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ARTICLE INFO ABSTRACT

Keywords: First-principles calculations were employed to investigate the ultralow friction of stanene/graphene systems
Stanene based on a combined strategy of heterostructure construction and fluorination. The potential energy surfaces
Graphene (PES) and sliding energy barriers of six configurations were analyzed. Heterostructure formation primarily
Ultralow friction duced friction b ing interlayer ch distribution, while fluorination further lowered friction b
Fluorination reduced friction by suppressing interlayer charge redistribution, while fluorination further lowered friction by

smoothing the PES and inhibiting charge rearrangement due to the strong electron-withdrawing effect of fluo-
rine. Under external load, the collapse and reversal of the PES were governed by the competition between
interlayer van der Waals and Coulomb interactions. Among all systems, StaF/Gr showed the lowest sliding
barrier and achieved the minimum friction coefficient of 0.0012, maintaining stable ultralow friction over a wide
load range, whereas Sta/GrF only exhibited such behavior under low loads. These results clarified the mecha-
nisms of the heterostructure-fluorination strategy and demonstrated the potential of fluorinated stanene/gra-
phene for low-dissipation nano- and micro-scale applications.

First-principles calculations

1. Introduction

Friction-induced energy dissipation accounts for nearly 30% of the
global energy consumption, and the associated direct economic loss
amounts to approximately 5% of the total social productivity each year
[1,2]. In engineering area, nearly 80% of mechanical component fail-
ures originate from lubrication failure at contact interfaces, and effec-
tive lubrication under extreme service conditions remains a major
challenge [3]. Layered solid lubricants, such as graphene, molybdenum
disulfide, and hexagonal boron nitride, are widely used for interfacial
lubrication under extreme conditions including heavy load, high and
low temperatures, and strong radiation, owing to their ultralow inter-
layer shear strength and high load-carrying capacity, and they exhibit
excellent lubricating performance [4,5]. Moreover, their intrinsic
micro-/nanoscale dimensions make them highly promising for lubrica-
tion in micro- and nano-electromechanical systems [6,7]. The superior
macroscopic lubrication performance of layered solid lubricants origi-
nates from their near- or true-superlubric frictional behavior at the
microscopic scale [8].

An interlayer friction coefficient at the level of 10~ is commonly
regarded as the hallmark of superlubricity [9-11]. Continuous sliding
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between incommensurate interfaces is a key route to achieve ultralow
friction. In twisted homostructures, for example bilayer graphene, MoS:,
and h-BN, the formation of Moiré superlattices effectively suppresses the
modulation of the interfacial potential landscape, thereby enabling ul-
tralow friction behavior at the atomic scale [12]. Although twisted
homostructures provide an important pathway to ultralow friction,
maintaining a specific twist angle is difficult in practical applications,
which limits their macroscopic realization. In contrast, heterostructures
are intrinsically incommensurate due to lattice mismatch, and their
weak interlayer van der Waals interactions allow ultralow friction to be
more readily achieved [13]. Recently reported heterostructures with
ultralow friction potential include graphene/ZrS. [14], graphe-
ne/tellurene [15] and graphene/GaSe [16]. Furthermore, surface
functionalization can further reduce interlayer friction. First-principles
simulations indicate that fluorine termination of the graphene/h-BN
interface can substantially reduce the interlayer sliding barrier, lead-
ing to enhanced friction performance [17]. Consistent conclusions have
also been reported experimentally: plasma-fluorinated multilayer gra-
phene exhibits a significantly reduced friction coefficient and improved
durability [18]. The combination of heterostructure construction and
surface functionalization thus represents an important strategy for
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Fig. 1. Top-view and side-view geometries of the six bilayer configurations: (a) Gr/Gr; (b) Sta/Sta; (c) Sta/Gr; (d) StaF/Gr; (e) Sta/GrF; and (f) StaF/GrF. Here, z
referred to the spacing between the two layers, which was defined as the minimum averaged vertical separation between the bottommost atomic plane of the upper

sheet and the topmost atomic plane of the lower sheet.

achieving ultralow friction at solid interfaces.

The development of novel layered solid lubricants with ultralow
friction potential has therefore attracted sustained interest. Following
graphene, other elements including silicon, germanium, and tin, were
also found to form atomically thin sheets [19-21]. Unlike the perfectly
planar honeycomb lattice of graphene, silicene, germanene, and stanene
exhibit a buckled structure due to their longer bond lengths [22].
Extensive studies have been devoted to the physical properties of sili-
cene and germanene [23-25], and their extremely low sliding barriers
on graphene substrates have been confirmed in nanoscale friction in-
vestigations [26]. Stanene, a more recently reported member of this
family, exhibits remarkable electrical and optical characteristics. Both
pristine and chemically functionalized stanene (e.g., fluorinated [27]
and hydrogenated [28]) were predicted to be topological insulators.
Stanene-based heterostructures on substrates such as graphene
[29-31]. h-BN [32] and Mo0S3[33] exhibit large-gap quantum spin Hall
states at room temperature. Strain [34,35], electric fields [36], and
defects [37] have also been shown to enhance spin—orbit coupling and
enlarge the band gap. Such unconventional quantum behaviors high-
light the great promise of stanene for nanoelectronic and spintronic
technologies. In addition, its spin-induced photocurrent [38] and the
optical properties of functionalized stanene (Sta-X, X = C, Si, Ge, F) [27,
39] suggest potential in optoelectronic devices. Heterostructures of

stanene with graphene [30], ZnO [40], and fluorinated stanene [27]
have also been proposed for photovoltaic and sensing applications.
Despite these advances, the tribological behavior of stanene at the
nanoscale remains largely unexplored.

The frictional behavior of fluorinated stanene/graphene hetero-
structures was systematically investigated using density functional
theory. The potential energy surfaces (PES) of six representative con-
figurations were obtained, and their sliding energy barriers were
compared to preliminarily evaluate their frictional performance. The
microscopic mechanisms responsible for the differences in tribological
behavior were elucidated through analysis of interlayer charge distri-
bution and charge transfer during sliding. In addition, the influence of
applied normal loading on the frictional behavior of the six structures
was systematically analyzed. The results demonstrate that the dual
strategy of heterostructure construction and surface fluorination is
highly effective in achieving ultralow friction. These findings has
broadened the range of known ultralow friction systems and offered
theoretical insight for developing next-generation solid lubrication
materials.

2. Models and methods

First, the atomic structures of four monolayers, namely stanene,
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Fig. 2. Interlayer adhesion energy with interlayer distance for the six bilayer structures: (a) Gr/Gr; (b) Sta/Sta; (c) Sta/Gr; (d) StaF/Gr; (e) Sta/GrF; and (f) StaF/GrF.

graphene, fluorinated stanene, and fluorinated graphene, were fully
optimized. The optimized lattice constants were determined to be
4.67 [o\, 2.46 [o\, 5.00 [o\, and 2.61 A, consistent with earlier theoretical
studies [27,41]. Six bilayer models were then constructed, including
graphene/graphene (Gr/Gr), stanene/stanene (Sta/Sta), stanene/-
graphene (Sta/Gr), fluorinated stanene/graphene (StaF/Gr), stanene/-
fluorinated graphene (Sta/GrF), and fluorinated stanene/fluorinated
graphene (StaF/GrF), as illustrated in Fig. 1. Supercells were built to
ensure that the lattice mismatch of all heterostructures was less than 5%.
The corresponding in-plane lattice dimensions of the six bilayers were
4.27 x 2.46 A, 8.09 x 4.67 A, 8.54 x 4.93 A, 8.66 x 5.00 A,
8.99 x 5.19 A, and 8.99 x 5.19 A. To avoid artificial coupling between
periodic images, a vacuum region exceeding 20 A was introduced
normal to the layers. All first-principles simulations were carried out
with the Vienna ab initio Simulation Package (VASP) [42]. Core-valence
interactions were described by the projector augmented-wave (PAW)
approach [43], while exchange—correlation effects were treated within
the generalized gradient approximation using the PBE functional [44].
Long-range dispersion forces were included via the DFT4+D2 scheme
[45].The Brillouin-zone k-point mesh was set to 9 x 17 x 1 for the Gr/Gr
system and 5 x 9 x 1 for the other five bilayers. A plane-wave cutoff of
500 eV was applied, and the convergence thresholds for electronic

self-consistency and ionic relaxation were set to 105 eV and 0.02 eV A,
respectively, ensuring reliable computational accuracy. We compared
the AFM experimental results of monolayer graphene, monolayer fluo-
rinated graphene, and the interlayer tribological properties of the gra-
phene/graphene structure with part of the DFT simulation results from
this study. This comparison provided support for the rationality of the
simulation results. The comparison between the simulation results and
the AFM experimental results was placed in the Supplementary Material.
The PES is a key quantity for characterizing atomic-scale friction. To
obtain the PES of the six bilayer structures, the upper layer was laterally
translated over the lower one on a two-dimensional 13 x 7 mesh, cor-
responding to 13 sampling points in the x direction and 7 in the y di-
rection. At each grid point, the in-plane (x and y) coordinates of all
atoms were fixed, while full relaxation was allowed along the z direction
[46,47]. The interfacial adhesion energy E,q at each position was eval-
uated using the following relation:
_ Etotal - Elayerl - Elayer2

Eaa(x,y,2) = N (€D)

Where x and y denote the relative lateral shifts of the upper sheet with
respect to the lower one, whereas z denotes their vertical separation. Eyq
refers to the adhesion energy of the bilayer, E,) to the total energy of
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Fig. 3. Potential energy surfaces of the six bilayer structures: (a) Gr/Gr; (b) Sta/Sta; (c) Sta/Gr; (d) StaF/Gr; (e) Sta/GrF; and (f) StaF/GrF.

the combined structure, and Ejayer1 and Ejayer2 to the energies of the
isolated top and bottom sheets, respectively, with N being the total atom
count.

When no normal force was applied, z corresponded to the equilib-
rium spacing between the two layers, and the sliding energy barrier
during relative motion was obtained from the following formula:

AE = EadMax - EadMin (2)
where AE denotes the sliding energy barrier, Eagymax is the maximum
interlayer adhesion energy during sliding, and Eaqmin is the minimum
interlayer adhesion energy along the sliding path.

The differential charge density during relative sliding was obtained
by subtracting the charge densities of the two isolated layers from that of
the combined bilayer, as given by

Paitt = Prot —P1 P2 ©)
where pgier denotes the differential charge density, pior represents the
overall charge distribution of the bilayer, and p; and p2 correspond to
the charge densities of the separated upper and lower layers.

In this work, a constant normal force was imposed by tuning the
vertical separation between the two layers [48,49]. For lateral motion
along the x direction, the interfacial normal force could be evaluated
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from

0By (x,2)

Fu(x,2) = e

4)

Where F, is the normal load, E,q is the interlayer adhesion energy, z

denotes the layer spacing, and x is the relative sliding coordinate.
Compared with the system energy calculated for the potential energy
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surface, the work done by the normal load was further considered. The
total energy of the system at nonequilibrium separations during sliding
was expressed as [48]:

V(x,Fy) = Eaa(x,2(x, Fy)) + Fa x 2(x,Fy) — Vo (Fa) 5)

where V represents the system energy under a given normal force F, E,q
is the adhesion energy, and V) is the minimum energy along the sliding
path under the same loading condition.

The sliding barrier under an external load was then evaluated by
[48]:

AVmax(Fn) = Vmax(Fn) - Vmin(Fn) (6)

where Vinax and Vi are the highest and lowest values of V along the
sliding trajectory.

Finally, the lateral friction force during relative motion was obtained
from the following relation [14,50,51]:

_ AVmax(Fn)

F,
f Ax

)
where Ax is the sliding distance between the Viyax and Viip.

Therefore, the friction coefficient during the sliding process was
given by [14,50,51]:

o Ff o AVmax(Fn)

H=F = Fax ®)

To further elucidate the fundamental physical mechanism underly-
ing the load-induced collapse and inversion of the potential energy
surface, the interlayer adhesion energy (E,q) was decomposed into the
interlayer Coulomb interaction energy (Ec) and van der Waals interac-
tion energy (Evaw), as expressed in Eq. (9).

Ead = Ec JrEvdW (9)

where E,q denotes the interlayer adhesion energy, Ec represents the
Coulomb interaction energy, and E,qw represents the van der Waals
interaction energy.

To quantify the relative contributions of van der Waals and Coulomb
interactions, a coefficient K was defined as shown in Eq. (10). A value of
K greater than 1 indicated that the interlayer interaction was dominated
by van der Waals force, whereas K less than 1 indicated that the inter-
action was dominated by Coulomb force.

EvdW
Ec

(10)

The total energy of system (V) could also be decomposed into the
contribution from Coulomb interaction energy (V¢) and from van der
Waals interaction energy (Vygqw), as given in Eq. (11).

V(X,Fn) = Vc(xyFn)+VvdW(x»Fn) (11)
3. Results and discussion
3.1. Potential energy surface (PES) and sliding energy barrier

First, the relationship between the interlayer adhesion energy and
the interlayer distance was calculated for the six bilayer structures, as
shown in Fig. 2. The spacing normal to the interface scanned from 5.5 A
down to 2.0 A with an increment of 0.1 A, and the interlayer adhesion
energy E,q was recorded at each step. As the layers approach each other,
the adhesion energy first decreased and then increased, and the mini-
mum of each curve identifies the equilibrium separation. The equilib-
rium interlayer distances of the homostructures Gr/Gr and Sta/Sta were
3.5 Aand 2.5 A, respectively, while those of the heterostructures Sta/Gr,
StaF/Gr, Sta/GrF, and StaF/GrF were 3.3 A, 2.9 A, 3.1 A, and 2.7 A,
respectively.

This equilibrium position results from the competition between
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Fig. 6. Differential charge density maps at three representative positions during sliding for the six bilayer structures: (a) Gr/Gr; (b) Sta/Sta; (c) Sta/Gr; (d) StaF/Gr;
(e) Sta/GrF and (f) StaF/GrF. The top row showed top views of the bilayer system during sliding, and the bottom row showed the corresponding differential charge
density profiles. For each model, the configurations from left to right were the top, bridge, and hollow stacking sites. Regions of electron accumulation were colored

in yellow, whereas electron depletion was shown in blue.

short-range Pauli exclusion and long-range dispersion interactions, the
latter being comparatively weak. Notably, the adhesion curve of Sta/Sta
lies far above those of the remaining five systems, implying that, besides
Pauli repulsion and van der Waals attraction, interlayer chemical
bonding played a non-negligible role in stabilizing this configuration.
Since the interlayer binding strength was strongly correlated with po-
tential energy corrugation [52], the Sta/Sta homostructure was ex-
pected to exhibit a much higher sliding energy barrier compared to the
other five bilayers. To verify this hypothesis, the potential energy sur-
faces of all six structures were further calculated.

At the equilibrium interlayer distance, variations in the adhesion
energy E,q with lateral displacement are the origin of friction. The top
layer was displaced to each grid point of the model, and the structures
were optimized at each position to obtain the corresponding energies.
The resulting potential energy surfaces at equilibrium were shown in
Fig. 3. Due to the inherent lattice periodicity, the PES exhibited periodic
features with a length scale corresponding to the lattice constants. For
the Gr/Gr bilayer, the calculated barrier was 6.56 meV/atom, which
was consistent with the literature value of 6.47 meV/atom [49]. As
shown in Fig. 4, comparison of the sliding barriers for the six bilayers
revealed that the Sta/Sta homostructure exhibited the highest barrier of
148.50 meV/atom. In contrast, the Sta/Gr heterostructure had a much
smoother PES compared to the two homostructures. Surface fluorination
further reduced the interlayer sliding barrier, with StaF/Gr—where only
the stanene layer was fluorinated—showing the lowest barrier. Using
the maximum sliding barrier of the graphene bilayer as a reference, the

Sta/Sta barrier increased by 2163.72%, while the Sta/Gr hetero-
structure decreased by 60.52%. The fluorinated heterostructures
StaF/Gr, Sta/GrF, and StaF/GrF reduced the sliding barriers by 82.77%,
76.68%, and 81.25%, respectively.

Fig. 5 presented the evolutions of the interlayer spacing and adhesion
energy along the maximum-energy sliding pathway. For Gr/Gr, Sta/Gr,
StaF/Gr, Sta/GrF, and StaF/GrF, the change in layer separation mirrors
the variation in adhesion energy, and the smallest spacing coincided
with the energy minimum. In contrast, Sta/Sta exhibited a distinct
behavior due to its buckled structure. In Sta/Sta, the central atom in the
upper sheet sat above the hexagonal hollow of the lower sheet and was
lifted upward, giving the largest separation, whereas the sublayer atoms
of the upper sheet were located closer to the hollow sites of the lower
sheet and thus experienced stronger attraction, resulting in the shortest
distance. The maximum interlayer distance variations for the homo-
structures Gr/Gr and Sta/Sta were 0.25 A and 0.85 A, respectively,
while the heterostructure Sta/Gr showed a much smaller maximum
variation of 0.09 A, indicating that heterostructures underwent smaller
configurational changes during zero-load sliding. For the fluorinated
systems StaF/Gr, Sta/GrF, and StaF/GrF, the corresponding variations
were 0.14 i\, 0.16 A, and 0.28 f&, all larger than that of the pristine
heterostructure.

3.2. Interlayer charge distribution and transfer during sliding

During the relative sliding of the bilayer structures, changes in
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configuration led to variations in both interlayer interactions and charge
distribution. The distribution of charge density was closely related to the
interlayer sliding energy barrier [52-55]. Differential charge density
analysis provides an intuitive visualization of how charge is distributed
within a region. To explain the significant differences in friction among

the bilayer structures, the redistribution and transfer of interlayer
charge during sliding were examined. Both graphene and stanene
exhibited a regular hexagonal in-plane atomic arrangement. Three
typical stacking sites—top, bridge, and hollow—were selected as
representative configurations along the sliding path to observe
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interlayer charge redistribution. The differential charge density distri-
butions at these three representative positions for all six bilayer struc-
tures during sliding were displayed in Fig. 6.

As shown in Figs. 6(a) and 6(b), both Gr/Gr and Sta/Sta exhibited
pronounced interfacial charge rearrangement along the sliding path,
consistent with their relatively large energy barriers in Fig. 5(a) and 5

(b). The differential charge density map of Sta/Sta indicated strong in-
teractions between the top and bottom stanene layers: electrons from
individual Sn atoms were depleted and accumulated in the interlayer
region. This significant redistribution of interlayer charge during sliding
was one of the main pathways for energy dissipation, providing an
explanation for the substantially higher sliding barrier of the Sta/Sta
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structure. In contrast, the Gr/Gr homostructure showed relatively weak
interlayer charge transfer, with much less redistribution during sliding,
resulting in a smoother potential energy surface. For the Sta/Gr heter-
ostructure, almost no interlayer charge redistribution occurred during
sliding, which corresponded to its significantly lower sliding barrier
compared to the homostructures. Furthermore, for the three fluorinated
heterostructures, the redistribution of interlayer charge during sliding
was minimal, consistent with their relatively small sliding barriers.

To quantitatively describe interlayer charge transfer during sliding,
Bader charge analysis was performed for both the entire top layer and
individual highlighted atoms within the layer. As shown in Fig. 7(b), the
Bader analysis of a single F atom provided a microscopic electronic-level
explanation for the further reduction of the interlayer sliding barrier
upon fluorine incorporation. Electrons accumulated strongly around the
interfacial F atom and maintained this localized accumulation
throughout the sliding process. Fig. 7(c) showed that Sn atoms in the
upper sheet of the Sta/Gr structure tended to lose electrons. In the

fluorinated StaF/Gr structure, where the top layer was fluorinated, the
top-layer atoms overall gained electrons due to the effect of F atoms. For
Sta/GrF, where only the bottom layer was fluorinated, the top-layer Sn
atoms lost significantly more electrons. In StaF/GrF, where both layers
were fluorinated, the top-layer atoms overall lost electrons, reflecting
the larger population of fluorine atoms in the lower sheet. Fluorine
effectively modulated the interlayer charge distribution and, by stabi-
lizing accumulated electrons, significantly suppressed interlayer charge
redistribution during sliding, thereby reducing the interlayer sliding
barrier.

3.3. Mechanism of the effect of fluorination on tribological properties

At the microscopic level, the origin of friction arose from the
corrugation of the potential energy surface (PES). Generally, a larger
PES corrugation corresponded to poorer tribological performance. In
addition, charge transfer and redistribution during interlayer sliding
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also affected the interfacial frictional properties of bilayer structures. In
bilayer systems, interlayer interactions made it difficult to directly
evaluate the effect of surface fluorination on the PES of a single layer. To
systematically reveal the mechanism of fluorination, we further carried
out density functional theory (DFT) simulations based on atomic force
microscopy (AFM) to investigate the influence of surface fluorination on
the PES of monolayer materials. Meanwhile, the plane-averaged charge
density was used to quantify charge redistribution in bilayer structures.

As shown in Fig. 8(al)-8(a4), the AFM probe used in the simulations
was a rigid Cu-Cu dimer, and the substrates were four types of mono-
layer structures: Gr, GrF, Sta, and StaF. The sliding path of the probe was
indicated in the figures. The Cu dimer probe has been successfully used
in studies of pressure-induced superlubricity in graphene [56], and has
been further applied to investigate the tribological properties of
emerging two-dimensional layered materials such as GPAene [57]. After
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fluorination, the corrugation of the PES along the sliding path was
significantly reduced for all monolayer structures, as shown in Figs. 8(b)
and 8(c). For example, the maximum PES corrugation of monolayer GrF
decreased from 12.85 meV/atom (Gr) to 1.02 meV/atom, while that of
StaF decreased from 345.00 meV/atom (Sta) to 235.00 meV/atom, as
shown in Fig. 8(d). Reducing the wrinkle effect of two-dimensional
structures was beneficial for improving the tribological performance
of materials [58]. The wrinkle effect of the Gr monolayer structure was
not significant before and after fluorination. However, the wrinkle effect
of the Sta monolayer structure was significant, and the wrinkle effect of
StaF was alleviated to a certain extent after fluorination, which facili-
tated the sliding of diatomic probes on the surface. The complete PES of
the four monolayer structures measured by the dimer probe was pre-
sented in Fig. 9.

It was evident that surface fluorination was more effective in
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reducing the PES corrugation of monolayer graphene. However, in the
three bilayer structures (StaF/Gr, Sta/GrF, and StaF/GrF), the interlayer
sliding energy barrier was the lowest for StaF/Gr (1.13 meV/atom), the
highest for Sta/GrF (1.53 meV/atom), and intermediate for StaF/GrF
(1.23 meV/atom). This indicated that although surface fluorination
played an important role in smoothing the PES, changes in the PES were
not the dominant factor governing the tribological performance of
fluorinated Sta/Gr bilayer structures. To further analyze this phenom-
enon, we calculated the plane-averaged differential charge density at the
highest and lowest energy states during interlayer sliding for the three
bilayer systems, as shown in Fig. 10. The results showed that the degree
of interlayer charge redistribution in Sta/GrF was greater than that in
StaF/Gr during sliding, which explained the superior tribological per-
formance of the StaF/Gr structure. Although the fully fluorinated bilayer
StaF/GrF exhibited flatter PES in each individual monolayer, the charge
redistribution during interlayer sliding was more pronounced, which
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weakened its tribological performance. From the above analysis, surface
fluorination served to smooth the PES of monolayer structures. How-
ever, its more significant role lay in influencing the charge redistribution
during interlayer sliding in bilayer systems, thereby affecting the overall
tribological properties. Charge redistribution was an important energy
dissipation path during friction, which significantly affected tribological
performance [59].

3.4. Effect of load on tribological properties and its mechanism

To assess the practical applicability of the six bilayer structures, the
effect of normal load on their tribological performance was investigated.
Fig. 11 showed the relationship between the interlayer adhesion energy
and fixed interlayer distance, E,q(x,z), at 13 positions along the
maximum energy path for all six structures. The calculation of E,q(x,2)
was central to the method of applying a constant normal load by
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adjusting the interlayer distance.

Constant normal loads ranging from 0.1 to 0.6 nN/atom were
applied, and the variations of system energy and interlayer distance
during sliding were shown in Figs. 12 and 13, respectively. The me-
chanical work associated with an external normal force raised the total
energy of the interface and led to pronounced modifications of the po-
tential energy surface as the load was progressively increased. As shown
in Fig. 12(a), the PES of the Gr/Gr homostructure exhibited a tendency
toward collapse and inversion when the normal load reached 0.4 nN/
atom, resembling phenomena observed in studies where stress-induced
PES collapse led to ultralow friction [60,61]. In contrast, the PES of
Sta/Sta, Sta/GrF, and StaF/GrF (Figs. 12(b), 12(e), and 12(f)) showed
little change in response to applied normal loads. For the Sta/Gr het-
erostructure (Fig. 12(c)), the PES inverted when the load reached 0.3
nN/atom, and the fluctuations increased significantly at 0.4 nN/atom.
The StaF/Gr heterostructure (Fig. 12(d)) exhibited a nearly flat PES at a
critical load of approximately 0.3 nN/atom; further increased in load
cause inversion and larger fluctuations, but the overall amplitude
remained relatively small. These results indicated that the sensitivity of
the PES to normal load differs among the structures. The observed
load-dependent PES variations in Gr/Gr, Sta/Gr, and StaF/Gr suggested
the feasibility of tuning their tribological properties through applied
normal loads.

Fig. 13 showed the interlayer distance variations of the six structures
under different normal loads and the trends of interlayer distance
changes during sliding. The application of normal load compressed the
interlayer spacing, and the rate of reduction gradually decreased as the
load increased; however, the overall trend of interlayer distance varia-
tion along the sliding path remained largely unchanged. For Gr/Gr, Sta/
Sta, Sta/GrF, and StaF/GrF, the changes in interlayer distance during
sliding closely followed the variations in system energy. In Sta/Gr and
StaF/Gr, the interlayer distance and system energy exhibited similar
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trends when the applied load was below 0.2 nN/atom, but at higher
loads, PES collapse and inversion led to significant deviations between
the two quantities.

Figs. 14(a) and 14(b) showed the sliding energy barriers and the
maximum interlayer distance variations, respectively, for the six struc-
tures under different normal loads. Overall, the sliding barriers
increased with increasing normal load. Notably, for the Sta/Gr structure,
the sliding barrier rose sharply when the normal load reached 0.3 nN/
atom, while the maximum interlayer distance variation decreased
significantly. In contrast, for the other five structures, the maximum
interlayer distance variation generally increased as the normal load
increased.

Figs. 14(c) and 14(d) showed the friction force and friction coeffi-
cient of the six bilayer structures under different normal loads. For Gr/
Gr, Sta/Sta, and Sta/GrF, the friction force generally increased with
increasing normal load, in agreement with Amontons’ law [62]. In
contrast, Sta/Gr, StaF/Gr, and StaF/GrF exhibited nonlinear and
anomalous fluctuations in friction force as the normal load increased.
Under normal loads below 0.4 nN/atom, the Sta/Sta structure showed
significantly higher friction force and friction coefficient, while Gr/Gr
exhibited lower values compared to Sta/Sta but remained higher than
those of the heterostructures, reflecting the correlation with their
respective sliding barriers. Once the load surpassed 0.4 nN/atom,
load-induced reshaping of the potential energy surface led to a sharp
rose in both the friction force and coefficient for Sta/Gr, while StaF/Gr
preserved low and nearly constant values. Under loads below 0.2
nN/atom, both StaF/Gr and Sta/GrF achieved ultralow friction; how-
ever, at higher loads, only StaF/Gr maintained a friction coefficient
below 0.01, demonstrating stable ultralow friction behavior.

To elucidate the intrinsic relationship between potential energy
surface (PES) evolution and tribological behavior, we further analyzed
the critical load effect. For both Sta/Gr and StaF/Gr, the PES underwent
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collapse and inversion at a critical load, resulting in extremely low
sliding barriers and, consequently, ultralow friction. Specifically, for
Sta/Gr, the critical load was 0.3 nN/atom, corresponding to a sliding
barrier of 4.73 meV/atom, a friction force of 3.87 x 103 nN, and a
friction coefficient of 0.0121. For StaF/Gr, the same critical load of 0.3
nN/atom yielded a much lower sliding barrier of 0.50 meV/atom, a
friction force of 3.72 x 107 nN, and a friction coefficient of 0.0012. To
further uncover the underlying physical mechanism of load-induced PES
collapse and inversion, the StaF/Gr structure was taken as a represen-
tative system. As shown in Fig. 15(a), the evolution of adhesion energy
(Eaq), Coulomb interaction energy (Ec), and van der Waals energy (Evaw)
during the loading process provided deeper insight into this
phenomenon.

For the Top site of StaF/Gr structure, the value of K reached the
maximum of 1.38 at an equilibrium interlayer spacing of approximately
2.9 A, where the interlayer interaction was dominated by van der Waals
force. As the load was further increased, the interlayer distance
decreased and the value of K dropped rapidly. When the interlayer
distance became smaller than 2.3 A, the interlayer interaction began to
be dominated by Coulomb interaction, as shown in Fig. 15(b). The
plane-averaged differential charge density curves and differential
charge density distributions corresponding to different interlayer dis-
tances were presented in Figs. 15(c) and 15(d), respectively. As the
interlayer distance decreased, the interlayer charge density gradually
increased. The interlayer distance corresponding to the collapse and
inversion of the potential energy surface was 2.1 A (0.3 nN/atom). It
was evident that a prerequisite for the collapse and inversion of the
potential energy surface was that the interlayer interaction entered a
regime dominated by Coulomb interaction. To further verify this view-
point, we analyzed the contributions of van der Waals interaction and
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Coulomb interaction during interlayer sliding under different loads.

When the normal load was 0.1 nN/atom, the interlayer interaction
was dominated by van der Waals force, as shown in Fig. 16(a). As the
load increased to around the critical load of 0.3 nN/atom, the collapse
and inversion of the potential energy surface, as well as the competitive
evolution between van der Waals and Coulomb interactions, could be
observed from Fig. 16(b)-(d). As the load increased from 0.25 nN/atom
to 0.35 nN/atom, the contribution of Coulomb interaction gradually
increased, while that of van der Waals interaction correspondingly
decreased. Their mutual cancellation led to a flattening of the potential
energy surface at the critical load, resulting in a significant reduction in
the interlayer sliding barrier. Once the load exceeded the critical value,
the interlayer interaction became dominated by Coulomb interaction,
and the sliding barrier increased again after the inversion of potential
energy surface. The underlying physical mechanism of load-induced
collapse and inversion of the potential energy surface originated from
the competition between interlayer van der Waals interaction and
Coulomb interaction.

4. Conclusions

This work demonstrated that constructing heterostructures com-
bined with fluorination provided an effective route to achieve ultralow
friction in stanene/graphene systems. Among the six considered con-
figurations, heterostructures showed markedly reduced sliding barriers
compared with homostructures, and fluorination further strengthened
this advantage, with StaF/Gr exhibiting the best performance, reaching
the minimum friction coefficient of 0.0012 and maintaining stability
over a broad load range. From the mechanistic perspective, the friction
reduction originated from two key factors: fluorination led to a smoother
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potential energy surface and suppressed interfacial charge redistribu-
tion, while the load-dependent friction behavior was governed by the
competition between interlayer van der Waals and Coulomb in-
teractions, which drove the collapse and reversal of potential energy
surface under increasing load. These results clarified the physical origin
of ultralow friction in this system and provided a feasible design strategy
for next-generation solid lubricants and low-dissipation devices.
Nevertheless, the current fabrication techniques for stanene and espe-
cially fluorinated stanene remained immature, and further experimental
advances were needed to translate these findings into practical
applications.

CRediT authorship contribution statement

Gen Chen: Writing — original draft, Software, Methodology, Data
curation, Conceptualization. Rui Li: Writing — review & editing, Su-
pervision, Funding acquisition, Conceptualization. Qingsong Xu:
Methodology, Data curation. Lei Gao: Writing — review & editing, Re-
sources, Methodology. Qing Peng: Writing — review & editing,
Resources.

Declaration of Generative Al and Al-assisted technologies in the
writing process

During the preparation of this work the authors used DeepSeek in
order to correct English grammar. After using this tool/service, the au-
thors reviewed and edited the content as needed and take full re-
sponsibility for the content of the published article.

14

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The work is supported by the Special Project for Natural Science
Foundation Cooperation in Beijing-Tianjin-Hebei Region
(25JJJJC0001) and Fundamental Research funds for the Central Uni-
versities (FRF-IDRY-20-008).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.triboint.2026.112225.

Data Availability
Data will be made available on request.

References

[1] Holmberg K, Andersson P, Nylund N-O, et al. Global energy consumption due to
friction in trucks and buses. Tribology Int 2014;78:94-114.

Zhou D, Gupta AK, Ho VH, et al. Atomic alignment and friction behavior of dense
fullerene packings revealed by molecular dynamics simulations. Friction 2026.
Ali MKA, Li B, Zhang C, et al. Lubrication of electrified vehicle transmissions:
challenges, mechanisms, and perspectives. Tribology Int 2026;217:111672.

Spear JC, Ewers BW, Batteas JD. 2D-nanomaterials for controlling friction and
wear at interfaces. Nano Today 2015;10(3):301-14.

Jiang Z, Zhang Z, Jiang A, et al. MoS2 nanoadditives for lubrication: morphology,
surface chemistry, and mechanisms. Tribology Int 2026;214:111151.

[2]
[3]
[4]

[5

—


https://doi.org/10.1016/j.triboint.2026.112225
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref1
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref1
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref2
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref2
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref3
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref3
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref4
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref4
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref5
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref5

G. Chen et al.

[6]
[71

[8]

[9

—_

[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]
[31]

[32]

[33]
[34]

[35]

Serpini E, Rota A, Valeri S, et al. Nanoscale frictional properties of ordered and
disordered MoS;. Tribology Int 2019;136:67-74.

Xu Q, Li X, Zhang J, et al. Suppressing nanoscale wear by graphene/graphene
interfacial contact architecture: a molecular dynamics study. ACS Appl Mater &
Interfaces 2017;9(46):40959-68.

Fan S, Chen Y, Wu J, et al. Structure, superlubricity, applications, and chemical
vapor deposition methods of graphene solid lubricants. Tribology Int 2024;198:
109896.

Dienwiebel M, Verhoeven GS, Pradeep N, et al. Superlubricity of graphite. Phys
Rev Lett 2004;92(12):126101.

Hirano M, Shinjo K. Atomistic locking and friction. Phys Rev B 1990;41(17):
11837-51.

Tang H, Deng W, Li J, et al. Critical advances in superlubricity: From current
challenges to sustainable development beyond laboratory. Friction 2025;13(10):
9441075.

Ru G, Qi W, Tang K, et al. Interlayer friction and superlubricity in bilayer graphene
and MoS,/MoSe; van der Waals heterostructures. Tribology Int 2020;151:106483.
Wang LF, Ma TB, Hu YZ, et al. Superlubricity of two-dimensional fluorographene/
MoS; heterostructure: a first-principles study. Nanotechnology 2014;25(38).

Xu P, Yu K, Zhang X, et al. A first-principles study on the superlubricity of two-
dimensional graphene/ZrS, heterostructure. Tribology Int 2022;174:107727.

Ru G, Qi W, Wei Y, et al. Superlubricity in bilayer isomeric tellurene and graphene/
tellurene van der Waals heterostructures. Tribology Int 2021;159:106974.

Li H, Wang Q, Xu P, et al. Structural superlubricity in graphene/GaSe van der
Waals heterostructure. Phys Lett A 2022;452:128435.

Guo Y, Qiu J, Guo W. Reduction of interfacial friction in commensurate graphene/
h-BN heterostructures by surface functionalization. Nanoscale 2016;8(1):575-80.
Matsumura K, Chiashi S, Maruyama S, et al. Macroscale tribological properties of
fluorinated graphene. Appl Surf Sci 2018;432:190-5.

Lalmi B, Oughaddou H, Enriquez H, et al. Epitaxial growth of a silicene sheet. Appl
Phys Lett 2010;97(22):223109.

Dévila ME, Xian L, Cahangirov S, et al. Germanene: a novel two-dimensional
germanium allotrope akin to graphene and silicene. N J Phys 2014;16(9):095002.
Zhu F-F, Chen W-J, Xu Y, et al. Epitaxial growth of two-dimensional stanene. Nat
Mater 2015;14(10):1020-5.

Bechstedt F, Gori P, Pulci O. Beyond graphene: Clean, hydrogenated and
halogenated silicene, germanene, stanene, and plumbene. Prog Surf Sci 2021;96
(3):100615.

Chowdhury S, Jana D. A theoretical review on electronic, magnetic and optical
properties of silicene. Rep Prog Phys 2016;79(12):126501.

Karaei Shiraz A, Yazdanpanah Goharrizi A, Hamidi SM. The electronic and optical
properties of armchair germanene nanoribbons. Physica E Low-dimensional
Systems Nanostructures 2019;107:150-3.

Monshi MM, Aghaei SM, Calizo I. Edge functionalized germanene nanoribbons:
impact on electronic and magnetic properties. RSC Adv 2017;7(31):18900-8.
Zhang B, Cheng Z, Zhang G, et al. First-principles theory of atomic-scale friction
explored by an intuitive charge density fluctuation surface. Phys Chem Chem Phys
2019;21(44):24565-71.

Hong W, Feng L. First-principles calculation on geometric, electronic and optical
properties of fully fluorinated stanene: a large-gap quantum spin hall insulato. Chin
Phys Lett 2016;33(6):067101. 067101.

Li S-S, Zhang C-W. Tunable electronic structures and magnetic properties in two-
dimensional stanene with hydrogenation. Mater Chem Phys 2016;173:246-54.
Wu L, Lu P, Bi J, et al. Structural and electronic properties of two-dimensional
stanene and graphene heterostructure. Nanoscale Res Lett 2016;11(1):525.

Chen X, Meng R, Jiang J, et al. Electronic structure and optical properties of
graphene/stanene heterobilayer. Phys Chem Chem Phys 2016;18(24):16302-9.
Mondal C, Kumar S, Pathak B. Topologically protected hybrid states in
graphene-stanene-graphene heterojunctions. J Mater Chem C 2018;6(8):1920-5.
Wang D, Chen L, Wang X, et al. The effect of substrate and external strain on
electronic structures of stanene film. Phys Chem Chem Phys 2015;17(40):
26979-87.

Xiong W, Xia C, Du J, et al. Band engineering of the MoS,/stanene heterostructure:
strain and electrostatic gating. Nanotechnology 2017;28(19):195702.

Wang T, Zhao R, Zhao M, et al. Effects of applied strain and electric field on small-
molecule sensing by stanene monolayers. J Mater Sci 2017;52(9):5083-96.
Kuang YD, Lindsay L, Shi SQ, et al. Tensile strains give rise to strong size effects for
thermal conductivities of silicene, germanene and stanene. Nanoscale 2016;8(6):
3760-7.

15

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

[54]

[55]

[56]

[57]
[58]
[59]
[60]

[61]

[62]

Tribology International 223 (2026) 112225

Broek BVD, Houssa M, Iordanidou K, et al. Functional silicene and stanene
nanoribbons compared to graphene: electronic structure and transport. 2D Mater
2016;3(1):015001.

Xiong W, Xia C, Wang T, et al. Tuning electronic structures of the stanene
monolayer via defects and transition-metal-embedding: spin-orbit coupling. Phys
Chem Chem Phys 2016;18(41):28759-66.

Salazar C, Muniz RA, Sipe JE. Effective model for the electronic and optical
properties of stanene. Phys Rev Mater 2017;1(5):054006.

Fadaie M, Shahtahmassebi N, Roknabad MR, et al. Investigation of new two-
dimensional materials derived from stanene. Comput Mater Sci 2017;137:208-14.
Cao H, Zhou Z, Zhou X, et al. Tunable electronic properties and optical properties
of novel stanene/ZnO heterostructure: first-principles calculation. Comput Mater
Sci 2017;139:179-84.

Khan Al, Chakraborty T, Acharjee N, et al. Stanene-hexagonal boron nitride
heterobilayer: Structure and characterization of electronic property. Sci Rep 2017;
7.

Kresse G, Furthmiiller J. Efficiency of ab-initio total energy calculations for metals
and semiconductors using a plane-wave basis set. Comput Mater Sci 1996;6(1):
15-50.

Blochl PE. Projector augmented-wave method. Phys Rev B 1994;50(24):17953-79.
Perdew JP, Burke K, Ernzerhof M. Generalized gradient approximation made
simple. Phys Rev Lett 1996;77(18):3865-8.

Grimme S. Semiempirical GGA-type density functional constructed with a long-
range dispersion correction. J Comput Chem 2006;27(15):1787-99.

Mandelli D, Vanossi A, Manini N, et al. Friction boosted by equilibrium
misalignment of incommensurate two-dimensional colloid monolayers. Phys Rev
Lett 2015;114(10):108302.

Van Wijk MM, Schuring A, Katsnelson MI, et al. Moir\'e patterns as a probe of
interplanar interactions for graphene on h-BN. Phys Rev Lett 2014;113(13):
135504.

Zhong W, Toméanek D. First-principles theory of atomic-scale friction. Phys Rev Lett
1990;64(25):3054-7.

Wang L-F, Ma T-B, Hu Y-Z, et al. Atomic-scale friction in graphene oxide: an
interfacial interaction perspective from first-principles calculations. Phys Rev B
2012;86(12):125436.

Wang JJ, Wang F, Li JM, et al. Theoretical Study of Superlow Friction Between
Two Single-Side Hydrogenated Graphene Sheets[J]. Tribology Lett 2012;48(2):
255-61.

Wang J, Li J, Fang L, et al. Charge distribution view: large difference in friction
performance between graphene and hydrogenated graphene systems. Tribology
Lett 2014;55(3):405-12.

Wolloch M, Levita G, Restuccia P, et al. Interfacial charge density and its
connection to adhesion and frictional forces. Phys Rev Lett 2018;121(2):026804.
Wang L, Zhou X, Ma T, et al. Superlubricity of a graphene/MoS; heterostructure: a
combined experimental and DFT study. Nanoscale 2017;9(30):10846-53.
Reguzzoni M, Fasolino A, Molinari E, et al. Potential energy surface for graphene
on graphene: Ab initio derivation, analytical description, and microscopic
interpretation. Phys Rev B 2012;86(24):245434.

Cahangirov S, Ciraci S, Ozcelik VO. Superlubricity through graphene multilayers
between Ni(111) surfaces. Phys Rev B 2013;87(20):205428.

Sun J, Chang K, Mei D, et al. Mutual identification between the pressure-induced
superlubricity and the image contrast inversion of carbon nanostructures from
AFM technology. J Phys Chem Lett 2019;10(7):1498-504.

Feng H, Cheng Z, Lu Z, et al. Investigating lubrication capacities of novel 2D
hexagonal materials by DFT simulations. Tribology Int 2025;204:110475.

Luo H, Liu S, Li Z, et al. Onion-shell nuclei on monolayer MoS, facilitate friction
reduction. Friction 2025;13(7):9440981.

Sun Z, Ge P, Chen S, et al. Friction tuning of interlayer exciton recombination in
van der waals heterostructures. Adv Mater 2025;37(29):2502986.

Sun J, Zhang Y, Lu Z, et al. Superlubricity enabled by pressure-induced friction
collapse. J Phys Chem Lett 2018;9(10):2554-9.

Sun J, Zhang Y, Lu Z, et al. Attraction induced frictionless sliding of rare gas
monolayer on metallic surfaces: an efficient strategy for superlubricity. Phys Chem
Chem Phys 2017;19(18):11026-31.

Miiser MH, Wenning L, Robbins MO. Simple microscopic theory of Amontons's
Laws for static friction. Phys Rev Lett 2001;86(7):1295-8.


http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref6
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref6
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref7
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref7
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref7
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref8
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref8
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref8
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref9
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref9
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref10
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref10
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref11
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref11
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref11
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref12
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref12
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref13
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref13
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref14
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref14
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref15
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref15
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref16
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref16
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref17
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref17
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref18
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref18
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref19
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref19
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref20
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref20
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref21
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref21
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref22
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref22
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref22
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref23
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref23
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref24
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref24
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref24
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref25
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref25
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref26
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref26
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref26
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref27
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref27
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref27
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref28
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref28
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref29
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref29
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref30
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref30
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref31
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref31
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref32
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref32
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref32
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref33
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref33
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref34
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref34
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref35
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref35
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref35
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref36
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref36
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref36
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref37
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref37
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref37
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref38
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref38
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref39
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref39
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref40
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref40
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref40
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref41
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref41
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref41
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref42
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref42
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref42
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref43
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref44
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref44
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref45
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref45
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref46
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref46
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref46
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref47
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref47
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref47
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref48
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref48
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref49
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref49
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref49
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref50
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref50
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref50
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref51
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref51
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref51
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref52
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref52
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref53
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref53
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref54
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref54
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref54
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref55
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref55
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref56
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref56
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref56
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref57
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref57
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref58
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref58
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref59
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref59
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref60
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref60
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref61
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref61
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref61
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref62
http://refhub.elsevier.com/S0301-679X(26)00568-2/sbref62

	Mechanism of ultralow friction in fluorinated stanene/graphene heterostructures
	1 Introduction
	2 Models and methods
	3 Results and discussion
	3.1 Potential energy surface (PES) and sliding energy barrier
	3.2 Interlayer charge distribution and transfer during sliding
	3.3 Mechanism of the effect of fluorination on tribological properties
	3.4 Effect of load on tribological properties and its mechanism

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data Availability
	References


