The latter avenue leads to an increase 
in friction forces, as the pairwise cancellation of lateral 
forces at a structurally incommensurate interface is not 
valid for atoms at the edges of the contact: with increasing 
roughness, we have an increase in the number of asperity 
contacts, leading to an increase in the number of edge 
atoms, which in turn leads to an increase in friction [25].

While it is clear from the data presented in Table 1 
that the oxidation process leads to a noticeable increase 
in the roughness of the top surfaces of the nanoislands, it 
seems unlikely that roughness is the main factor leading 
to friction increase in our experiments as even a minor 
increase in roughness at the slider–substrate interface is 
theoretically expected to eradicate the superlubric state 
[25], whereas the characteristic negative scaling of shear 
stress with contact area persists in the oxidized platinum 
nanoislands. This leaves avenue (i) (i.e., an increase in 
the magnitude of chemical interaction forces) as the most 
likely physical reason for the increase in shear stress, and 
consequently friction forces, measured after oxidation. In 
fact, it was previously shown in atomistic simulations by 
He et al. that oxidation of platinum nanoparticles leads to 
a drastic (~ fivefold) increase in binding energy to graph-
ite surfaces [26]. Considering that the degree of chemical 
interactions between the slider and the substrate (in addi-
tion to contact size, shape and their relative orientation) 
is one of the main factors that ultimately determine the 
magnitude of friction forces in structurally superlubric 
sliding, it is therefore plausible that increased chemical 
interactions at the slider–substrate interface would lead 
to enhanced friction forces for oxidized platinum nano-
particles. Having said this, it may come as a surprise that 
despite the noticeable oxidation at the interface, structural 
superlubricity still persists, although in a weaker state sig-
nified by the strong drop in the shear stress vs. contact 
area scaling factor when compared with pristine platinum 
(− 0.31 vs. − 0.66). This observation can be tentatively 
explained by the fact that the bottom, sliding surfaces 
of the nanoislands appear to be only partially oxidized 
(Fig. 3), such that the enhanced interactions due to oxida-
tion are valid only for a fraction of the total contact area, 
leaving open the possibility that a complete breakdown of 
superlubricity may occur upon full interfacial oxidation.

4  Conclusions

Here we presented AFM-based friction experiments per-
formed by manipulation of oxidized platinum nanoislands 
on HOPG, in order to answer the question of whether 
changes in interfacial chemistry would lead to a modulation 
of friction forces in the structural superlubricity regime, or 
alternatively, to its breakdown. While XPS measurements 
confirmed oxidation of top surfaces, electron microscopy 
was utilized to determine that the bottom, sliding surfaces 
of the islands are partially oxidized, as well. Oxidized plati-
num nanoislands exhibited a mean shear stress that is ~ 70% 
higher than non-oxidized ones when they were manipulated 
on HOPG. An increase in chemical interaction forces at 
oxidized regions of the interface was brought forward as 
the most likely mechanism leading to friction modulation. 
Our experiments revealed that friction in the structurally 
superlubric regime can indeed be tuned chemically, e.g., by 
oxidation, without a total breakdown of the ultralow friction 
state. The results presented here hint at the possibility of 
finding material systems where friction could be reversibly 
modulated in the structurally superlubric regime through 
chemical means, as well as provide further feasibility for the 
environmental robustness of superlubric mechanical systems 
that would be designed to operate under ambient conditions.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11249- 021- 01475-1.
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