
1 

 

 

Electrotunable Friction with Ionic Liquid Lubricants 

 

Fernando Bresme1, Alexei A. Kornyshev1, Susan Perkin2 and Michael Urbakh3 

 

1 Department of Chemistry, Molecular Sciences Research Hub, Imperial College London, W12 0BZ 

London, U.K 

 
2Physical and Theoretical Chemistry Laboratory, Department of Chemistry, University of Oxford, 

Oxford, UK 

 
3Department of Physical Chemistry, School of Chemistry, The Raymond and Beverly Sackler 

Faculty of Exact Sciences, and The Sackler Center for Computational Molecular and Materials 

Science, Tel Aviv University, Tel Aviv 6997801, Israel 

 

 

 

 

Abstract 

 

Room temperature ionic liquids and their mixtures with organic solvents as lubricants open a route 

to control lubricity at the nanoscale via electrical polarization of the sliding surfaces. Electro-

nanotribology is an emerging field that has a potential to realize in situ control of friction, i.e. turning 

the friction on and off on demand. However, fulfilling its promise needs more research. Here we 

provide an overview of this emerging research area, from its birth to the current state, reviewing the 

main achievements in nonequilibrium molecular dynamics simulations and experiments using atomic 

force microscopes and surface force apparatus. We also present a discussion of the challenges that 

need to be solved for the future applications of electrotunable friction. 
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Tribology, the science of friction, wear, and lubrication, is of fundamental importance for many 

branches of pure and applied science. A considerable part of the world's energy consumption (~23%) 

originates from tribological contacts, namely, energy losses in friction and manufacturing of worn 

parts1.  While the term tribology emerged in the 1970’s 2, the history of friction science is much older. 

Its first laws were formulated by Amontons3 at the end of the 17th century, but some of them were 

known to da Vinci4. In the 18th century, Coulomb performed pioneering studies of static and kinetic 

friction,5 and Cavendish and Hutchett addressed friction-induced wear. In 1950, Bowden and Tabor 

came up  with the first approach to understanding physical mechanisms of friction and wear.6  They 

introduced the asperity contact theory, describing friction as resistance to motion arising from 

adhesion and irreversible deformation of the interfaces. 

Traditionally, tribology was a discipline of contact mechanics. However, in the 21st century, it 

has become an interdisciplinary part of material science – at the interface of solid state, molecular, 

and nonlinear physics, statistical mechanics, physical chemistry, fluid and solid mechanics, 

nanoscience, and nanoengineering. The past two decades uncovered new challenges and 

opportunities for tribology, following the fabrication of micro and nano-electromechanical systems 

(MEMS and NEMS), which have revolutionized many technologies by exploiting new physics 

emerging at small length scales.  Generally, the high surface-to-volume ratio in these miniature 

devices results in severe friction and wear, limiting their use and lifespan. Nanotribology7,8,9 - a field 

of studying friction at the nanometer scale, provides a bottom-up, atomistic approach to designing 

new low-friction materials with unique characteristics10,11,12,13. In parallel with this, the importance 

of nanoscale lubrication to macroscopic systems is becoming widely acknowledged. Even for large 

surface-area contacts, the lubrication and friction are, in most cases, determined by the properties of 

‘nanofilms’ just a few molecular layers thick. Understanding and controlling the dissipation of energy 

across such films are the fundamental tasks of nanotribology. 

Substantial progress in understanding the properties of nano-films under different load, shear and 

temperature conditions was achieved recently, and new factors affecting friction were unraveled. 7,8,9 

Obviously, friction can be modified by changing the properties of the lubricant or shearing surfaces,  

but a new direction for nanotribology lies in approaches to switch and control surface interactions at 

the molecular level, tuning friction reversibly in real time, using non-invasive mechanisms. Such 

control over friction would be instrumental for automotive, aerospace, electronic,  and microrobotics 

industries; in macroscopic bearings – for instance in lightweight vehicles, lifts or more generally 

rotating shafts, which can be deployed also in energy recovery applications and medicine (prosthetics, 

drug release).  

https://www.sciencedirect.com/topics/engineering/bowden-and-tabor
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Previous approaches to the dynamic control of adhesion and friction involved mechanical 

modulations of normal and lateral forces14,15 or light irradiation16. In the case of electronically 

conducting sliding contacts a more robust, natural, and readily implementable approach is applying 

an electric potential to control the lubricating properties of nanofilms17. Examples of electromagnetic 

tuning of friction in nano-, micro- and macroscale systems demonstrating the variety and versatility 

of these approaches are overviewed in Ref.18. Variations of the static electric field can significantly 

modify the composition, structure, and dynamics of the lubricating film. This can be done by less 

than 1V variation of applied voltage for an electrolytic solution or ionic liquid lubricant. The 

potentials of such sliding surfaces can be independently varied relative to a reference electrode in the 

bulk, enabling their symmetric or asymmetric polarization. This approach has been successfully used 

in Atomic Force Microscopy (AFM) measurements19,20,21,22,23 (see Fig.1). The Surface Force 

Apparatus (SFA) provides another route to investigate nanofilms12,24,25; real-time control of the 

surface charges (potential) in SFA has recently been achieved26 27,28,29,30. This was made possible by 

creating ultra-flat conducting surfaces (e.g. covering mica surfaces with graphene)28,28 , or replacing 

mica surfaces with molecularly smooth gold electrodes31 .  

Advantages of electrolytic lubricants for electrical control of friction are obvious.   The 

electrolyte ions are strongly influenced by the electrostatic fields from the surfaces, and the structure 

and dynamics of the lubricant can therefore be controlled externally. In that respect, Room 

Temperature Ionic Liquids (RTILs) – complex molten salts with melting points below 100oC, are 

most attractive, due to their unique thermophysical properties (low vapor pressure, high thermal 

stability, wide electrochemical stability window) and virtually unlimited variety of 

compositions32,33,34. Ionic liquids consist of organic salts or mixtures of organic components, with 

common salts including, e.g.  alkylammonium, alkylpyridinium or alkyimidazolium cations, and 

tetrafluoroborate, hexafluorophosphate or bis(trifluoromethylsulfonyl)imide anions. RTILs are 

hygroscopic and absorb water from humid air. The hydrophilicity is determined to a large extent by 

the anion. RTILs can undergo tribo-chemical reactions, and the ions can be oxidized (e.g. 

phosphonium to phosphate) during the measurements35. It is expected that this will lead to protecting 

layers36 similar to those observed with conventional lubricants, however the interplay between 

Electrotuneable Friction (EF) and triboelectrochemistry has yet to be systematically studied.   

     RTILs interact strongly with solid surfaces, particularly when the latter are charged, providing 

wear-protective films sustaining higher normal loads than those of existing molecular lubricants11,37. 

The interaction of RTILs with confining surfaces leads to fascinating structural and dynamic features 

such as layering, overscreening and crowding33,34,38, discrete multi-valued friction depending on the 

number of confined ionic layers ("quantized friction")39, nanoscale capillary freezing40, and EF20,21. 
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For the same RTIL lubricant, under given conditions (normal load, shearing velocity and temperature) 

the friction can be reversibly tuned via electrical polarization of the surfaces. AFM experiments with 

RTILs confined between a silica tip and graphite surface21,41 demonstrated that super-low friction 

(superlubricity) can be ‘‘switched’’ on and off, by polarizing the surface.  

The electric field built up across the RTIL nanofilm induces alternating positive (cation) and 

negative (anion) ionic layers33,34, with an interlayer separation that corresponds to the ion pair size25,39 

,42,43,44,45. Switching the field can modify the composition and/or arrangement of these ions and 

therefore the overall friction characteristics of the film – see Box 1.   Voltage-control through 

rearrangement of ions between chargeable surfaces has been widely used in polymer-electrolyte 

based electroactuators46 or electrowetting47. In EF, we deal with ‘electroactuation’ on the molecular 

level using ‘electroactive lubricants’, where depending on how one polarizes the electrodes, both the 

nanofilm thickness, the distribution of ions (including the ratio of anions and cations), or even the 

phase behavior and relaxation timescale of the film can be changed. 

Despite significant advances in experimental and theoretical studies of EF with RTIL-lubricants, 

many aspects remain to be better understood:  

i) What are the microscopic mechanisms behind the frictional phenomena observed in RTIL  

      nanofilms?  

ii) Which experimental conditions lead to optimum EF and significant reversible variation of   

       friction with voltage?  

iii) What materials and liquids would be best suited for this?  

iv) Can EF help to reach superlubricity in otherwise frictional contacts?  

v) What is the mechanism of friction in mixtures of RTILs with organic solvents, and what is the 

minimal ionic concentration required to ensure EF in these mixtures? 

Unlike previous reviews on lubrication with RTILs11,48, here we focus on discussion of key 

challenges on the way to robust EF. 
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Experimental configurations for voltage-control of friction  

Interrogating EF mechanisms experimentally requires measurement of the i) film thickness and ii) 

normal force acting between two surfaces with a liquid film in between, iii) electrostatic polarization 

of surfaces applied in situ, and iv) simultaneous sliding motion and detection of the lateral force. 

Techniques well suited to these specifications and allowing for molecular-level resolution are 

AFM20,21  and SFA28,49,50,51 (Fig.1). Importantly, it has been demonstrated that only relatively modest 

electrical bias (~1V) causes a substantial reorganization of the electrical double layer, with the 

strongest influence felt by the ion layers closest to the electrode surface52. The applied voltage induces 

a charge on the surface, which in turn alters the near-surface liquid structure in striking ways.  Indeed, 

at neutral surfaces, unless the ions are preferentially adsorbed, cations and anions form mixed layers. 

At charged surfaces, at least for not too large voltages, they form layers of alternating net charge 33,34 

(see Figs. 1 and 2a,b). Formation of such layers affects the mechanisms of shear dissipation and 

friction forces across the film.  For example, Sweeney et al.20 reported the strong confinement of 

cations when one surface was negatively polarised, leading to a friction coefficient reduced by a factor 

of three compared to positively polarised surfaces. Conversely, Li et al.21 showed that applying +1.5V 

vs Pt reference led to positive charging of the HOPG surface and subsequent coating by an anion 

layer leading to a reduction in friction at the contact. 

 

Box 1 | Charging configurations.  

The experiments on EF can be summarized according to their various configurations; see Box 1 figure 

below. Until now, most experiments have involved setting up a potential difference between one or 

both surfaces relative to an electrode away from the contact in the bulk of the lubricant fluid, as shown 

in panel A of Box 1 figure for symmetric surface polarization. In general, such polarization influences 

friction in two related ways: first RTILs in the confined nanofilm respond to the surface charging by 

expelling co-ions and/or attracting counterions to retain local electroneutrality (see switching of film 

composition in the Box 1 figure, mechanism i)). This change in the anion/cation ratio, effectively the 

composition of the film, can modify the friction coefficient, for example by accumulating a monolayer 

of cations with flexible alkyl chains20. Secondly, charging of the surfaces modifies the normal force 

(pressure) between the surfaces that can drive them together or apart, thus modifying the thickness of 

the film28.  The ‘symmetry-breaking’ effects in compositions and forces arise from different 

characteristics of the cations and anions (shape and their intra-molecular charge distributions), leading 

to modified friction when the lubricant film is rich in cations or in anions. 



6 

 

One challenge faced when transferring this concept to devices is locating a suitable counter 

electrode appropriately close to the moving contact. Addressing this, it has been proposed that a 

potential difference is instead applied between the two shearing surfaces themselves, leading to 

asymmetric polarization as shown in Box 1 figure, panel B.  Here, the two surfaces separated by the 

lubricating film are oppositely charged, leading to different prospects for tuning the lubrication of the 

contact. In this case, on average, there will be no excess charge in the film, so that the cation/anion 

ratio there will remain unchanged. However, both the pressure between the surfaces and the dynamics 

in the liquid film will be affected by the resulting electric field between the surfaces, creating 

alternative routes to tuning the lubricity of the film. Various lubrication switching scenarios are 

possible, dependent on the AC timescale relative to relaxation timescales in the electrolyte film; low 

AC frequencies will allow for ion reorganization (mechanism ii)) whereas high AC frequencies lead 

to unscreened electric fields between the surfaces (mechanism iii)) which can be switched on and off 

to control friction. Until now, only a couple of experiments used a setup of this sort: one experiment 

involving a confined polyelectrolytic film49 demonstrated an 80% reduction in friction using an 

alternating electric field. This exciting result, combined with emerging evidence that AC electric 

fields cause very large repulsive forces across ionic films, signals strong prospects for AC-controlled 

friction30,53,54; to date it remains to be demonstrated if EF with pure RTILs can be realized in this way. 

AC signal with frequencies faster than the timescale of electrical double layer charging, to avoid 

electrical breakdown and to reach more complex effects , are clearly possible and  are envisaged as a 

powerful tool for tuning surface interactions and friction30, 53, 54.   
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The charging of confining plates leads to i) formation of ionic layers of alternating charge 

accompanied by overscreening43 at small and moderate surface charges (< 30 𝜇C/cm2); ii) full charge 

compensation of the surface for charge densities similar to those found in mica (-32 𝜇C/cm2); and 

iii)– crowding of counterions at higher charge densities. Overscreening is defined as the emergence 

of a net charge in the first layer adjacent to the surface, opposite in sign to the charge of the surface, 

but having the absolute value higher than the latter (see middle panel in Fig.3a). The next layer has a 

charge opposite in sign to the sum of the mentioned two charges, but again of the larger absolute 

value. This results in decaying charge density oscillations extended over several layers before 

reaching electroneutrality.  With further increase of the surface charge, the system will reach the point 

when there is no more room in the first layer to accommodate enough counterions to overscreen the 

charge of the surface. The next layer may still overscreen the net charge of the surface and first layer. 

With charge of the surface increasing, the second layer may then also get saturated with counterions, 

and so on, which leads to the so called counterion crowding regime38. The latter would happen at very 

large charges, at the edge of experimental accessibility. The effects of overscreening and, to a less 

extent, crowding, will be manifested in nanoconfinement, but not literally as in semi-infinite systems, 

as they will be affected by the interplay between the size of the ions and the width of the nanogap 

accommodating them. Experimental studies using X-ray reflectivity70, neutron reflectivity55, AFM41, 

sum-frequency vibrational spectroscopy56, are broadly consistent with an enrichment of counterions 

at charged surfaces, as well as with the microscopic images provided by molecular simulations. 

< End of Box 1 > 

 

In bringing such experimental proof-of-concept towards practical implementation, it is 

necessary to inspect the role of water, surface roughness, and other parameters not present in the 

model experiments. Studies of friction forces across RTIL films with control over added water content 

show diverging outcomes, indicating that several competing mechanisms may be simultaneously in 

charge, such as the altered location of the slip plane and enhancement of surface ordering57,58,59,60.   
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Fig. 1. Experimental and simulation approaches to study electrotunable friction with lubricating nanoscale 

RTIL films. (a, b) Schematics of SFA and AFM setups for voltage control of friction. SFA uses two identical 

macroscopic substrates in crossed-cylinder geometry (left) with large (~1 cm) radius of curvature, much greater than 

the molecular scale. Interferometry is used to determine liquid film thickness and forces via spring deflections 

(shown top is a typical spectrum showing the fringes of equal chromatic order, FECO). The surfaces typically consist 

of silver (Ag) layers behind mica sheets; Ag acts as both mirror and electrode. Mica acts as a dielectric spacer. 

Surfaces can be polarized symmetrically (not shown) or asymmetrically (as shown). AFM uses a sharp (~ 5 nm) tip 

interacting with a planar substrate; forces are measured using a laser to measure cantilever normal and torsional 

deflections. Until now most EF measurements with AFM involved voltage control of a single planar electrode 

relative to a reference in the bulk fluid, with the tip electrically isolated. However, both SFA and AFM can 

incorporate various electrical and electrochemical arrangements; see Box 1 for further possibilities. (c, d) Sketch of 

RTIL structure confined between charged mica surfaces in SFA configuration (c), and between a tip and electrode 

in AFM setup (d). (e, f) Schematics and relevant quantities of Non-equilibrium Molecular Dynamics (NEMD) 

Simulations of EF: (e) Three types of force-fields employed to simulate RTILs in NEMD: primitive, coarse-grained, 

and atomistic (see Box 2). (f) Simulation set up employed for NEMD of EF. The ionic liquid is confined between 

solid slabs at nanometer separation (see right panel), and under a normal load FN, acting on both slabs. One of the 

slabs is pulled through a spring at constant sliding velocity, v.  
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Microscopic insights into Electrotunable Friction  

The theoretical methods available to investigate friction in nanoscale liquid films range from 

‘‘minimalistic’’ models, such as the Prandtl-Tomlinson and Frenkel-Kontorova models, to computer 

simulation.  The minimalistic models provide qualitative insight into stick-slip motion, the transition 

to sliding or superlubricity 9. However, a deeper understanding of friction and its dependence on the 

molecular structure of lubricating films, normal load, temperature, or surface charge density, requires 

molecular-level approaches. The approaches to investigate EF in RTILs using molecular simulations 

(MS) are discussed in Box 2. 

Box 2 | Modelling EF with ionic liquid lubricants  

MS are widely used to investigate materials and fluids at experimental conditions relevant to 

friction (temperature, load, shear rate, inter-surface distance, degree of surface roughness or 

heterogeneous composition)9. Non-equilibrium computer simulations61 allow to interrogate the  

response of the films under nanoconfinement, by integrating the trajectories of atoms interacting 

through intermolecular forces. The MSs of lubricated friction often mimic the set-up used in AFM or 

SFA experiments (see Fig. 1f). The choice of the interaction force fields between atoms is the first 

step to simulate RTILs in nanoconfinement. The ions can be modelled at different levels: Primitive 

models (see Fig. 1e) that provide the simplest forcefields, capturing size asymmetry, were employed 

in the first simulations of EF62. Coarse-Grained (CG) models incorporate some chemical specificity 

by mapping groups of atoms into a single bead and distributing the net charge amongst different 

pseudo-atoms (see Fig. 1e)63,64,65,66. Atomistic models67,68 target the full structural complexity of the 

ions (see Fig. 1e), providing higher level of detail in computer simulations; an example of BMIM+ 

BF4
- is shown in the right panel of Fig 1e.  CG models are computationally efficient, which is 

advantageous as RTILs feature high viscosities (up to ~30-100 times higher than water), and low 

diffusion coefficients (two orders of magnitude lower than water, ~10-11 m2/s). CG models were used 

to study friction as a function of the RTIL composition, surface charge, normal load and pulling 

speed. MSs can also be used to simulate surfaces commonly employed in friction experiments 

(mica25,39, silica69 and metallic surfaces42,20,70,71).  

 In MS of EF the confined RTIL and the solid slabs are immersed in a reservoir of the bulk 

ionic liquid.  The ions can enter or leave the confined region in response to changes in load or sliding 

velocity (see Figure 1f). Hence, the number of ions in the confined region can change during the 

simulation, subject to sliding and the swelling of the film. In the stationary regime, the chemical 

potentials of the RTIL in the confined and bulk regions are the same. Different surface charge 
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densities can be modelled by charging uniformly the layer of atoms in the slabs that are in direct 

contact with the confined RTIL. 

The surface charge can be modelled using the fixed charge method (FCM), in which the 

charge on each surface atom is constant throughout the simulation62,, or the constant potential method 

(CPM) 72,73, where the charge distribution on the surfaces is adjusted self-consistently, subject to the 

electrical capacitance of the frictional contact. Differences between the two methods might be 

expected for metallic surfaces, as the electrode potential, not the charge, is kept constant. Simulations 

of RTILs nanofilms (1-10 nm thick) showed, however, that the differences between the FCM and 

CPM become significant only at very high voltages ≥4V 72,74, which are close to or above the limit 

that most of the RTILs at electrodes can withstand without oxidation or reduction of the ions.  The 

similarity between FCM and CPM results can be rationalized by considering the strong screening of 

image charges by the first layer of counterions at the metallic surface. 

Standard MS of EF is performed with length scales like those featuring in sliding contacts 

(~nm) and sliding speeds of the order of 1-10 m/s, which approach the speeds of interest in practical 

applications. These speeds are significantly higher than those occurring in nanoscale friction 

experiments with AFMs and SFA (10-3-10 𝜇𝑚/𝑠). To match experimental conditions, accelerated 

MSs has been employed to study stick-slip friction in nanoscale solid-solid contacts75 for sliding 

speed as low as 25 𝜇𝑚/𝑠, revealing the importance of thermal activation processes in atomic stick-

slip dynamics. These MS reported a weak, logarithmic dependence of friction on the sliding speed, 

which is usually observed in the stick-slip regime and allowed a reliable interpretation of energetic 

aspects (sliding potential energy barriers) of AFM and SFA.  

MS methods can also be extended to include chemical reactivity between the lubricant and 

the confining surface and tackle tribochemistry problems and corrosion, which have become 

increasingly popular in the last years. Such simulations rely on quantum approaches to model 

formation and breaking of chemical bonds (Density Functional Theory, Quantum 

Mechanics/Molecular Mechanics, Reactive Force-fields)76. They complement surface chemistry 

techniques such as Scanning Electron Microscopy, STEM, or XPS70 by providing a microscopic view 

of tribofilms ‘in situ’.  

 

< End of box 2 > 
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The layering and charge structure of RTIL nanofilms confined between mineral or metallic surfaces 

has been examined recently using experiments and MS.  The simulated distance-pressure isotherms 

feature discontinuous jumps of the order of an ion diameter or ion-pair size, 0.5-1 nm (see Fig. 

2b)52,66,77  . The jumps emerge from the squeezing out of molecular layers upon compression (“odd” 

or “even” number, when the nanofilms are confined between like or unlike charged surfaces, 

respectively)62,72,78,42,64,66. Bi-layer ejection is consistent with the overall electroneutrality condition 

observed in SFA experiments, while single layer ejection has also been reported in AFM23 and 

explained by MS79 (Fig.2a). MS-studies showed that nanofilms withstand very high pressures (0.1-1 

GPa), demonstrating an excellent performance of RTIL lubricants protecting surfaces from wear.  

Lateral (in-plane) ordering and crystallisation (see Fig.2c) has been demonstrated in MS using 

CG and atomistic models62,64,78,80,81,82,83.  This behavior is consistent with experiments using small 

ions (EMIM NTF2) confined between a magnetic AFM tip and a gold (100) surface84, which 

provided evidence for epitaxy induced crystallization in the confined liquid. Interestingly, the in-

plane ordering in the layers adjacent to the substrate and in the interior of the film can proceed even 

without strong epitaxy and affect the slippage plane position and friction. Film crystallization with 

larger cations (e.g. those containing long aliphatic chains in imidazolium salts) is more costly, 

entropically, and nanofilms form hydrophobic / hydrophilic disordered domains70,85,86,88.  
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Fig. 2. Effect of surface polarization on ionic liquid film structure. (a) Normal forces as a function of tip-

electrode distance recorded in AFM measurements for potentials of −2.0 V (left panel) and +0.5 V (right panel). 

The force curves are complemented by histograms indicating the probability to find the tip at a given tip−electrode 

distance (reprinted with permission from ref. 84, ACS). (b) Left panel: 2D color map calculated for 

[C4C1Pyrr][NTf2], presenting local difference in number density between cations and anions as a function of 

distance from a surface and of  surface charge density. This map shows alternating layers, preferably containing 

anions or cations. Right panels: density profiles of cation, and anion as a function of distance from the electrode for 

surface charge of -10 µC/cm2 (top panel) and -20 µC/cm2 (bottom panel). Image reprinted with permission from ref. 

87, RCS. (c) Left panel: Two-dimensional structure factor of the anion rich layer in contact with the charged 

substrate and the anion rich layer in the interior of the film calculated for the plate charge density of +32 μC cm–2 

and load of 400 MPa. The top panel represents results for 1-ethyl-3-methyl-imidazolium 

bis(trifluoromethylsulfonyl)imide and the bottom panel for 1-ethyl-3-methyl-imidazolium ethyl sulfate. The bright 

spots indicate the formation of 2D crystal structures (reproduced with permission from ref.88,  ACS). (d) (Top 

panel) “Flat” and “tilted” cation configurations at surfaces with charge density of -32 μC cm–2. (Bottom panel) The 

effect of surface charge density on the relative population of these two configurations (black curve). The ion 

reorientation induces the swelling of the confined film (grey curve) (reprinted with permission from ref.78, ACS). 

 

MSs have unraveled the microscopic mechanism of EF in RTIL films (see Fig.3) 62,78,77. The 

friction force varies with the surface charge density through i) its impact on the normal and in-plane 
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ordering of the RTIL film and ii) switching between anion and cation layers in contact with substrate 

surfaces. The charge overscreening, found in RTILs at low and moderate surface charge densities33, 

leads to a strong attraction between ionic layers, which slide at the same speed, following a “plug” 

like profile, with the slippage plane located at the plate-RTIL interface. The friction force increases 

with the surface charge due to an increase in the sliding energy barriers at the solid-liquid interface. 

Further increase of surface charge leads to enhanced electrosorption of counterions, resulting in 

sticking of ionic layers to the solid surfaces and the shift of slippage plane from the plate-RTIL 

interface to the interior of the film, with the nanofilm featuring a Couette type profile. After that point, 

the friction starts to go down with further charging. Thus, the friction force exhibits a maximum (see 

Fig. 3a), which signals the Plug-Couette flow dynamic transition.  Such electric-field-induced shift 

of the slippage plane from the solid−liquid interface to the interior of the film has been observed both 

in CG and fully atomistic models62, 88 – in crystalline and disordered nanofilms, and smooth and rough 

substrates89 . These findings support the generality of the discussed dynamic transition (see Fig.3b), 

which is specific to ionic fluids, as it emerges from strong ionic correlations that enable the motion 

of the confined liquid at sufficiently high loads as a single unit (plug). At high surface charges, the 

strong adsorption and reorientation of RTIL ions at the surfaces leads to a break in the symmetry of 

the structure of the confined liquid, modifying the flow mechanism (Couette) and the position of the 

slippage plane, which determine the friction force. Recent AFM experiments with RTIL confined 

between gold surfaces and magnetic tip supports the emergence of maximum friction with increasing 

surface potential84 (see Figure 3b). 
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Fig. 3. Mechanism of electrotunable friction in nanoscale RTIL films. (a) (Top panel) Schematic plot 

showing the variation of friction force with surface charge density for two different normal loads. At high 

normal loads, the friction force exhibits a maximum (brown line), whereas for a low load (blue dashed line) a 

maximum in friction force is shifted to very high surface charges. The insets show snapshots of the confined 

film structure, obtained for zero, low and high surface charge densities using NEMD simulations of BMIM 

BF4. Red, yellow, and green spheres represent the anions, cations, and substrate atoms, respectively. (Middle 

panels) Reorganization of the confined RTIL with surface charging showing an alternating charge density in 

the perpendicular direction to the substrate plane. Further plate charging leads to accumulation of counterions 

(cations in the schematic) at the substrate overcompensating the plate charge, while the co-ions (anions) are 

displaced towards the film interior, (Bottom panels) Effect of charging on the flow mechanism of RTIL 

nanofilms. At low surface charges and high load, the whole film exhibits a Plug-like velocity profile (red line 

in left panel), while at high surface charges the counterions are strongly adsorbed at the surfaces and the film 

features Couette flow (right panel). The Plug-Couette dynamic transition gives rise to a friction force 

maximum, and it is connected to the shift of the slippage plane (green dashed lines in the panels) from the 

substrate-RTIL interface to the film interior. (b) (Left panel) Schematics of experimental setup for measuring 

dynamic shear properties of nanometer-confined RTILs, where the AFM tip oscillates laterally with nanometer 

scale amplitudes. (Right panel) Potential dependence of frictional energy dissipation for five confined layers, 

supporting the emergence of maximum friction with increasing surface potential shown in panel (a). 

(image reprinted from ref.84 with permission, ACS). 

 

The RTIL’s chemical composition and the polarity of the surface significantly impact the 

friction forces (see Fig.4a). RTILs with small cations (EMIM) show a better lubrication performance 

(lower friction forces and higher resistance to squeeze out) than cations with long hydrocarbon 

chains77. Low friction forces were reported for RTILs confined between positively charged surfaces. 
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Nevertheless, the effect depends on the nature of the anion, and films containing C2SO4- anions result 

in friction forces 60% higher than BF4- and NTF2- RTILs88. These differences emerge from the lateral 

ordering induced by the confining surfaces on RTIL nanofilms, with ‘crystallization’ of the RTIL in 

the nanogap triggering the effect earlier discovered in structural superlubricity13, where the enhanced 

lubrication arises from lattice misfit between the substrate and the RTIL crystal (see Fig.2c). Notably, 

experimental studies using AFM probes41 reported a decrease in friction with increasing chain length. 

This was observed, however, when the tip and electrode were separated by a monolayer of ions. The 

situation is different for multilayer films discussed in the simulations, where in-plane ordering of the 

ionic layers leads to a reduction of the friction force. 

A key impediment to the widespread use of RTILs as lubricants is, however, their relatively 

high cost. Hence, recent studies examined the use of RTILs additives to base oil lubricants and the 

impact of solvents on EF in mixtures are discussed in Box 3. 

 

Box 3 | The role of solvents.  

Most RTILs are hygroscopic and absorb water from humid air. Water can be electrolyzed at small 

electrode polarization, which may be a persistent side effect in applications if water continues to be 

re-absorbed from the air. This effect demands careful attention, to avoid deteriorating performance 

of EF devices. Recent experimental and simulation studies showed that, depending on the nature of 

the ions and how water molecules interact with them, there may be an excess or depletion of water 

near charged surfaces90,91,92. A more usual situation is a substantial excess of water at the electrified 

interface; this may substantially affect ion layering in nanofilms58,93,60. Water appears to increase 

friction by screening the electrostatic interactions between the ions, modifying the orientation of the 

ions, the slip conditions at solid-liquid interfaces, and the resistance of the RTIL layers to being 

squeezed out (see Figs.4 c,d)60. The panel below illustrates the structural changes observed in the 

confined RTIL upon the addition of water. The ‘water-dry’ ionic liquid is structured in ionic layers 

of alternating charge. Water molecules adsorb at the charged surfaces and displace the ions from the 

confined region, thereby disrupting the layered ionic structure. The film thickness (D1) decreases (D2) 

when water is added to the ionic liquid. Notably, presence of even a small amount of water (see blue 

lines in the right panel) in the film can screen the electrostatic interactions between the ions, making 

the film more “fluid” and compressible and hence less resistant to external stress.  For the same 

normal load, the film becomes thinner, and the friction increases.   
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All-in-all, water can be ‘poisonous’ for RTIL lubricants. Experimental studies of BMIM FAP 

adsorbed at silica surfaces have, however, reported a reduction of friction with increasing water 

content. This effect may be connected to changes in the silica surface upon water adsorption94. In the 

likely scenario when water can never be fully expunged, ionic liquids need to be ‘designed’ to sustain 

water, perhaps involving RTIL ions which ligate strongly to water92; an important factor to be kept 

in mind.  

Of course, not all neutral molecules are bad for EF. RTILs usually exhibit high viscosities, 

which impedes mass flow slowing down the dynamic response, essential for switching technologies. 

The addition of organic solvents to RTILs might provide a solution, first by reducing the cost of RTIL 

lubricants, and second by enhancing their dynamic response.95,96 Similarly, to pure RTILs, the 

lubricating properties of mixtures of RTILs with organic solvents feature a remarkable variation with 

the electrode charge density, even at low RTIL concentrations (5-10% in an organic solvent, see 

Fig.4b)71,97,98 The accumulation of counterions at charged surfaces confining the diluted RTIL 

solution is responsible for the observed variation of friction forces with surface charge71,79. These ion-

rich layers adjacent to the charged surfaces are not squeezed out even under very high normal 

pressures, protecting surfaces from wear and providing excellent lubrication at high loads. Moreover, 

with appropriate solvents, the friction forces in diluted mixtures can be lower than those in pure 

RTILs.  

< End of Box 3 > 
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Fig. 4. Effect of film composition on friction (a) Dependence of the friction force on the composition of the 

RTILs and the nanofilm thickness predicted by atomistic simulations88. The simulation data cluster in three 

main groups, which are highlighted by the dashed lines, used here as a guide to the eye. Lower friction forces 

are observed with EMIM BF4 or EMIM NTf2 ionic liquids confined between positively (+32 μC/cm2, triangles) 

charged surfaces. Intermediate friction forces are obtained for RTILs confined between negatively (−32 μC/ 

cm2 circles) charged surfaces. The highest friction forces shown, correspond to the EMIM C2SO4 confined 

between negatively and positively charged surfaces (image reprinted with permission from ref.88, ACS) (b) 

AFM experiments reveal that tribotronic control of friction, using an external potential applied to a gold 

surface, is possible for RTIL concentrations as low as 5 mol% in hexadecane. Plot showing the lateral force 

vs. normal load of pure P6,6,6,14
i(C8)2PO2 (right) and 10 mol% P6,6,6,14

i(C8)2PO2 in hexadecane (left) at different 

applied potentials (image reprinted with permission from ref.97, RSC). (c)-(d) Effect of water on friction in 

nanoscale RTILs. (c) Load dependent friction measured with a silica colloidal sphere sliding on mica in 

[EMIM][EtSO4] under a dry atmosphere (sphere radius = 9 μm) (red circles and diamonds) and in equilibrated 

[EMIM][EtSO4] at ambient RH (sphere radius = 7 μm) (blue squares and triangles). The onset of the high-

friction regime occurs at a pressure of ∼52 MPa under dry conditions and ∼46 MPa at ambient RH (i.e., under 

wet conditions) (image reprinted with permission from ref.9358, ACS). (d) Friction force and film thickness 

of BMIM PF6 as a function of bulk water content, computed using NEMD simulations (image reprinted with 

permission from ref.60, ACS).  

 

Outlook 

It is hard to predict, especially the future  

                                                (Niels Bohr)  

In this article, we overviewed a new field that holds promise for real-time control of friction in 

mechanical devices. Progress in experimental and simulation studies of friction with RTILs as 

lubricants showed that using them and applying voltage (i) the friction coefficient can be controlled 

in real time; (ii) ultra-low friction can be achieved; (iii) strong interactions between the ionic layers 
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and surfaces can be induced preventing the ‘‘squeeze-out’’ of the liquid and wear under pressure; (iv) 

robust lubrication performance can be achieved, minimally dependent on changes in the environment 

due to the low volatility of RTILs. Notably, lubrication by RTILs relies upon two crucial properties 

which are unusual in their combination: ions are attached strongly to the surfaces through their 

electrostatic interactions, yet the film retains fluidity under compression. This combination of 

thermodynamic and kinetic features is one important route to good boundary lubrication and is seen 

in just a few other scenarios such as in hydration-lubrication12.  

However, fulfilling the promise of EF requires more research.  The performance of RTIL 

lubricants is a complex function of the nature of confining surfaces, their roughness, charge density 

and polarity, nature of RTIL, temperature and load. While some of these properties are imposed by 

experimental conditions (e.g. temperature and load) and the specific properties of surfaces 

(roughness, the surface charge of mineral surfaces), RTILs themselves offer a vast parameter space 

in terms of their chemical composition, further diversified using solvents and additives. Moreover, 

electrotunable lubrication relies on controlling surface charges, which can be readily adjusted only 

on metal or metallized surfaces and coatings. The use of AC fields can open up a new way to tune 

surface interactions and friction30,53,54.  

While analyzing all these properties implies exploring a huge parameter space, computer 

simulation studies can help identifying the conditions leading to optimal performance. To achieve 

electrically controlled lubrication it is necessary to design films where the structure and molecular 

interactions change significantly in the region where the energy dissipation (slippage) occurs. RTIL 

nanofilms confined between charged metallic surfaces fulfil this condition. 

Encouragingly, and not unexpectedly, the early indications from experiments and simulations, 

as discussed above, demonstrate that even tiny voltages can yield substantial effects on friction and 

adhesion between surfaces. Many exciting hypotheses are only now opening to experimental 

investigation, as new tools have just been made available to incorporate electrodes into high precision 

surface force and friction experiments51,99. Important scenarios and hypotheses yet to be addressed 

include applying electric fields sufficient to induce 2D phase transitions in nanoscale films and 

switching from layered to amorphous films by applied potentials. While most research is focusing on 

reducing friction, tribotronic100 applications might require the opposite, namely finding high friction 

states by identifying cations-anions pairs leading to friction increase upon switching an external field. 

This will be useful in smoothening robotic motion, and generally in applications requiring adaptative 

breaking. Further effects of EF on triboelectricity101 would also be of interest. For translation of EF 

to applications, it will be necessary to fully characterize the role of surface roughness89, chemical 
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degradation of the electrode surfaces resulting from extended cycling, tribochemistry (in particular 

shear-induced corrosion of RTILs), and all aspects associated to the presence of water, and organic 

solvent additives. The tree of knowledge in Fig. 5 encapsulates these links.  

 

 

Fig. 5. Electrotunable friction: From fundamentals to applications. Before collecting the fruits in the form 

of applications – micro/nanoelectromechanical systems (MEMS, NEMS), electro-switchable devices or 

triboelectric generators, and their deployment possibly in wearable energy conversion devices and robotics, a 

significant number of explorations need to be performed in the context of the – (i) effect of surface patterning 

of the electrodes on friction, (ii) formulation of better ionic liquid lubricants, which  goes hand in hand with 

fabrication of improved surfaces and surface patterning, (iii) friction and tribochemistry at extreme conditions, 

namely high pressure and temperature, which are common for nanocontacts (iv) tribochemistry, which opens  

entirely new scenarios emerging from the interplay of surface interactions, electric fields and chemical 

reactions, and (v) understanding the properties of charged fluids under nanoconfinement, fueled by the 

importance of nanoconfinement in energy storage. The challenge here will be to develop methods that allow 

identifying optimum low-cost formulations. Computational methods might help navigate and rapidly screen 

the library of available RTILs, which virtually contains an endless number of compositions.  

 

When considering applications, we want to be able to control friction, turning it on and off at 

our will.  For instance, in MEM devices or robotics the moving parts should generally move about 

smoothly, ideally friction-free. But to control their motion we may want to halt that motion abruptly, 

when needed, but without damaging those parts, or, on the contrary, particularly in robotics, very 

smoothly, when imitating human motion. This article is a ‘manifesto’ about how voltage can do this. 

Will it ever get realized, in the mechanics of movable parts?  
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One key problem is the avoidance of electrical short cuts.  In a capacitor, a dielectric 

membrane is present separating the two electrodes, which allows ion transport between them, but 

prevents their mechanical contact. This would be impractical in building electrotunable sliding 

contacts; instead, at least one of the electrodes must be ‘isolated’ by dielectric nanoscale solid coating.  

Polarizing surfaces of electrotunable device in the same way relative to a reference electrode 

that is positioned away from the volume where the surfaces move, eliminates the risk of an electrical 

short circuit.  That would, however, present a new challenge of locating suitable reference and counter 

electrodes and may slow down the friction response to changing voltage.   

An optimist may argue, that if we deal with MEMs, where the distances between the rotating 

plates are mechanically fixed, we can polarize them either way, as those will less likely touch each 

other. But a tiny deformation can break this down. Therefore, protective insulating layers may be 

necessary. If, as suggested, we cover one of the surfaces with such layer, voltage will drop across the 

coating, and so higher voltages may be needed to reach the desired impact on friction. Making the 

protective layers very thin risks electrical breakdown, so there will always be a trade-off between the 

value of voltage and the thickness of the protective layers. One could still tolerate in large devices up 

to 12 V, and, perhaps up to 6V in MEMS.   

Detailed scenarios for solving these problems lie beyond the scope of this article. Mechanical 

and electrical engineers will find together the way to use the described effects, but before that 

happens, there is still a lot of work for physicists and chemists to do, to find the best ionic liquid 

lubricants and, perhaps, their mixtures with organic solvents, to investigate the effects of oscillating 

voltage, of surface roughness, … etc. We hope that this article will motivate further work and enable 

the growth of the EF-tree, which hopefully will deliver the fruits in due time. 
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