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ABSTRACT: Two-dimensional (2D) materials have
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demonstrated immense potential in electronic Dl vhosio
. . . . U Doy
devices, optoelectronic devices, and micro electro L §11
mechanical systems due to their unique structures . o
Mechanical

Electro-acoustic
coupling

and exceptional physicochemical properties.
However, the tribological properties of 2D materials O -
under carrier transportation conditions possess a effect —
P . L . i
significant impact on the reliability and lifespan of \
electronic devices, which poses a critical challenge
for practical applications. Traditional macroscopic
tribology theories are inadequate in explaining friction
mechanisms at the nanoscale. Electric fields, as an
effective control method, could dynamically regulate
the interface friction behavior through various pathways such as carrier concentration, lattice strain, electron—phonon
coupling, electric field-induced redox, and mechanical resonance. They have important potential in the fields of intelligent
lubrication and friction sensing. However, the microscopic mechanism of friction energy dissipation under the action of
electric fields is still unclear, especially the essence of the interaction between electrons and phonons. This review
systematically reviews the modulation mechanisms of current-carrying friction in 2D materials, which includes electronic
interactions, electrically induced strain, electron—phonon coupling, electric field-induced redox effects, and mechanical
resonance. The relevant research indicates that applied electric fields could dynamically alter interfacial adhesion and
energy dissipation pathways by modulating carrier concentration, lattice deformation, and surface chemical reactions. This
capability enables precise control over friction coefficients. Furthermore, environmental factors (humidity) and multi-physical
field coupling (electric and magnetic fields) exert additional influences on frictional behavior. This review exhibits the
application potential of these mechanisms in low-power devices and intelligent lubrication systems. Additionally, it
underscores the necessity of integrating multi-scale simulations with experimental validation in future studies. These
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researches would deepen mechanistic understanding and facilitate the development of novel modulation strategies.

KEYWORDS: two-dimensional (2D) materials, nanofriction, electric-field, friction manipulation, friction mechanisms

1 Introduction

Since graphene was discovered in 2004 [1], two-dimensional (2D)
materials have rapidly become the focus and frontier of research in
condensed matter physics, materials science, and nanotechnology
[2, 3]. The number of this variety of material is constantly
increasing, which includes zero-bandgap semimetals like graphene,
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transition metal chalcogenides with semiconductor properties (e.g.,
MoS, and WSe,), hexagonal boron nitride (h-BN) with a wide
bandgap, and emerging multicomponent alloys (e.g., NiPS; and
FePS,), as well as superconductors (e.g., NbSe,) [4—6]. These new
materials demonstrate that 2D materials possess a rich “gene pool”
characteristic [7, 8]. The diversity and tunability enable 2D
materials to demonstrate broad application prospects in the new
generation of high-performance fields, low-power electronic
devices, efficient optoelectronic devices, quantum information
devices, and miniature energy storage devices [9-11]. However,
during the actual operation of devices, 2D materials inevitably
undergo mechanical contact and relative sliding [12]. These results
adversely affect device performance and lifespan in friction and
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wear [13, 14]. The energy dissipation caused by friction converts
into additional heat sources other than Joule heat, which intensifies
local temperature rise [15-17]. Wear directly damages the integrity
of the material and leads to a significant increase in contact
resistance, signal distortion, and even complete failure of the device
[1, 18-20]. Therefore, the study for the frictional behavior of 2D
materials, especially their microscopic current-carrying friction
characteristics, is crucial for the fundamental solution to the
reliability issues of 2D material devices and the promotion of their
industrial application [21-24].

Traditional frictional theories are mainly based on macroscopic
continuum mechanics. However, the above theories are difficult to
explain the friction behavior of 2D materials at the nanoscale
[25, 26]. In recent years, with the advancement of nanoscale
characterization techniques such as atomic force microscopy
(AFM) and friction force microscopy (FEM), researchers could
directly observe and measure the friction behavior of 2D materials
at the microscopic scale to reveal a series of novel phenomena and
mechanisms different from traditional frictional theories [27, 28].
For example, it has been shown that the friction coefficient of 2D
materials is closely related to their layer number, which is due to
that the friction coefficient of single-layer materials is typically
higher than that of multi-layer materials [29-31]. Additionally, the
friction behavior of 2D materials is also affected by factors such as
the material of the substrate and the temperature and humidity of
the working environment [32-34]. Under current-carrying
conditions, the friction behavior of 2D materials is more
complicated [35, 36]. The introduction of an electric field not only
changes the electronic structure of the material but may also cause
Joule heating, electrical migration, and other effects, which would
influence the friction properties of the material [37-39]. For
example, related reports showed that the friction coefficient of
graphene significantly decreases in the presence of an electric field
[40, 41]. This phenomenon may be due to the variation in the
surface charge density of graphene induced by the electric field [42].
However, some studies also found that the electric field could cause
the friction coefficient of certain 2D materials to increase, which
even leads to material wear and failure [43, 44]. These studies
demonstrate that the current-carrying friction is a complicated
multi-physics field coupling process which involves mechanics,
electricity, thermodynamics, and other fields [45-47].

The study of the microscopic current-carrying friction
mechanism in 2D materials is essential for the development of high-
performance and low-power devices [48—-50]. For example, for 2D
material transistors, the contact resistance between the channel
material and metal electrode and the friction wear are the key
factors which affect the device performance [51, 52]. By regulating
the microscopic current-carrying friction characteristics of 2D
materials, it is possible to effectively reduce contact resistance and
improve device stability and reliability [53]. Moreover, in micro-
electromechanical systems (MEMS) and nano-electromechanical
systems (NEMS) based on 2D materials, the friction and wear are
also important factors which affect the device performance and
lifespan [54-56]. Therefore, the investigation into microscopic
current-carrying friction characteristics in 2D materials is of
paramount importance for enabling the practical application of 2D
material devices [57-60].

Despite considerable research progress on microscopic current-
carrying friction in 2D materials, multiple challenges continue to
exist [61-63]. For instance, the underlying mechanism of current-
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carrying friction in 2D materials has yet to be fully elucidated
[64, 65]. Consequently, the research community has yet to establish
comprehensive theoretical models or a robust body of experimental
evidence [66—68]. Moreover, effective control of the current-
carrying friction properties in 2D materials to meet the
requirements of different application scenarios remains an urgent
challenge [69-71]. In the future, it is essential to integrate
experiments, theories, and simulations to conduct in-depth
investigations into the microscopic current-carrying friction
mechanisms of 2D materials [72—74]. Furthermore, novel material
designs and surface modification approaches should be explored to
achieve precise regulation of the current-carrying friction properties
in such materials [75, 76].

Therefore, this review aims to systematically summarize recent
advances in the field of microscopic current-carrying friction of 2D
materials [83]. It focuses on elucidating the mechanisms, through
which applied electric fields or currents modulate frictional
behavior via various pathways, such as electron interactions,
electrostriction, electron-phonon coupling, redox effects, and
mechanical resonance (Fig. 1). This review examines the influence
of environmental factors and multi-physical field coupling, explores
the application potential in related devices, and outlines key
challenges along with future research directions [84, 85]. By
deepening the understanding of the microscopic current-carrying
friction mechanism, it is expected to provide a solid scientific
foundation for designing reliable, high-performance, and intelligent
2D material devices [86—89]. This would accelerate the
transformation process of 2D material microscopic tribology from
basic research to practical application [90, 91].

2 The microscopic carrier transport mechanism
of 2D materials

2.1 Electrostatic effect

In the microscopic friction process of 2D materials, the variations in
electrostatic force caused by the accumulation and dissipation of
charges are one of the main influencing factors [92]. Based on
macroscopic tribology research, it has been shown that when two
different materials come into contact and rub against each other,
electrons would transfer from a surface that is more prone to losing
electrons to another surface [93—95]. The transfer of electrons leads
to the accumulation of electric charge, and this phenomenon is
caused by the difference in electron affinity. At this moment, these
two frictional surfaces carry opposite charges respectively, and the
accumulation of these opposite charges generates electrostatic force,
which causes them to attract each other [96]. Through extensive
existing studies, it has been shown that this mechanism of
electrostatic force action is also applicable in the microscopic
friction behavior of 2D materials [97, 98]. However, when an
external electric field is applied, the external electric field would
change the electrostatic force between the friction pairs and the
friction behavior [99-101].

Yu et al. (2020) studied the nanoscale friction characteristics of h-
BN under the induced electrostatic interaction of an electric field
[76]. By sliding the conductive AFM probe on the surface of h-BN,
the authors measured the friction force and adhesion force of h-BN
under different substrate bias voltages. As the bias voltage difference
between the probe and the substrate increased, the nanoscale
friction force of h-BN significantly increased. Besides, the friction

® {24 | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406

Nano Research | Vol. 19, No. 3

Xu et al.

glectrostatic effy ot

c
2
-—

©
=

X

o

Figure1 The mainstream friction mechanism under the influence of an external electric field [77-82]. Reproduced with permission from Ref. [77], © 2019. Published
under the PNAS license; Ref. [78], © Cao, J. W. et al. 2021; Ref. [79], © Greenwood, G. et al. 2023; Ref. [80], © American Chemical Society 2021; Ref. [81], © Elsevier Ltd.

2025; Ref. [82], © American Chemical Society 2023.

force under negative bias was greater than that under positive bias
and the friction force returned to its original size when the bias was
removed (Fig. 2(a)). This variation in friction force is closely related
to electrostatic interaction, and the increase in electrostatic force
would change the contact area between the probe and h-BN, which
could affect the friction force. Although the study by Yu et al
demonstrated how an external field can enhance friction through
electrostatic attraction, subsequent research revealed that electric
fields can also be harnessed to dramatically reduce friction,
depending on the material system and interface conditions. Shi et
al. (2021) studied the friction behavior of MoS, under the action of
an electric field [102]. By rubbing the MoS, surface under an
electric field condition and then removing the external electric field
for scanning MoS, over a larger area, the authors found that the
electric field could significantly reduce the friction coefficient of
MoS, to an ultra-low friction state (with a friction coefficient of
approximately 0.0045) (Fig. 2(b)). They proposed that the AFM tip
and MoS, under the effect of the electric field led to the transfer and
accumulation of charges at the interface between MoS, and SiO,/Si
substrate. And the electrostatic force between the charges enhanced
the binding strength between MoS, and the substrate, which would
suppress the atomic-scale deformation of MoS, surface and reduce
the effects of wrinkling and local adhesion on friction to achieve
ultra-low friction (Fig. 2(c)).

The concentration and distribution of charge carriers (electrons
or holes) in 2D materials significantly affect their microscopic
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frictional properties [103]. By applying an external electric field to
change the energy barrier for carrier migration and regulate the
accumulation or dissipation of carriers, the surface charge density of
2D materials could be altered, thereby controlling the electrostatic
force and adhesion force with the contact interface [43]. Enhanced
electron-phonon coupling due to more charge carriers could cause
greater energy dissipation and a corresponding increase in frictional
force. This dual regulation effect of charge carriers on friction
depends on the electronic properties of the material, the carrier
mobility, and the interaction with the environment. Overall, the
external electric field provides a flexible way to control the frictional
properties of 2D materials and opens up novel directions for their
application in intelligent friction regulation and micro-nano
devices.

As early as 2006, Park et al. studied the effect of carrier
concentration in the pn junction of silicon on nanoscale friction
using conductive AFM (C-AFM) (Fig. 3(a)) [59, 104]. The study
found that when a forward bias (+4 V) was applied to bring the p-
region into a strong accumulation state, the friction force
significantly increased (about 1.6 times higher than the n-region),
while no significant difference was observed under reverse bias
(-4 V) (Fig. 3(b)). By systematically changing the load, scanning
speed, and needle tip passivation treatment, the authors excluded
the influence of current-induced chemical effects, local heating, or
wear, and confirmed that the increase in friction force was directly
related to the accumulation of hole charge carriers. This work was
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Figure2 (a) Schematic diagram of the C-AFM experimental setup. The relationship between frictional force and the tip bias voltage. Reproduced with permission from
Ref. [76], © Yu, K. M. et al. 2020. (b) Schematic diagram of the friction experiment and the friction force graph of MoS,. (c) Schematic diagram of friction of MoS,.

Reproduced with permission from Ref. [102], © The Royal Society of Chemistry 2021.

the first to achieve active control of friction behavior through the
electrical regulation of carrier concentration in a semiconductor
system. It provided a prototype example for electronic friction
control in micro-nano electromechanical systems. Shi et al. used
gate voltage to regulate the carrier concentration of single-layer
MoS, and systematically studied the contribution of carrier
concentration to friction dissipation (Fig. 3(c)) [105]. Their
experiments showed that the carrier concentration increased, and
this enhanced the strength of the electron-phonon coupling, which
in turn caused the friction force to increase linearly. This trend
aligned with the theoretical prediction of the Langevin equation
(Fig. 3(d)). Through the Raman spectroscopy and surface potential
analysis, the authors confirmed the direct correlation between the
softening of the A, acoustic mode and the carrier concentration
(Fig. 3(e)), which reveals the dominant role of electron friction in
energy dissipation.

In addition to the study of the material’s own properties, the
interaction phenomena between the material and different probes

Nano Research, 2026, 19, 94908406

are also of great significance. Greenwood et al. (2023) studied the
friction behavior between single-layer graphene and an AFM probe
under the action of an external electric field (Fig. 4(a)) [79].
Through the use of graphene field-effect transistor (FET) devices,
the authors regulated the carrier density of graphene in a dry
nitrogen environment and measured the friction force and
electrostatic interactions with different types of probes (insulating,
conductive, and semiconductor probes). The study found that
when graphene was in contact with a semiconductor probe, the
friction exhibited significant enhancement and tunability (Fig. 4(c)),
which was closely related to the charge density of graphene, and the
variation in friction force was particularly obvious near the Dirac
point of graphene. At the same time, the average amplitude of the
stick slip appears to have a minimum at the Dirac point and slightly
increases as the gate voltage moves away from Vp, in either
direction (Fig. 4(b)). The results showed that by electrically
regulating the charge density of graphene, the dynamic control of
friction could be achieved.
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Figure3 (a) Schematic of AFM measurements on a silicon pn junction devic. (b) Plot of friction force as a function of applied load at +4 V sample bias. Reproduced
with permission from Ref. [59], © American Association for the Advancement of Science 2006. (c) Schematic of the nanofriction measurements on atomically thin MoS,
under different V. (d) The nanofriction on atomically thin MoS, varied with the different V,. (¢) FWHM and carrier concentration of A}, and E., mode as a function of

V- Reproduced with permission from Ref. [105], © Shi, B. et al. 2022.

Under electric field conditions, the directional migration of
charge carriers is often the result of a competition between the
electric field, the material’s own potential barrier, and frictional and
flexural electric effects. Qiao et al. (2021) experimentally studied the
coupling mechanism of frictional electric effect and flexural electric
effect at the nanoscale [106], and demonstrated that the charge
transfer is jointly determined by these two effects in the presence of
a strain gradient. When the charge transfer directions of the
frictional and flexural electric effects are the same, the charge
transfer is enhanced; while when the directions are opposite, the
direction and magnitude of charge transfer could be regulated by
the variation in the normal force (Figs. 5(a) and 5(b)). The study
also found that as the normal force increases, the flexural electric
effect gradually becomes dominant and reverses the direction of
charge transfer. Additionally, by applying a bias voltage on the
AFM probe, the research team further verified the important role of
the flexural electric effect in charge transfer (Fig. 5(c)).

Although the aforementioned mechanisms have revealed
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multiple ways in which the electric field regulates the frictional
behavior of 2D materials, a full understanding of the underlying
principles of these phenomena still requires a return to the
fundamental energy transfer and dissipation principles in the
friction process. Li et al. (2025) studied the friction behavior of
single-layer MoS, under current-carrying conditions using the C-
AFM and scanning Kelvin probe microscope (SKPM) system
(Fig. 6(a)) [107]. They found that within the +4 V bias range, the
friction force under negative bias was significantly higher than that
under positive bias (0.78 nN at —4 V and 0.084 nN at +4 V), and
this difference increased with the increase in voltage (Figs. 6(b) and
6(c)). Through surface potential mapping and atomic-level friction
imaging, the authors revealed that the mechanism originated from
the asymmetric charge accumulation due to the inherent work
function difference between the probe and MoS,: Negative bias
promoted the injection of a large number of electrons into the
MoS, surface, while positive bias only caused limited charge
transfer. Atomic-level sliding experiments further demonstrated

Nano Research, 2026, 19, 94908406
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Reproduced with permission from Ref. [107], © Elsevier B.V. 2024.

that the negative bias increased the interface potential barrier by
40%, resulting in 2.3-fold increase in the single-cell energy
dissipation at 0 V.

2.2 Electrostrictive strain

The surface strain of 2D materials has a significant impact on their
friction characteristics. The strain could alter the local structure and
electronic properties of the material, thereby affecting the
interaction between its surface and the contacting object [108—110].
Generally, tensile strain usually enhances the stiffness and hardness
of the material, thereby reducing the friction force; while
compressive strain may cause the material to become softer,
increasing the friction force [111]. The strain may also affect the
surface roughness and adhesion force in the friction interface,
further changing the friction characteristics. Under the action of an
electric field, 2D materials may undergo surface shape deformation
(such as undulation or bending) or lattice distortion due to changes
in stress distribution caused by the electrostriction effect or ion
migration, thereby changing their surface roughness and the actual
contact area at the contact interface [112]. Such deformation may
cause changes in the adhesion force and friction force at the contact
interface, thereby reducing the friction force; while excessive
deformation may lead to local stress concentration, increase
friction, or cause interface wear [111]. Additionally, lattice
deformation may affect the electronic structure of the material,
thereby changing the electronic and phonon coupling mechanism
during the friction process. These effects jointly determine the
complicated ~evolution law of the microscopic friction
characteristics. This understanding provides theoretical support for
the application of these materials in nanoscale friction control and
intelligent surface design.
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He et al. (2019) studied the influence of the electric potential
gradient in the plane on the friction behavior of 2D materials
(MosS,, graphene, and h-BN) through experiments and theoretical
calculations [113]. The team found that when a lateral electric field
was applied to MoS, using the plane electric potential gradient, the
friction force on the MoS, surface significantly decreased, and the
friction force further decreased with the increase of the electric
potential gradient (Fig. 7(a)), and the same phenomenon occurred
in graphene and h-BN. By analyzing the atomic-level sliding
motion, they believed that applying the plane electric potential
gradient changed the lattice shape of the 2D material, suppressed
the high friction dissipation process, and thus achieved the
reduction of the friction force (Fig. 7(b)).

Although the study by He et al. revealed the physical mechanism
by which the planar electric potential gradient regulates the friction
behavior of traditional two-dimensional material, indicating that
the electric field can suppress frictional dissipation by altering the
crystal lattice morphology of the materials, the potential of electric
field regulation is far beyond these classic two-dimensional systems.
In recent years, with the continuous emergence of new two-
dimensional materials, researchers have begun to explore the
regulatory effect of the electric field on the friction performance of
more complex two-dimensional systems, especially two-
dimensional metal-organic framework materials with porous
structures and adjustable chemical properties, providing a new
platform for understanding the coupling mechanism between the
electric field and interface friction. In this context, Li et al. (2025)
studied the super-lubrication characteristics and regulation
mechanism of 2D zeolitic imidazolate framework-8 (ZIF-8) under
the action of an electric field [114]. Through experiments and
simulations, it was found that longitudinal and lateral electric fields
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Figure7 (a) Schematic diagram of the AFM friction experimen. Variations in the friction force with bias voltage. (b) Atomic-scale friction maps. Reproduced with
permission from Ref. [113], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (c) The regulation mechanisms of 2D ZIF-8 surface superlubricity by
longitudinal and (d) transverse electric fields. Reproduced with permission from Ref. [114], © Elsevier Ltd. 2024.

could significantly regulate the friction coefficient of ZIF-8. In the
longitudinal electric field (Fig. 7(c)), the negative bias weakens the
anchoring effect between the conductive probe and the surface of
ZIF-8, reducing the interfacial adhesion force; at the same time, the
redistribution of charge at the interface between ZIF-8 and SiO,
substrate enhances the interface bonding strength, thereby
suppressing the out-of-plane deformation during the sliding
process and significantly reducing the friction. In the lateral electric
field (Fig. 7(d)), both positive and negative biases could cause lattice
stretching strain in ZIF-8, leading to the electron cloud shift of
Zn-N coordination bonds and the reduction of surface residual
charges, further reducing the adhesion force between the probe and
ZIF-8. Additionally, lattice strain also enhances the surface stiffness
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of the material, reducing the energy dissipation during sliding.
These findings reveal the dual mechanism of electric field regulation
of ZIF-8 lubrication performance: the coupling effect of adhesion
regulation and out-of-plane deformation regulation.

2.3 Electron—phonon coupling

2D materials exhibit significant surface—electron-phonon coupling
effects due to their atomic-scale thickness and high surface-to-
volume ratio [115-117]. The electron-phonon coupling refers to
the influence of surface charges (electrons) on the energy
dissipation and motion behavior of the material through their
interaction with lattice vibrations (phonons) [118]. During friction,
the relative sliding of the interface leads to the excitation of
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phonons, and the coupling between phonons and surface charges
alters the energy dissipation path, thereby regulating the magnitude
of friction. Additionally, the electron-phonon coupling could
enhance the local interaction between electrons and the lattice,
which further affects the viscosity and sliding behavior of the
contact interface. When an external electric field is applied, the
electric field changes the distribution of surface charges on the 2D
material, thereby affecting the strength of the electron-phonon
coupling. Specifically, the applied electric field could induce the
redistribution or doping of electrons, thereby altering the excitation
characteristics of phonon modes and the efficiency of
electron-phonon coupling. The direction and intensity of the
electric field, along with the material’s specific structure and
properties, determine whether this effect increases or decreases the
frictional force. Therefore, it is theoretically possible to control the
frictional behavior of 2D materials dynamically by adjusting the
applied electric field, and this offers new possibilities for the design
of nano-devices and the regulation of friction.

In 2009, Filleter et al. studied the friction and dissipation
characteristics of monolayer (1ILG) and bilayer (2LG) graphene
films grown epitaxially on SiC (Fig. 8(a)) [119]. They found that the
monolayer graphene significantly reduced the friction of SiC, while
the friction of the bilayer graphene was further reduced by
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approximately half (Fig. 8(b)). Through angle-resolved
photoemission spectroscopy (ARPES), the authors revealed that
this friction difference originated from the significant difference in
electron-phonon coupling between the monolayer and bilayer
graphene (Fig. 8(c)). Specifically, the electron-phonon coupling in
the monolayer graphene was stronger, resulting in higher energy
dissipation efficiency and increased friction. In contrast, the
electron-phonon coupling in the bilayer graphene was weaker,
leading to lower friction. The research by Filleter et al. on the
graphene/SiC system demonstrated that the non-equilibrium
dynamics of electron-phonon coupling is the core mechanism for
regulating interface friction in the absence of carriers, providing
important insights for understanding frictional regulation under
carrier conditions.

Under electric field conditions, the influence of electron-phonon
coupling on the nanoscale friction behavior of 2D materials is more
pronounced. Sohier et al. studied the electron-phonon coupling
behavior of graphene under the action of an electric field using
density functional perturbation theory (DFPT) [120], particularly
focusing on the coupling mechanism of bent phonons. They found
that the electric field significantly alters the phonon spectrum of
graphene and activates the coupling between bent phonons and
electrons that was previously prohibited due to symmetry.
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Figure8 (a) Friction loop recorded on a boundary region of the sample. (b) Average lateral force of 1LG and 2LG. (c) Corresponding kink magnitude varies with the
doping value. Reproduced with permission from Ref. [119], © The American Physical Society 2009. (d) Schematic of MoSe, and WSe, nanofriction measurement. (e)
Schematic of the movement of AFM probes on the surfaces of MoSe, and WSe,. Reproduced with permission from Ref. [121], © American Chemical Society 2025.
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However, this coupling is strongly shielded in doped graphene,
resulting in negligible contribution in the presence of carriers.
Huang et al. (2025) synthesized single-layer n-type MoSe, and p-
type  WSe, using chemical vapor deposition (CVD) and
systematically ~studied the carrier-type-dependent friction
mechanism of 2D transition metal dichalcogenides (TMDs) under
a positive electric field using atomic force microscopy [121]. The
study found that with the application of a positive voltage (0-4 V),
the friction force and friction coefficient of n-type MoSe,
significantly increased (from 0.006 to 0.030), while p-type WSe,
showed the opposite trend (from 0.033 to 0.012) (Fig. 8(d)).
Through the surface potential (SKPM) and atomic-level sliding
behavior analysis, it was revealed that carriers either accumulate (in
n-type materials) or dissipate (in p-type materials) on the surface.
This behavior regulates the surface potential. The electric field did
not cause a significant change in the adhesion force of the material.
This indicates that the variations in friction are mainly due to the
energy dissipation caused by electron-phonon coupling (Fig. 8(e)).
Ohmic dissipation is one of the important manifestations of the
electron-phonon coupling effect [122-124]. Due to the high
mobility of electrons in 2D materials, when the material interface
undergoes relative sliding, the energy dissipation (i.e., Ohmic
dissipation) generated by the scattering of electrons would be
converted into thermal energy [125], thereby affecting the
magnitude of the interface friction [126, 127]. The Ohmic
dissipation mechanism is closely related to the interface
electron-phonon coupling and carrier scattering, and determines
the conversion path of frictional energy. Under an applied electric
field, the electric field regulates the carrier density and electron
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transition behavior in 2D materials, thereby changing the strength
of electron—phonon coupling and the efficiency of Ohmic
dissipation [128—-130]. When an external electric field is applied to
2D materials, electrons within the material and at the interface
would move directionally under the drive of the electric field,
forming an electric current [131-133]. This charge movement
triggers the Ohmic dissipation through the electron-phonon
scattering, that is, some electrical energy is converted into thermal
energy, thereby increasing the energy dissipation at the interface.
Since the energy dissipation directly affects the magnitude of
friction and the sliding behavior, the Ohmic dissipation effect leads
to an increase in frictional force. Additionally, the external electric
field may also change the conductivity of the material and the local
charge distribution, further regulating the variations in frictional
force [134, 135].

Wang et al. (2025) prepared single-layer NbSe, films using CVD
method (Fig. 9(a)) and studied the regulation mechanism of bias
electric field on the friction behavior of 2D NbSe, using a C-AFM
system (Fig. 9(b)) [136]. The experiment found that in the £1.5 V
bias voltage range, the friction force and friction coefficient of
NbSe, both significantly increased with the increase in voltage (the
friction coefficient increased from 0.024 to 0.085 under positive
bias, and from 0.024 to 0.058 under negative bias) (Figs. 9(c) and
9(d)), and the regulation effect of positive bias was stronger.
Through force-distance curves and surface potential (SKPM)
measurements, it was revealed that this asymmetry originated from
the difference in electrostatic adsorption caused by the inherent
potential difference between the probe and NbSe,: Positive bias
made the electrostatic adsorption force follow the quadratic growth

N*-Si probe

Monolayer NbSe,

Au/Si0y/Si

-
2
S

T
L

2
g
—
B
"
—
A

3
T
5
H
—
H
=
=
1

60 |- o

40 | &~
1

Energy dissipation (x107'* J
i
e

20

-15 -1 -0.5 0 0.5 1 1.5
Sample voltage (V)

Figure9 (a) Preparation and characterization of NbSe,. (b) Nanofriction measurement diagrams under different normal bias. (c) Adhesive force values under different
bias, highlighting differences between positive and negative bias. (d) Energy dissipation and maximum lateral peak force under different bias. Reproduced with permission

from Ref. [136], © Elsevier Ltd. 2025.

Nano Research, 2026, 19, 94908406

94908406 (10 of 23)

(B 7% 2 | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406
https://www.sciopen.com/article/10.26599/NR.2026.94908406

Nano Research | Vol. 19, No. 3

Xu et al.

of Fa= 0.92(V + 0.07)* + 24.68, while the negative bias partially
neutralized the inherent potential difference. Atomic-level sliding
experiments further indicated that the electric field-induced carrier
excitation was converted into local thermal dissipation through the
electron-phonon coupling, enhancing the energy dissipation with
the increase in bias voltage. This study established for the first time
a complete correlation model of “electric field-carrier
excitation—energy dissipation—friction” in NbSe,.

24 Oxidation-reduction induced by electric field

The oxidation-reduction of the surface of 2D materials induced by
an electric field significantly affects their microscopic friction
properties. Variations in the chemical state of the surface of 2D
materials, such as modification of surface functional groups,
chemical doping, or oxidation, also alter the electronic structure
and surface energy of the material, thereby affecting the adhesion
force and sliding resistance at the interface [137-139]. When an
electric field acts on 2D materials, their surfaces chemically react
with oxygen or water molecules from the environment. This
reaction leads to the formation of oxides or the incorporation of
functional groups such as hydroxyl or carboxyl groups. As a result,
the chemical composition and physical properties of the surface are
altered. This surface modification increases the surface energy and
polarity of the material. This enhances the adhesion force and shear
strength at the contact interface and causes an increase in the
friction coefficient [140]. Additionally, the oxidation-reduction
process may change the surface morphology and rigidity, further
regulating the friction behavior.

In 2019, Lang et al. proposed a novel method for controlling the
friction properties of graphene using a C-AFM technique [141]. A
negative bias was applied to the AFM probe to induce local
electrochemical reactions on the graphene surface. This process
produced oxygen functional groups that regulated the friction
properties of graphene and enabled its controllable
functionalization at the nanoscale. Studies have shown that the
degree of functionalization could be precisely controlled by the
probe voltage and contact time, and the friction coefficient of the
functionalized area significantly increases (Figs. 10(a) and 10(b)).
Moreover, after functionalization, the friction coefficient of
graphene increases further when a bias is applied, which is
attributed to the enhancement of capillary force and electrostatic
force induced by the electric field (Fig. 10(c)).

In another study by the same team in 2021, the dynamic
nanoscale friction behavior of graphene oxide (GO) under a
positive bias condition was investigated using the C-AFM probe
(Fig. 11(a)) [80]. It was found that the friction force of GO rapidly
decreased in the initial scanning cycle and then gradually stabilized,
which was attributed to the electrochemical reduction process of
oxygen functional groups induced by the applied electric field. The
bias size, relative humidity (RH), scanning speed, and normal load
all affect the reduction degree and friction properties of GO
(Figs. 11(b)-11(e)). A high humidity environment (72%RH) and a
low scanning speed (1.5 um/s) are more conducive to the reduction
of GO, thereby significantly reducing the friction force. X-ray
photoelectron spectroscopy (XPS) analysis confirmed that the
hydrophilicity of the GO surface decreased after reduction, and the
capillary force reduced.

The process of surface oxidation-reduction of 2D materials
induced by electric fields is also influenced by the surface state of
the 2D materials and external environmental factors. Zhang et al.

(B 7~ 2w | Sci@pen

94908406 (11 of 23)

(2020) studied the nanotribological properties of atomic-level steps
on the surface of graphene under the action of an electric field
(Fig. 12(a)) [142]. Through experiments, the authors found that the
lateral friction force of uncovered step edges significantly increased
with the increase in voltage, while the friction force of covered step
edges only slightly increased with the increase in voltage. This was
mainly attributed to the fact that the uncovered step edges were
more prone to oxidation due to the adsorption of water molecules
by the dangling bonds (Fig. 12(b)). The electric field enhanced the
oxidation reaction at the step edges, especially at the uncovered step
edges, where the oxidation degree was significantly higher than that
at the covered step edges. The above study reveals the oxidation
mechanism at the edge of the steps under the influence of an
electric field. The adsorption of water molecules and chemical
reactions are the key factors regulating the interface behavior. This
naturally leads to an intriguing question: Could air humidity affect
the friction and wear process of two-dimensional materials under
the influence of an electric field? In a recent study, Tang et al.
(2025) investigated the influence of humidity on the wear behavior
of graphene under current conditions (Fig. 12(c)) [143].
Experiments showed that a high humidity environment (such as
90% relative humidity) could significantly slow down the wear of
graphene, mainly through two mechanisms: One is to reduce the
Joule heating effect, and the other is to reduce the oxidation of the
carbon dangling bonds on the graphene surface by dissolving water
molecules. The current accelerated the oxidation of graphene and
the substrate (copper), while water molecules in the high humidity
environment could effectively inhibit this process. Infrared thermal
imaging and XPS analysis confirmed the regulatory effect of
humidity on the temperature and chemical bond state of the
friction interface.

The electrofield-induced redox reactions open up a novel avenue
for the dynamic regulation of friction properties by altering the
surface chemistry, morphology, and interfacial forces of 2D
materials [144, 145]. Current research has preliminarily clarified the
synergistic mechanism of electrofield parameters, surface structure,
and environmental factors, but further exploration of the response
differences of different 2D materials (such as MoS, and h-BN) and
friction behaviors under extreme conditions (such as extremely
high humidity, multi-physical field coupling) is still needed. In the
future, by combining in situ characterization techniques with multi-
scale simulations, it is expected to achieve precise prediction and
optimization of friction properties, and promote the application of
2D materials in nanomechanics, intelligent lubrication, and other
fields [146-148].

2.5 Mechanical resonance

The previous chapter discussed how the direct current (DC) electric
field significantly influences the static or quasi-static interface
friction behavior of 2D materials through mechanisms such as
regulating  charge carriers, inducing strain, enhancing
electron—phonon coupling, or triggering redox reactions. However,
the essence of friction is a dynamic process involving the relative
motion of the contact interface and the instantaneous changes in
energy dissipation [149-151]. To achieve more precise and real-
time control of friction behavior and explore novel mechanisms
beyond the effects of static electric fields, researchers have turned
their attention to alternating current (AC) electric fields and the
induced mechanical resonance phenomena [152].

Mechanical resonance refers to the physical phenomenon where
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Figure 10 (a) Schematic diagram of AFM setup for functionalization of graphene deposited on SiO,/Si substrate. (b) Frictional force (applied load of 1 nN) after
functionalization. (c) Schematic of dynamic nanofriction using a positively biased conductive AFM tip. Reproduced with permission from Ref. [141], © The Royal Society

of Chemistry 2019.

the amplitude of a system significantly increases when the external
excitation frequency matches the system’s natural frequency. In the
field of nanotribology, stimulating the mechanical resonance of the
probe-sample contact system or its supporting structure with AC
electric fields provides a novel, dynamic, active control strategy for
friction control. The core physical idea is that by applying a specific
frequency (especially near the normal or lateral resonance
frequency) of AC electric field, the contact interface or its adjacent
area could be controllably excited with nanoscale vibrations.
Compared to DC electric field regulation (mainly changing the
static or quasi-static physical and chemical states of the interface),
the mechanical vibration induced by AC electric field provides a
dynamic control method. This method is non-destructive, highly
responsive, and reversible. Under the influence of AC field, the
materials are driven into a state of mechanical resonance, thereby
potentially achieving ultra-low friction and even facilitating a state
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of structural superlubricity. It does not rely on the carrier transport
or chemical reactions, and thus offers a novel way to control
friction in material systems that have poor conductivity or are
sensitive to electrochemistry.

Socoliuc et al. (2006) were the first to achieve active on-off
control of atomic-scale friction. They accomplished this by
stimulating the vertical mechanical resonance of the nano-contact
system, and their work revealed the quantitative relationship
between vibration amplitude and energy dissipation [153]. The
authors used a friction force microscopy (FFM) in an ultra-high
vacuum environment and conducted experiments on the surfaces
of NaCl and KBr crystals. They found that by applying an
alternating current voltage matching the normal resonance
frequency of the system, within a specific excitation amplitude
and load range, friction could be reduced to below 10 piconewtons
without significant wear (Fig. 13(a)), and mechanical resonance
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Figure11 (a) Dynamic nanofriction force on GO under different voltages. (b) Schematic of the voltage-induced electrochemical reduction process. (c) Dynamic
nanofriction force on GO under different RHs. (d) Dynamic nanofriction force on GO under different normal loads. (¢) Dynamic nanofriction force on GO at different
velocities. Reproduced with permission from Ref. [80], © American Chemical Society 2021.

could induce changes in the energy fluctuations of the contact
interface, thereby suppressing the viscous sliding motion (Fig. 13(b)).
Cao and Li (2022) used the inverse piezoelectric effect of
piezoelectric films and only required an AC voltage below 10 V to
generate nanoscale vibrations through contact resonance, reducing
friction by more than 70% (Figs. 13(c) and 13(d)) [78]. Piezoelectric
films generate nanoscale vibrations when subjected to AC electric
fields. These vibrations become amplified through contact
resonance, disturbing the fluctuation of sliding potential energy. As
a result, viscous sliding motion is significantly suppressed, offering a
novel concept for integrated friction control in micro-nano devices.
Liu et al. (2025) further proposed a novel method for precisely
controlling the friction of single-layer graphene interfaces by
coupling DC and AC electric fields (Fig. 13(e)) [154]. The study
found that by superimposing a low-amplitude AC electric field on
top of the DC bias, the friction force could be continuously reduced
by 75%, without damaging the integrity of the graphene interface.
This effect is attributed to the unique energy dispersion mechanism
induced by the electric field coupling, that is, the vertical resonance
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converts the horizontal sliding dissipation energy into vertical
vibration energy. Subsequent simulations show that the horizontal
dissipation energy (AP, = —0.886 pW) and the vertical absorption
energy (AP, = 0.889 pW) are nearly equivalent in conversion,
verifying the physical essence of energy directional dispersion
(Fig. 13(f)). Three separate studies investigated the physical
mechanism and technical pathway for controlling friction via AC-
induced mechanical resonance. Each study approached the topic
from a different angle: mechanical resonance, electric field coupling,
and piezoelectric drive. Together, they establish a foundation for
engineering super-lubricating interfaces based on 2D materials.

3 Prospects

Although significant progress has been made in the study of 2D
material micro-scale current-carrying friction, there are still key
challenges in the exploration of its fundamental theory and material
systems [155-157]. In the future, it is necessary to systematically
expand the material gene pool and go beyond traditional systems
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Figure12 (a) Schematic of electric-carrying nanofriction experiments and topographic image of graphene with atomic step. (b) Force diagram of the AFM tip at
uncovered step and covered step. Reproduced with permission from Ref. [142], © Springer Science+Business Media, LLC, part of Springer Nature 2020. (c) The schematic
diagram with different humidity for the graphene film/steel ball friction interface, and friction coefficient under different humidity. Reproduced with permission from

Ref. [143], © Tang, Q. et al. 2024.

such as graphene and MoS,, to explore novel 2D materials with
topological insulating states (BiSe;), magnetism (Crl;), or
superconducting properties (NbSe,) under carrier conditions
[78, 158, 159]. The unique electronic structure of such materials
may give rise to novel friction control mechanisms, such as the
quantum tunneling effect of topological surface states carriers on
the interface barrier or the sudden change in viscous-slip behavior
caused by superconducting phase transitions [160, 161].

In recent years, various new 2D materials have demonstrated
great potential in ultra-low friction and intelligent control. For
instance, He et al. fabricated large-area high-quality monolayer
MoS, using the CVD method (Fig. 14(a)) [162]. The strong
interfacial interaction between the material and the substrate
significantly suppressed the wrinkling effect, achieving an extremely
low friction coefficient of 0.00904, providing a new idea for
designing ultrathin lubricating materials. Deng et al. reported the
ternary 2D material NiPS;, which exhibited an ultra-low friction
coefficient of 0.0045 under high vacuum conditions (Fig. 14(b))
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[163]. Its weak interlayer interaction and elimination of capillary
force effect were the key factors for achieving this performance. In
terms of gas regulation, Deng et al. further studied the friction
behavior of single-layer MoSe, in different atmospheres, finding
that its friction coefficient could be further reduced to 0.004 in pure
N, environment (Fig. 14(c)), and the wear resistance life was
increased by nearly four times, revealing the modulation effect of
gas molecule adsorption on interface energy dissipation [164].
Existing mechanism studies mostly focus on ideal single-crystal
materials, while the quantitative impact of defects (vacancies, grain
boundaries, and folds) on current-carrying friction in actual devices
has not yet been clarified [165-167]. It is necessary to combine in
situ transmission electron microscopy-electrochemistry combined
techniques, first-principles calculations, and cross-scale molecular
dynamics simulations to reveal the synergistic effects of local electric
field distortion [168—170], carrier scattering, and non-equilibrium
phonon dissipation at defect sites, and to construct a universal
theoretical model of “defect-electron-phonon”  coupling.
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Reproduced with permission from Ref. [153], © American Association for the Advancement of Science 2006. (c) A schematic diagram of the experimental setup for
friction measurement under vibration actuation stemmin. (d) Variations of friction and flexural amplitude signal with actuation voltage amplitude. Reproduced with
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al. 2025.

Moreover, the understanding of interface behavior under extreme
conditions (such as ultra-low temperature and high current density)
is still a blank area [77, 171, 172], and it is urgently necessary to
develop low-temperature C-AFM and micro-Joule heat analysis
platforms to clarify the reconfiguration laws of energy dissipation
paths due to quantum confinement effects and thermal carrier
injection in the long-term carrier operation [173-176].

For practical applications, the collaborative regulation of multiple
physical fields and the integration of high-performance devices are
the core directions to break through the technical bottlenecks
[177-181]. The single-field regulation has response delay and
energy consumption limitations. In the future, it is necessary to
explore multi-field coupling strategies such as light-electro-
magnetic-force coupling [182]: for example, using dynamic
modulation of the Fermi level by photogenerated carriers combined
with Lorentz force to suppress electron scattering; or achieving
nanosecond-level switching of the friction coefficient through the
vector superposition of piezoelectric strain field and electrostatic
field [183-185]. Such coupling effects could significantly improve
the regulation efficiency and provide a novel paradigm for
intelligent lubrication systems. At the device level, three major
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issues need to be addressed: First, developing low-power friction
switches that utilize mechanical resonance effects or phase-change
materials (such as 1T-MoTe,) to design active control units with
nanosecond response and picofarad-level energy consumption
[186—-188]. Second, overcoming the interface degradation problem
during long-term carrier operation, by suppressing environmental
oxidation through packaging technology and designing gradient
heterojunctions (such as graphene/h-BN) to alleviate Joule heat
accumulation [189, 190]. Third, promoting the deep integration of
2D material frictional properties and micro-nanoelectromechanical
systems (MEMS/NEMS), such as using the strain-friction
correlation in flexible electronics to achieve self-sensing drive
[191-194]. In addition to 2D layered materials, other thin film
materials can also be explored. Li et al. developed an air-liquid
interface deposition technique, which achieved ultra-thin
continuous conductive metal films with a thickness as low as
35 nm (Fig. 15(a)) [194]. These films exhibit excellent
transparency, conductivity, and anti-wear properties. Additionally,
they have created an electronic device that could monitor the
bending of joints such as fingers, wrists, and arms (Figs. 15(b)-
15(e)). This provides a new approach for integrating transparent
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Ref. [163], © Deng, H. Y. et al. 2024. (c) Frictional force as a function of normal load measured ML MoSe, under different atmospheres. Reproduced with permission

from Ref. [164], © Wiley-VCH GmbH 2025.

electrodes and lubrication in flexible electronic devices. These
breakthroughs require interdisciplinary collaboration, integration of
microfabrication processes and in situ characterization techniques,
and establishment of a full-chain design criteria from microscopic
mechanisms to macroscopic devices [195].

In conclusion, the study of 2D material micro-scale current-
carrying friction has significant scientific significance and
application value. With the deepening of research, it is expected that
more new phenomena, mechanisms, and applications would
emerge, which would inject new vitality into the development of
nanotribology and 2D materials [88, 196, 197].

4 Conclusions

This review has systematically examined the multiphysical
mechanisms through which electric fields dynamically manipulate
nanoscale friction in 2D materials. Moving beyond a simplistic view
of friction as merely a mechanical phenomenon, we highlight that
current-carrying friction constitutes a complex interplay of
electronic, structural, chemical, and dynamic processes. The key
insight unifying the discussed mechanisms is that an electric field
acts as a versatile external stimulus that can precisely alter the
interfacial energy dissipation pathways by modifying the charge
distribution, lattice configuration, chemical state, and vibrational
dynamics at the sliding interface.
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The evolution of research in this field marks a significant
transition from passive observation of frictional phenomena to
active and tunable control. Table 1 summarizes the existing classic
cases of electric field control of nanoscale friction in the academic
community. Early studies established the foundational role of
electrostatic effects and carrier concentration. Subsequent work
revealed the importance of strain- and electron-phonon coupling-
mediated dissipation. More recently, strategies involving
electrochemical surface modification and, notably, AC field-
induced mechanical resonance have opened avenues for dynamic,
non-destructive, and ultra-low friction control, even in materials
unsuitable for static field modulation.

Looking forward, the true potential lies in transitioning from
understanding single mechanisms to designing synergistic, multi-
field coupling strategies and in bridging the gap between atomistic-
scale knowledge and reliable macroscale device performance.
Future efforts must integrate cross-scale simulations, in situ
diagnostics, and defect-engineered material synthesis to develop
predictive models and robust interfaces. By consolidating the
mechanistic insights outlined here, this review aims to provide a
foundational framework for the rational design of 2D material-
based devices where tailored frictional properties are crucial for
enhancing reliability, efficiency, and functionality in next-
generation nanoelectronics and MEMS/NEMS.
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Table 1 The tribological behavior of typical two-dimensional materials under different electric field control mechanisms

Regulatory mechanism Materials Tribological behavior
Graphene Negative bias voltage can enhance friction.
Electrostatic effect MoS, Electric fields can induce a state of ultra-low friction.
h-BN Negative bias enhances friction, and positive bias has a relatively weaker effect.
Graphene The electric field causes lattice deformation, thereby reducing friction.
Electrostrictive strain MoS, The friction significantly decreases under the transverse electric field.
ZIF-8 Both the longitudinal and transverse electric fields can significantly regulate friction.
Graphene The electroacoustic coupling of single-layer graphene is stronger, and friction is also higher.
MoSe, The friction of n-type material significantly increases under a positive electric field.
Electron-phonon coupling . o . .
WSe, In p-type materials, the friction decreases under a positive electric field.
NbSe, The friction increases with the increase of the bias voltage.
Oxidation-reduction induced Graphene Negative bias increases friction, and positive bias reduces friction.

by electric field Graphene oxide The friction force decreases under positive bias.
NaCl/KBr Inhibit the viscous sliding movement and reduce friction.
Mechanical resonance Graphene Vertical vibration energy conversion su PP resses horizontal dissipation and reduces friction.

Piezoelectric film

Reduce friction through contact resonance.
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