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A new methodology for a detailed investigation of
quantized friction in ionic liquids†

Romain Lhermerout∗ and Susan Perkin∗

When confined at the nanoscale between smooth surfaces, an ionic liquid forms a structured film
responding to shear in a quantized way, i.e. with a friction coefficient indexed by the number of
layers in the gap. So far, only a few experiments have been performed to study this phenomenon,
because of the delicate nature of the measurements. We propose a new methodology to measure
friction with a Surface Force Balance, based on the simultaneous application of normal and lateral
motions to the surfaces, allowing for a more precise, comprehensive and rapid determination of
the friction response. We report on proof-of-concept experiments with an ionic liquid confined
between mica surfaces in dry or wet conditions, showing the phenomenon of quantized friction
with an unprecedented resolution. First, we show that the variation of the kinetic friction force with
the applied load for a given layer is not linear, but can be quantitatively described by two additive
contributions that are respectively proportional to the load and to the contact area. Then, we find
that humidity improves the resistance of the layers to be squeezed-out and extends the range of
loads in which the liquid behaves as a superlubricant, interpreted by an enhanced dissolution of
the potassium ions on the mica leading to a larger surface charge. There, we note a liquid-like
friction behavior, and observe in certain conditions a clear variation of the kinetic friction force
over two decades of shearing velocities, that does not obey a simple Arrhenius dynamics.

1

1 Introduction2

Lubrication consists in inserting a substance -generally a liquid-3

between two solid surfaces in order to produce a controlled and4

stable friction. Its study is an old but still active field of research,5

because of the complexity of the phenomena at play1,2. As most6

real surfaces are rough, the contact between two macroscopic7

bodies involve in fact many mesoscopic asperities. A first con-8

sequence is that very large pressures, shear stresses and temper-9

atures can be reached locally to promote tribological processes10

like wear, phase transitions or (electro)chemical reactions, mak-11

ing the role of the lubricant really challenging. A second conse-12

quence is that the lubricant should act at different scales simulta-13

neously: for thick films, friction is governed by continuum hydro-14

dynamics and depends on the lubricant viscosity (hydrodynamic15

regime); for thin films, friction is determined by subtle mecha-16

nisms at the molecular scale and depends on the lubricant chemi-17

cal structure and its interactions with the solid surfaces (boundary18

lubrication regime). Ionics liquids, which are pure salts that are19

liquid at ambient temperature and pressure, are promising lubri-20
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cants thanks to their unique physico-chemical stability3. During21

the last decade, many experiments with a Surface Force Appa-22

ratus/Balance (SFA/SFB) or an Atomic Force Microscope (AFM)23

have been performed to measure the normal interactions on a24

single asperity across an ionic liquid. They consistently showed25

the presence of a structural force, i.e. a force profile exhibiting a26

decaying oscillation, that has been attributed to the ordering of27

ions in the confined film, with a structure consisting of alternat-28

ing layers of anions and cations (as sketched in Figure 1(a))4–12.29

Only a few studies have been conducted to measure the friction30

response in such structured film of ionic liquid, reporting on the31

phenomenon of “quantized friction”, namely the fact that the fric-32

tion coefficient is indexed by the number of layers composing33

the film7,10,13–18. Although the presence of such exotic behavior34

is now well-established experimentally, the fundamental mech-35

anisms responsible for it are still debated. These outstanding36

questions motivate further detailed experimental investigations37

of quantized friction.38

In this paper, we present a new methodology to measure fric-39

tion in the boundary lubrication regime with a SFB. The principle40

consists in applying normal and lateral motions simultaneously -41

instead of alternatively- to the solid surfaces, allowing for a more42

precise, comprehensive and rapid determination of the friction-43

load relationship. First, we validate the method by measuring the44
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Fig. 1 (a) Schematic of the SFB experiment to measure interactions
across a liquid (an ionic liquid in the present case) confined between two
mica surfaces. The top surface is moved at normal velocity vN and lat-
eral velocity vL, the bottom surface is mounted on springs to detect the
normal force FN and the lateral force FL, the apical distance D and the ra-
dius of curvature R are measured by optical interferometry. (b) Chemical
structure and sizes of [C4C1Pyrr][NTf2]. Ion sizes are estimated from ge-
ometry, bond lengths and covalent radii, associated with the most stable
configuration found by energy minimization (Chem3D 16.0, PerkinElmer
Informatics).

phenomenon of quantized friction with an unprecedented reso-45

lution, for an ionic liquid confined between mica surfaces. This46

allows us to quantitatively explore the relationship between fric-47

tion, load and contact area, as well as to elucidate the role of ad-48

hesion. Then, we show that traces of water induce an increase of49

the resistance of the layers to be squeezed-out, and an extension50

of the range of loads in which the liquid behaves as a superlubri-51

cant. There, we note a liquid-like friction behavior and observe52

that the kinetic friction force clearly depends on the shearing ve-53

locity, for a particular film composition in wet conditions. The54

dynamics is strongly non-linear, and is interpreted by means of55

different models of friction kinetics.56

The paper is organised as follows. In section titled “Materials57

and Methods”, we summarize the general procedure to perform58

a SFB experiment, and we present the new methodology to mea-59

sure friction. In section titled “Results and Discussion”, we de-60

scribe and interpret the normal and lateral forces measurements61

performed across an ionic liquid, for different conditions of hu-62

midity and variable shearing velocities.63

2 Materials and Methods64

2.1 Surface Force Balance65

The way the Surface Force Balance (SFB) works has been ex-66

plained in details in previous publications19–22. Here we briefly67

recall the principle of the instrument, illustrated in Figure 1(a),68

and the details particular to the present experiments.69

Muscovite mica is cleaved to produce atomically-smooth facets70

of micrometric thickness and millimetric extension, that are back-71

silvered and glued onto glass (fused silica) cylindrical (radius R∼72

1 cm) lenses with an epoxy resin (EPON 1004, Shell Chemicals).73

Two surfaces are made with mica of the same thickness, and74

are arranged in a cross-cylinder geometry. First, calibrations are75

done in a dry atmosphere, which is achieved by inserting P2O5,76

phosphorus pentoxide (Sigma-Aldrich, 99%), in the chamber and77

purging the chamber with N2, nitrogen, for about one hour prior78

to the calibrations. The undeformed mica thickness emica,0 =79

7.431 µm is determined when the surfaces are in direct contact,80

following a procedure detailed in23. Secondly, measurements81

are performed with an ionic liquid, [C4C1Pyrr][NTf2], 1-butyl-82

1-methylpyrrolidinium bis[(trifluoromethane)sulfonyl]imide (Io-83

litec, 99%), which chemical structure and sizes are indicated84

in Figure 1(b) (molar mass M = 422.41 g/mol, density ρ =85

1.405 g/mL, refractive index n = 1.422 and dynamic viscosity86

η = 74 mPa.s at 25◦C24). This liquid is hygroscopic, and we use87

it either in dry or wet conditions. Dry conditions are achieved by88

drying the liquid in a Schlenck line at 60◦C and 5×10−3 mbar for89

∼ 10 hours and by inserting it in the chamber just after, which90

contains P2O5 and is purged again with N2 for about one hour91

prior to the measurements. Such procedure is known to produce92

water content typically . 100 ppm11,15,25. Wet conditions are93

achieved by simply letting the ionic liquid equilibrate with am-94

bient atmosphere during several days before the experiment and95

by inserting it in the chamber, which does not contain any desic-96

cant and is filled with ambient air. In this case, the water content97

corresponds to the thermodynamic equilibrium of the ionic liquid98

with ambient humidity (∼ 50%).99

White light is passed through the confined medium, interferes100

in this optical resonator, and is then directed towards a spec-101

trometer and collected by a CCD camera. The analysis of the102

Fringes of Equal Chromatic Order (FECO) then allows one to de-103

duce the apical distance D, the contact radius a (when the sur-104

faces are flattened) and the radius of curvature R26. In a sep-105

arate paper23, we show that the mica can be significantly com-106

pressed and that D incorporates the variations of thicknesses of107

the mica layers and of the liquid film, i.e the materials separating108

the two silver mirrors. For small changes of D, it is not possible109

to disentangle the contributions coming from the mica (indenta-110

tion 2emica,0− 2emica = 2δemica, defined positive for compression111

and negative for dilatation) and the liquid (thickness Dliquid) with112

the FECO. In fact, we effectively measure the distance between113

the silver mirrors Dmirrors = Dliquid + 2emica, from which we sub-114

tract the undeformed mica thickness 2emica,0 calibrated in dry at-115

mosphere, to finally obtain:116

D = Dmirrors−2emica,0 = Dliquid−2δemica . (1)

D is measured with a precision of 0.02 nm given by the standard117

deviation of the signal, and an accuracy of 1 nm due to light dis-118

alignment when changing the contact spot27. As the glue thick-119

ness is heterogeneous, the top mica surface has a different curva-120

ture than the bottom glass lens, which has to be measured every121

time the contact spot is changed. The radius of curvature R as-122
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sociated to each measurement is indicated in the figure caption,123

and is known with an uncertainty of ∼ 0.01 cm (mainly caused124

by the fact that the separation profile between the surfaces is ob-125

served up to a maximum scale ∼ 50 nm� R∼ 1 cm). The contact126

radius a is measured with a precision of 0.03 µm given by the stan-127

dard deviation of the signal, and an accuracy of 1 µm due to the128

uncertainty on the value of R, following a procedure explained in129

details in23.130

The top surface can be moved normally with a stepper motor131

(large displacement range ∼ 10 µm, poor linearity, mechanical132

vibrations induced), and also normally and laterally thanks to a133

sectored piezoelectric tube (small displacement range ∼ 1 µm,134

good linearity, no measurable mechanical vibrations induced).135

For a given run, the velocity v can be determined with a preci-136

sion of ∼ 1%. From run to run, this velocity can typically vary137

by ∼ 10% for the same control parameters, because of thermal138

drifts. In the following, some graphs result from the superpo-139

sition of several runs, that is why the indicated velocities have140

to be associated with an error bar of ∼ 10%. The bottom lens141

is mounted on two springs: a normal (resp. lateral) spring of142

constant kN = 2670± 84 N/m (resp. kL = 379± 2 N/m), which143

is calibrated before the experiment by measuring its deflection144

(resp. its resonance frequency) when adding different masses.145

The normal force FN is deduced from the temporal evolution of146

the distance D(t) when applying a constant normal velocity vN147

to the top surface, using a procedure that takes into account the148

viscous force that is not negligible at large separations (detailed149

in22). The lateral force FL is directly measured with a capaci-150

tance probe when applying a constant lateral velocity vL to the151

top surface, with a sensitivity of ∼ 10−3 mN. In comparison to152

previous studies performed in our group, the normal spring is153

here about 20 times stiffer, in order to apply larger loads (at fixed154

displacement range). Together with the stepper motor, it enables155

the identification of the first layer consisting of a monolayer of156

cations (labelled i = 1, as sketched in inset of Figure 2(a)), and157

the assessment of the resistance of the liquid to be squeeze-out158

under very large pressures. Together with the sectored piezoelec-159

tric tube, it enables one to reach the first layer of ions and so to160

explore the whole friction-load relationship with the new method-161

ology (procedure detailed in next subsection). This comes with a162

price in terms of sensitivity limit for the normal force, ∼ 10−2 mN,163

which does not allow the detection of the anomalously long-range164

electrostatic force that has been observed with concentrated elec-165

trolytes11,22,25,28–34.166

The SFB is therefore a tool of choice to study the molecular167

mechanisms of friction: the two atomically-smooth surfaces are in168

contact on a single asperity (pure boundary lubrication regime),169

the apical distance D is measured with a resolution better than170

the molecular scale, and the geometry can be characterized in-171

situ (radius of curvature R, contact radius a). In the literature, the172

measured normal force FN is generally rescaled by the radius of173

curvature R to compute an equivalent surface energy FN/R, con-174

sidering that mechanical deformations are negligible and that the175

Derjaguin approximation applies19. In the opposite case when176

the surfaces are strongly flattened, it is reasonable to assume that177

the total force FN is mainly due to the interaction ion the flattened178

region, and so to rescale it by the contact area πa2 to compute the179

local pressure FN/(πa2). In this study, we explore a broad range180

of situations from no deformation to strong deformations, that is181

why we have chosen to simply use the force F without any rescal-182

ing in the plots.183

2.2 New Methodology for friction measurement184

So far, friction measurements with the SFA/SFB or the AFM were185

performed by applying normal and lateral motions alternatively:186

the surfaces were approached/retracted at a given distance un-187

der a given load, then the liquid was sheared, and so on13,15.188

The principle of the new methodology consists in applying nor-189

mal and lateral motions simultaneously to the surfaces: if the190

approach/retraction rate is much smaller than the shearing rate191

(typically vN ∼ 1 nm/s� vL ∼ 100 nm/s), the distance and the192

load can be considered as constant within one shearing period.193

Such procedure has been already used by Hoth et al.10 with a194

AFM but without analyzing the data to deduce the friction-load195

relationship, and by Crespo et al.35 and us36 with a SFA but not196

in the context of a structured liquid film.197

Simply imposing a continuous instead of stepped motion in the198

normal direction potentially offers significant advantages. (i) The199

measurements are more precise (i.e. less scattered), because less200

time is left for the system to drift between points (inevitable long-201

term drifts due to thermal expansion and creep of the mechanical202

parts), which is necessary to investigate quantitatively the rela-203

tionship between friction, load and contact area, and to finely test204

proposed models. (ii) The method allows for a more comprehen-205

sive exploration of friction-load relationship, in particular in the206

vicinity of spring instabilities (jump-out on retraction, jump-in on207

approach), which is crucial to elucidate the role of adhesion on208

friction, and to better understand the film dynamics during the209

squeeze-out transition. (iii) The whole friction phenomenology210

can be acquired more rapidly (in typically ∼ 1 h instead of ∼ 10 h211

to probe all the layers of a structured film), which is convenient to212

efficiently probe various physico-chemical systems and to assess213

the reproducibility of the measurements.214

However, a careful implementation of the technique is re-215

quired to avoid possible artefacts. First, the liquid structure it-216

self can be affected by the shearing motion, a phenomenon that217

has been qualitatively interpreted as a combing of long-chain218

molecules37–42. Secondly, the friction force can be reduced by219

mechanical vibrations (potentially induced by the simultaneous220

normal motion), which qualitatively act as an effective temper-221

ature that helps to overcome the energy barrier associated with222

the molecules passing each other43–48. For the experiments re-223

ported in this paper, we ruled out these artefacts by systematically224

checking that the normal force profile is the same with a zero and225

non-zero lateral velocity (see Supplementary Figure 1), and that226

the friction-load relationship is the same with a zero and non-zero227

normal velocity (see Supplementary Figure 2).228
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Fig. 2 Measurements for dry [C4C1Pyrr][NTf2] (R = 0.92 cm). (a) Nor-
mal force profile when moving the top surface with the piezoelectric tube
at a normal velocity vN = 0.5 nm/s and a lateral velocity vL = 652 nm/s,
showing structuring with 5 distinguishable layers labeled by i. For clar-
ity, only the full approach is shown (in red), together with retractions
from layers i = 1 (in blue), i = 2 (in green), i = 3 (in orange), i = 4 (in
purple), i = 5 (in yellow). Inset: proposed structure of alternating lay-
ers of cations and anions. (b) Normal force profile when approaching
(in faded red) or retracting (in faded blue) the top surface with the step-
per motor at vN = 10.5 nm/s. Negative distances D are reached at large
loads, because the compression of mica exceeds the liquid thickness:
D = Dliquid− 2δemica < 0 23.. The curves measured on approach and re-
traction in layer i = 1 are not perfectly superimposed because of mechan-
ical imperfections of the set-up (poor linearity of the stepper motor, tiny
rotations of the solids, etc.). (c) Distances Dmin

i at the points of minimum
force, as a function of the layer index i, in lin-lin representation (in blue);
forces Fmax

i at the points of maximum force, as a function of the layer
index i, in log-lin representation (in red). Straight lines are the corre-
sponding linear and exponential fits (equations 2 and 3).

3 Results and Discussion229

3.1 Normal force230

We begin with presenting measurements of the normal interac-231

tion force. Figure 2(a) shows the normal force profile obtained232

when moving the top surface with the piezoelectric tube at a nor-233

mal velocity vN = 0.5 nm/s and a lateral velocity vL = 652 nm/s234

across dry [C4C1Pyrr][NTf2]. When the ionic liquid is confined235

at the nanoscale, a structural force profile is observed, with five236

distinguishable layers labeled by i. Such structural force has been237

observed many times with ionic liquids, and attributed to the or-238

dering of ions in the film, with a structure consisting of alternating239

layers of anions and cations (as sketched in inset)4–12. Because240

of the spring instability, the surfaces experience a jump-in on ap-241

proach every time a layer is squeezed-out, and a jump-out on242

retraction from a given layer. Therefore several runs were in fact243

necessary for the most comprehensive exploration of the force244

profile. Supplementary Figure 3 shows the force profiles mea-245

sured when approaching the top surface up to a given layer and246

retracting from this layer. From run to run, the whole force pro-247

file randomly shifts laterally by a fraction of nanometer. As the248

jump-in distances and the forces are reproducible, we consider249

that these shifts are non physical, but result from imperfections250

of the set-up like tiny rotations of the solids. That is why we have251

shifted manually the force profiles such that all the approaches252

are superimposed on the approach up to layer i = 1 (in red). Fig-253

ure 2(a) shows the resulting force profile, with for clarity only the254

approach up to layer i = 1 (in red), and the retractions from the255

different layers (i = 1 in blue, i = 2 in green, i = 3 in orange, i = 4256

in purple, i = 5 in yellow).257

In a separate paper23, we show that the oscillation due to lo-258

cal variations of liquid density in the confined film is in general259

convoluted with the mechanical response of the confining solids.260

For the system studied here, we found that (i) mica compression261

dominates liquid compression, i.e. the change of D within each262

layer is mainly due to the indentation of mica; (ii) contact me-263

chanics is well described by the Derjaguin-Muller-Toporov (DMT)264

model19,49–52, in particular the indentation of the solids is zero at265

the minimum force (jump-out point) and continuously increases266

up to the maximum force (jump-in point). For each layer i, we267

have measured the distance Dmin
i at the point of minimum force268

(jump-out, as indicated in Figure 2(a) for i = 2), which does not269

include any influence of the mica compression. The variation of270

the distance Dmin
i with the layer index i is shown in Figure 2(c),271

and exhibits a good linearity. It is fitted with the relation:272

Dmin
i = Dmin

0 + iλ min , (2)

where the slope λ min = 0.64±0.05 nm represents the mean layer273

thickness and the intersect Dmin
0 = 1.6±0.1 nm corresponds to the274

position of the extrapolated layer i = 0. Another method con-275

sists in measuring the average jump-in distance, supposing an276

unchanged mica compression and a fast viscous relaxation dur-277

ing the squeeze-out events, and providing a consistent value of278

0.64± 0.01 nm for the mean layer thickness. Interestingly, this279

value is smaller than the mean ion pair diameter of 0.79 nm (given280
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by
(

M
ρNA

)1/3
with M the molar mass of the ionic liquid, ρ its bulk281

density and NA the Avogadro’s number4), perhaps suggesting a282

denser packing of ions in confinement than in the bulk. However,283

our value is also smaller than the previous measurements per-284

formed with the same ionic liquid, reporting a mean layer thick-285

ness of 0.80± 0.04 nm between two mica surfaces with a SFB53
286

and 0.79 nm between a mica surface and a Si3N4 tip with an287

AFM54. A possible explanation for this difference is the inher-288

ent contribution from viscosity to the force profile, in particular289

in vicinity to a spring instability. For the method using the dis-290

tances Dmin
i at the points of minimum force (giving a mean layer291

thickness of 0.64± 0.05 nm), viscosity tends to move the minima292

towards larger distances, even more than adhesion is larger (i.e.293

smaller layer index i). For the method using the jump-in distances294

(giving a mean layer thickness of 0.64±0.01 nm), viscosity tends295

to reduce the size of the jumps. In both cases, viscous effects pos-296

sibly lead to an underestimation of the mean layer thickness. Pre-297

vious studies may be less affected by viscosity, as retractions were298

performed by slow steps in the SFB study53 (with similar radius299

of curvature), and the radius of curvature was six orders of mag-300

nitude smaller in the AFM study54 (with a velocity less than an301

order of magnitude larger). Therefore, applying a stepped mo-302

tion is preferable to a continuous motion in order to accurately303

determine the mean layer thickness.304

An important aspect to interpret the structural force profiles is305

to identify the composition of the layers. As the period is similar306

to the mean ion pair diameter, it is qualitatively considered that307

one squeeze-out event corresponds to the squeeze-out of an elec-308

troneutral “slab” of one cation layer and one anion layer. In the309

case of negatively charged surfaces, the first layer (i = 1) is then310

assumed to be composed of a monolayer of cations (as sketched in311

inset of Figure 2(a)). Direct solid-solid contact is never reached,312

because of the strong electrostatic attraction between the cations313

and the negatively charged surfaces. For our experiment, one can314

ask whether we really reach this single layer of cations within315

the explored range of loads. The position of the first layer at316

the point of minimum force (including no indentation of the sur-317

faces) is Dmin
1 = 2.2± 1.0 nm, a bit larger than the cation sizes318

(given in Figure 1(b)). However, the measurement of the abso-319

lute distance D depends on many delicate steps (alignment of the320

optics, calibration of the mica thickness in dry atmosphere, choice321

of a particular run to shift the force profiles laterally), and deduc-322

ing the thickness of the monolayer from the cation sizes requires323

to know their conformations, making accurate comparisons dif-324

ficult. For each layer i, we have measured the force Fmax
i at the325

point of maximum force (jump-in, as indicated in Figure 2(a) for326

i = 2). The variation of the distance Fmax
i with the layer index i327

is shown in Figure 2(c) in log-lin representation, and exhibits a328

good linearity. It is fitted with the relation:329

Fmax
i = Fmax

0 exp
(
−i

λ max

ζ max

)
, (3)

where the slope gives access to the ratio λ max

ζ max = 1.4± 0.3 of the330

period of the oscillation on the decay length (i.e. typical dis-331

tance from a surface on which the oscillations of local liquid den-332
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Fig. 3 Measurements for wet [C4C1Pyrr][NTf2] (R = 1.45 cm), at fixed
load FN = 2.79 mN, distance D =−1.05 nm (where D = Dliquid−2δemica <

0) and contact radius a = 12.86 µm in layer i = 2. Temporal evolutions
of the lateral displacement xL and lateral force FL, showing a liquid-like
friction behavior. Inset: zoom on a part of the signal, delimited by a gray
rectangle in the main graph. The tiny oscillation is due to the resonance
of the mass-spring system at ∼ 20 Hz.

sity are damped), and the intersect corresponds to the amplitude333

Fmax
0 = 4.8±3.1 mN of the extrapolated layer i = 0. If we extrapo-334

late this fit to the layer i = 1, it predicts that the next squeeze-out335

event would take place at a force FN = 1.3±0.6 mN. Figure 2(b)336

shows the normal force profile obtained when approaching (in337

faded red) then retracting (in faded blue) the top surface with338

the stepper motor at a velocity vN = 10.5 nm/s. We do not ob-339

serve any additional jump-in for a force up to FN = 17.80 mN.340

Thus, we think that the layer seen at the maximum load is in-341

deed composed of a single layer of cations, and we identify it as342

i = 1. Note that negative distances D are reached at large loads,343

because the compression of mica exceeds the liquid thickness:344

D = Dliquid−2δemica < 023.345

On a practical point of view, we observe that applying a maxi-346

mum load FN = 17.80 mN does not lead to a complete squeeze-out347

of the confined liquid film, even if the confining solids are already348

strongly deformed: mica is compressed by a few nanometers and349

the surfaces are flattened on a contact radius a = 21.61 µm, cor-350

responding to a pressure ∼ FN/
(
πa2) ∼ 12 MPa. The first layer,351

which consists of a monolayer of cations, is so strongly bounded352

to the oppositely charged mica surfaces that it is never squeezed-353

out. This is a very good property for a potential lubricant, be-354

cause keeping the solid surfaces apart is an efficient way to pre-355

vent wear.356

3.2 Lateral force357

In this subsection, we identify the nature of the friction response,358

by analyzing the shape of the lateral force when the liquid film359

is sheared under constant conditions in the normal direction.360

Figure 3 shows the temporal evolutions of the lateral displace-361

ment xL and lateral force FL for wet [C4C1Pyrr][NTf2], at fixed362

load FN = 2.79 mN, distance D = −1.05 nm (where D = Dliquid−363

2δemica < 0) and contact radius a = 12.86 µm in layer i = 2. When364
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starting to apply a constant lateral velocity vL = 639 nm/s, the365

lateral force exhibits first a linear variation of slope kL× vL, then366

a relaxation with a typical timescale τ ∼ 0.3 s, there a smooth-367

sliding creep of amplitude ∼ 0.07 mN. When the direction of the368

motion is reversed, the lateral force responds in a symmetric man-369

ner with respect to the horizontal axis. If the lateral motion is370

suddenly stopped, the lateral force exhibits a relaxation with a371

similar timescale τ towards an amplitude FL,∞ 6= 0.372

To interpret the observed friction behavior, we first recall the373

response of a simple viscous liquid (bulk viscosity η = 74 mPa.s)374

sheared between two planar surfaces (liquid thickness Dliquid ∼375

1 nm, area A ∼ πa2 ∼ 523 µm2), the top one being moved at a376

lateral velocity vL = 639 nm/s and the bottom one being attached377

to a lateral spring of stiffness kL = 379 N/m20,37. For a charge-378

less, Newtonian liquid in an incompressible and laminar flow be-379

tween undeformable surfaces with a no-slip boundary condition,380

the force opposing the motion is purely viscous and results from381

the Couette flow in the gap. If the inertial term is negligible in the382

equation of motion for the bottom surface, the temporal evolution383

of the lateral force is given by the balance of the viscous force and384

the restoring spring force. When starting to apply a constant lat-385

eral velocity vL = 639 nm/s, classical hydrodynamics predicts that386

the lateral force exhibits first a linear variation of slope kL× vL,387

then an exponential relaxation with a timescale A η

kLDliquid
∼ 10−4 s,388

there a smooth-sliding plateau of amplitude A ηvL
Dliquid

∼ 2 ·10−5 mN.389

When the direction of the motion is reversed, the lateral force re-390

sponds in a symmetric manner with respect to the horizontal axis.391

If the lateral motion is suddenly stopped, the lateral force exhibits392

an exponential relaxation with the same timescale towards a zero393

amplitude. Therefore, the phenomenology obtained in our ex-394

periment is qualitatively similar to the one expected for a simple395

viscous liquid, but with three important differences: (i) the forces396

and timescales involved are more than three orders of magnitude397

larger, (ii) there is creep instead of a plateau, (iii) a non-zero force398

is sustained after stopping the motion. That is why the response399

measured here is identified as a liquid-like friction behavior37. In400

past experiments with the same ionic liquid a friction response401

with features typical of solid-like behavior has been observed. In402

the Supplementary Material we discuss in detail the possible ori-403

gin of this difference, and conclude that relative mica orientation404

(twist angle) is most likely to be the underlying cause.405

3.3 Friction-Load relationship406

In this subsection, we use the new methodology to explore the407

friction-load relationship for dry [C4C1Pyrr][NTf2]. Figure 4(a)408

shows the temporal evolutions of the apical distance D and lat-409

eral force FL, when moving the top surface with the piezoelec-410

tric tube at a normal velocity vN = 0.5 nm/s and a lateral veloc-411

ity vL = 652 nm/s. The amplitude of the lateral force is below412

the sensitivity limit of ∼ 10−3 mN before reaching layer i = 2,413

then very small but discernible in this layer, and finally larger in414

layer i = 1. In the inset of Figure 4(a) is plotted the variation415

of the lateral force during the squeeze-out transition from layer416

i = 2 to layer i = 1, a measurement that is possible with the new417

methodology. The apical distance varies by ∼ 0.64 nm in ∼ 10 s,418

during which about four shearing cycles are performed. In this419

particular case, we are in fact probing the friction response of a420

transient film configuration, integrated over a time ∼ 2.5 s. The421

amplitude of the lateral force increases continuously during the422

squeeze-out transition, showing that an heterogeneous film com-423

posed of a mixture of i= 2 and i= 1 areas gives a friction response424

that is intermediate between the responses of homogeneous i = 2425

or i = 1 films.426

To analyze quantitatively the large amount of data generated427

by this new methodology, we have written a simple code. For each428

shearing period, it automatically extracts the average lateral force429

during the creep stage, identified as the kinetic friction force FL,k,430

as well as the average load FN, apical distance D and contact ra-431

dius a. We have done this for all the runs that were necessary for432

the most comprehensive exploration of the structural force pro-433

file (see for example Supplementary Figure 4, that shows the full434

temporal evolutions of the apical distance D and lateral force FL435

during the approach up to layer i = 1 and the retraction from436

this layer). Figure 4(b) shows the kinetic friction force FL,k as a437

function of the load FN, when moving the top surface with the438

piezoelectric tube at a normal velocity vN = 0.5 nm/s and a lateral439

velocity vL = 652 nm/s. The friction coefficient -evaluated as the440

slope in this friction-load representation- is clearly indexed by the441

number of ions composing the liquid film, which is the signature442

of the quantized friction phenomenon. This implies that friction443

is a multi-valued function of the load. In layer i = 2 (retraction444

branch in green), the friction coefficient is µ2 = 0.0064± 0.0006,445

i.e. the film composed of two cations layers plus one anions layer446

behaves as a superlubricant (conventionally defined by a kinetic447

friction coefficient < 0.012). In layer i = 1 (retraction branch in448

blue), the friction coefficient is µ1 = 0.210± 0.003 (almost two449

orders of magnitude larger!), i.e. the film composed of a mono-450

layer of cations behaves as a poor lubricant. The transition be-451

tween the two regimes happens at a load FN = 0.33 mN, corre-452

sponding to a pressure ∼ FN/
(
πa2) ∼ 2 MPa (given a contact ra-453

dius a = 6.45 µm).454

In comparison to previous studies, the new methodology pro-455

vides much less scattered data points. This allows us to quanti-456

tatively tests different empirical laws of friction, that we briefly457

recall in the following. For smooth adhering surfaces, it has458

been argued that the friction force FL,k should increase propor-459

tionally with the load FN, i.e. FL,k = µ
(
FN−Fmin) (with µ the460

friction coefficient and Fmin the adhesion force), due to the in-461

crease of the pressure in the film -the adhesion acting as an in-462

ternal pressure-55–58. It has also been suggested that the friction463

force FL,k should increase proportionally with the contact area A ,464

i.e. FL,k = σcA (with σc the critical shear stress), due to the in-465

crease of the surface on which shear stress is integrated52,59–63.466

More generally, it has been proposed that friction comes from467

these two contributions, i.e. FL,k = µFN +σcA 64. For the system468

studied here, we show in a separate paper23 that contact me-469

chanics is well described by the Derjaguin-Muller-Toporov (DMT)470

model19,49–52. The relation between the contact area and the471

load is A = π
( R

K
)2/3 (

FN−Fmin)2/3, with R the radius of curva-472

ture and K = 16.7± 0.5 GPa the fitted effective elastic modulus473

-the adhesion again acting as an internal pressure-. Finally, we474
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Fig. 4 Measurements for dry [C4C1Pyrr][NTf2] (R = 0.92 cm), when moving the top surface with the piezoelectric tube at a normal velocity vN = 0.5 nm/s
and a lateral velocity vL = 652 nm/s. (a) Temporal evolution of the apical distance D on full approach. The inset shows the temporal evolution of the
lateral force FL during the squeeze-out transition from layer i = 2 to layer i = 1. (b) Kinetic friction FL,k as a function of load FN on full approach (in red)
then retraction from layer i = 1 (in blue). Friction is above the sensitivity limit for the layers i = 1 and i = 2 (proposed film structures in insets). Straight
lines are fits with the left-hand term of equation 4, with {µ1 = 0.210±0.003, Fmin

1 =−0.12±0.01 mN} and {µ2 = 0.0064±0.0006, Fmin
2 =−0.062±0.008 mN}.

The dotted line is a fit for layer i = 1 with the right-hand term of equation 4, with {σc,1 = 857± 6 kPa, Fmin
1 = −0.06 mN}. The dashed line is a fit for

layer i = 1 with the whole equation 4, with {µ1 = 0.092±0.004, σc,1 = 529±13 kPa, Fmin
1 =−0.06 mN}.

fit the friction-load relationship in layer i = 1 with the following475

empirical law:476

FL,k = µi×
(

FN−Fmin
i

)
+σc,i×π

(
R
K

)2/3(
FN−Fmin

i

)2/3
, (4)

where µi, σc,i and Fmin
i are respectively the friction coefficient,477

critical shear stress and adhesion force associated with layer i.478

This equation gives FL,k = 0 at FN = Fmin
i , which is in agreement479

with our systematic observation that the friction force goes to zero480

at the jump-out point. If we suppose first that friction is purely481

load-controlled and we fit with the left-hand term of equation 4482

only (straight line in Figure 4(b)), we get {µ1 = 0.210± 0.003,483

Fmin
1 =−0.12±0.01 mN} (two free parameters). The fit is clearly484

not satisfactory and overestimate the adhesion force (compared485

to the directly measured Fmin
1 = −0.06 mN), because it does not486

describe the significant concave curvature that is observed experi-487

mentally. If we suppose on the contrary that friction is purely con-488

tact area-controlled and we fit with the right-hand term of equa-489

tion 4 only (dotted line in Figure 4(b)), we get {σc,1 = 857±6 kPa,490

Fmin
1 =−0.06 mN} (one free parameter, the adhesion force being491

fixed). The fit is much better in the vicinity of the adhesion min-492

imum, but now overestimates the concavity of the curve. In fact,493

the experimental data lie in between the two previous fits, and if494

we fit with the full equation 4 (dashed line in Figure 4(b)), we ob-495

tain a very good fit with {µ1 = 0.092±0.004, σc,1 = 529±13 kPa,496

Fmin
1 =−0.06 mN} (two free parameters, the adhesion force being497

fixed).498

To summarize, the measured friction-load relationship can be499

described quantitatively with an empirical law, providing that two500

additive contributions are included, the first proportional the load501

and the second proportional to the contact area. In the previous502

experimental studies of quantized friction across ionic liquids, the503

friction-load relationship was found to be compatible with a lin-504

ear variation (i.e. a load-controlled friction), given the scattering505

on the data points13,15. It is thanks to the new methodology that506

we are able to measure the friction-load relationship with an un-507

precedented resolution, and to quantitatively test the different508

empirical laws of friction. This is crucial not only for a better509

understanding of the physics of friction in general, but also to ex-510

tract quantities µ and σc that are intrinsic to the physico-chemical511

system used and not affected by the particular geometry of the ex-512

periment. Unfortunately, such high-resolution measurements are513

not always possible, for example when friction is small or varies514

slowly, or cannot be measured on a wide range of loads (like for515

layer i = 2 in Figure 4(b)). However, we note that the differ-516

ent fits in layer i = 1 provide friction coefficients of same order517

of magnitude. That is why we have decided to fit linearly the518

friction-load relationships measured with a low resolution, as a519

semi-quantitative evaluation of the lubrication performances.520

3.4 Effect of humidity521

In this subsection, we present an experiment performed with wet522

[C4C1Pyrr][NTf2], illustrating the versatility and the efficiency of523

the new methodology. The measurements, shown in Figure 5, are524

qualitatively similar to the dry case, in the sense that we also ob-525

serve a structural force profile, a liquid-like friction behavior, and526

a quantized friction-load relationship. But important differences527

emerge when comparing the results quantitatively.528

Figures 5(a) and 5(b) show the normal force profile obtained529

when moving the top surface normally with the piezoelectric530

tube at vN = 0.5 nm/s or with the stepper motor at vN = 3.4 nm/s531
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Fig. 5 Measurements for wet [C4C1Pyrr][NTf2] (R = 1.45 cm). (a) Normal
force profile when moving the top surface normally with the piezoelectric
tube at vN = 0.5 nm/s or with the stepper motor at vN = 3.4 nm/s (faded
red and faded blue) and laterally at vL = 652 nm/s, showing structuring
with 6 distinguishable layers labeled by i. For clarity, only the two full
approaches are shown (in red for the piezoelectric tube, in faded red
for the stepper motor), together with retractions from layers i = 1 (in
faded blue), i = 2 (in green), i = 3 (in orange), i = 4 (in purple), i = 5
(in yellow), i = 6 (in pink). Inset: proposed structure of alternating lay-
ers of cations and anions with water traces. (b) Normal force profile
when approaching or retracting the top surface with the stepper motor
at vN = 3.4 nm/s. Inset: distances Dmin

i at the points of minimum force, as
a function of the layer index i, and corresponding linear fit (equation 2).
(c) Kinetic friction FL,k as a function of load FN. Straight lines are fits
with the left-hand term of equation 4, with {µ1 ∼ 1.9, Fmin

1 ∼ −0.3 mN},
{µ2 = 0.035± 0.001, Fmin

2 = −0.101± 0.004 mN} and {µ3 = 0.002± 0.001,
Fmin

3 = −0.12± 0.03 mN}. Friction clearly depends on lateral velocity in
layer i = 2, with {µ2 = 0.020± 0.001, Fmin

2 = −0.07± 0.01 mN} at vL =

148 nm/s. As retraction from i = 1 has been performed at a relatively
large velocity, Dmin

1 and Fmin
1 are strongly affected by viscous effects, and

µ1 is estimated with only a few shearing periods.

and laterally at vL = 652 nm/s. The wet ionic liquid gives532

rise to a structural force, with six distinguishable layers. The533

mean layer thickness is found to be 0.55± 0.09 nm by linearly534

fitting the variation of the distance Dmin
i with the layer index i535

(see inset of Figure 5(b)), or 0.68± 0.16 nm by measuring the536

average jump-in distance. These values are close to the ones537

obtained in dry conditions, suggesting a picture of minority538

water molecules sitting between ions without disrupting the539

film structure (as sketched in inset of Figure 5(a)). Such540

scenario is consistent with a previous SFB study using different541

mixtures of [C4C1Pyrr][NTf2] and propylene carbonate53,542

which showed that the period of the structural force undergoes543

an abrupt transition at a threshold ion concentration, i.e.544

that the mean layer thickness is basically determined by the545

majority compound. But our observation is in contrast with546

previous SFB/SFA experiments using [C10C1Im][NTf2], 1-decyl-547

1-methylpyrrolidinium bis[(trifluoromethane)sulfonyl]imide17,548

or [C2C1Im][FAP], 1-ethyl-3-methylimidazolium549

tris(pentafluoroethyl)trifluorophosphate25, which reported550

on a dilation of the layers with humidity by respec-551

tively ∼ 0.4 nm and ∼ 0.2 nm (close to the water size estimated552

as
(

M
ρNA

)1/3
= 0.31 nm, with M = 18.02 g/mol the molar mass553

of water, ρ = 1 g/mL its bulk density and NA the Avogadro’s554

number), interpreted by a segregation of the water molecules555

towards the polar moieties of ions. In fact, molecular dynamics556

simulations have shown that the influence of humidity on layer557

thickness depends on the shape of the ions and on the surface558

charge, and that the addition of water may even induce a559

thinning of the layers, attributed to an increase of the dielectric560

constant and so a reduction of the electrostatic interactions561

between the ions65. Returning to our measurements, we find562

that the amplitude of the structural force is much larger than in563

the dry case. Striking illustrations of this structural strengthening564

are the facts that a sixth layer can be detected, and that the565

squeeze-out transition from layer i = 2 to layer i = 1 happens566

at a very large load FN = 9.22 mN (corresponding to a pres-567

sure ∼ FN/
(
πa2) ∼ 8 MPa, given a contact radius a = 18.94 µm),568

which can be reached within the range of the stepper motor only569

thanks to the choice of a large normal spring constant. In com-570

parison with the dry case, this corresponds to a load ∼ 28 times571

larger, or a pressure ∼ 4 times larger. A similar behavior has been572

observed with SFA experiments using [C2C1Im][NTf2], 1-ethyl-573

3-methylimidazolium bis[(trifluoromethane)sulfonyl]imide11.574

Qualitatively, such amplification of the ion density oscillations575

can be attributed to an enhanced dissociation of the potassium576

ions on the mica, leading to a larger surface charge.577

Figure 5(c) shows the kinetic friction force FL,k as a function578

of the load FN for the wet ionic liquid. Again, the friction coeffi-579

cient is indexed by the number of ions composing the liquid film,580

i.e friction is quantized. However, the lateral force is above the581

sensitivity limit for three layers, instead of two for the dry case.582

In layer i = 3 (retraction branch in orange), the friction coeffi-583

cient is µ1 = 0.002±0.001, i.e. the film composed of three cations584

layers plus two anions layers behaves as an extremely good super-585

lubricant. In layer i = 2 (retraction branch in green), the friction586
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coefficient is µ2 = 0.035± 0.001, i.e. the film composed of two587

cations layers plus one anions layer is almost a superlubricant.588

For layer i = 1 (retraction branch in faded blue), the friction co-589

efficient is µ3 ∼ 1.9, i.e. the film composed of a monolayer of590

cations is a poor lubricant. Note that retraction from layer i = 1591

has been performed at a relatively large velocity, so the value of592

µ1 is estimated with only a few shearing periods. Supplementary593

Figure 2 shows the friction-load relationship that has been mea-594

sured in a larger range of loads for layer i = 2, by approaching the595

surfaces by discrete steps with the stepper motor. Similarly to the596

dry case, a good fit can be achieved with equation 4, providing597

that the two contributions are included, the first proportional to598

the load and the second proportional to the contact area (with599

{µ2 = 0.0129±0.003, σc,2 = 56±2 kPa, Fmin
2 =−0.06 mN}).600

Overall, humidity is found to strongly increase the resistance of601

the layers to be squeezed-out, without changing significantly their602

corresponding thicknesses and friction coefficients. Consequently,603

it leads to an extension of the range of loads in which the liquid604

behaves as a superlubricant. Such beneficial effect of water on605

the lubricating performances is extremely interesting for applica-606

tions, given that ionic liquids are hygroscopic and that lubricated607

systems are never perfectly insulated from ambient moisture.608

3.5 Kinetics aspects609

In this subsection, we consider the influence of the shearing ve-610

locity on the friction force. Supplementary Figure 5 shows the611

friction-load relationships measured in dry conditions at vL =612

652 nm/s and vL = 67.9 nm/s. No clear trend is found within613

the experimental errors, whether in layer i = 1 or in layer i = 2.614

Figure 5(c) shows the friction-load relationships measured in wet615

conditions at vL = 613 nm/s and vL = 148 nm/s. In layer i = 3, no616

clear trend is found within the experimental errors, and layer i= 1617

was explored at only one shearing velocity. In layer i = 2, how-618

ever, the friction clearly depends on the shearing velocity. More619

precisely, the kinetic friction force goes to zero at the same adhe-620

sion minimum in both cases, but with a friction coefficient that621

is larger with the largest shearing velocity. These observations622

are consistent with previous SFB experiments performed with the623

same ionic liquid in our group, showing that in dry conditions624

the kinetic friction is independent of the shearing velocity in the625

range vL ∈ [200;1000] nm/s, whatever the layer considered15. Our626

findings are also comparable with previous colloidal probe AFM627

experiments performed with protic ionic liquids (ethylammonium628

nitrate (EAN), propylammonium nitrate (PAN), ethylammonium629

formate (EAF), etc.) between a silica sphere (R ∼ 10 µm) and a630

mica surface, reporting on an increase of the friction coefficient631

with the shearing velocity in the range vL ∈ [5000;40000] nm/s, for632

some particular film compositions13,14,16. However, it is not clear633

why a dependence of the shearing velocity on the friction force is634

found or not, depending on the physico-chemical system and the635

layer considered.636

To investigate this dynamics quantitatively, we have sheared637

the liquid under constant conditions in the normal direction,638

exploring two decades of lateral velocities. Figure 6(a) shows639

the lateral force FL as a function of the lateral displacement xL640

when shearing wet [C4C1Pyrr][NTf2] at different velocities vL ∈641

{32;128;639;1918;3197} nm/s (with same displacement range),642

at fixed load FN = 2.79 mN, distance D = −1.05 nm (where643

D = Dliquid − 2δemica < 0) and contact radius a = 12.86 µm in644

layer i = 2. A liquid-like friction behavior is obtained for all645

the friction loops, but with a kinetic friction force that increases646

monotonically with the the shearing velocity. Finally, Figure 6(b)647

shows the kinetic friction force FL,k as a function of the lateral ve-648

locity vL, in lin-log representation (Supplementary Figures 6(a)649

and 6(b) show the same data, respectively in lin-lin and log-log650

representations). The dynamics is strongly non-linear, and is in-651

terpreted with different models of friction kinetics in the follow-652

ing.653

In friction experiments between smooth surfaces, dynamics is654

generally found to be thermally-activated, i.e. obeying an Arrhe-655

nius law of the form:656

F = F0 ln
v
v0

. (5)

Qualitatively, such thermally-activated dynamics is associated657

with the picture of molecules that must overcome energy barri-658

ers in order to pass each other, with the external force inducing659

a potential biais and with the temperature allowing for the cross-660

ing of non-zero barriers. It has been observed for dry friction661

(between Langmuir-Blodgett films with a SFA66, between a NaCl662

surface and a silicon tip with an AFM67), as well as for lubricated663

friction in the boundary regime (between mica surfaces across664

apolar liquids or aqueous electrolytes with a SFA68,69, between665

mica surface and silicon colloid across protic ionic liquids with a666

colloidal probe AFM13,14,16). We have fitted our data with equa-667

tion 5 (red curve in Figure 6(b)), giving {F0 = (23±4) ·10−3 mN,668

v0 = 18± 10 nm/s}. Clearly, an Arrhenius law does not provide669

a satisfactory fit of the dynamics measured over two decades670

of velocities in the range vL ∈ [30;3000] nm/s, which exhibits671

a significant curvature in a lin-log representation. This is in672

contrast with the previous colloidal probe AFM studies of fric-673

tion across ionic liquids13,14,16, showing a dynamics compati-674

ble with an Arrhenius law over one decade of velocities in the675

range vL ∈ [5000;40000] nm/s. A modified Arrhenius law has been676

proposed, in the case where the potential biais induced by the ex-677

ternal force is so large that the energy barrier almost disappears678

(i.e. at the vicinity of the spinodal)70–72:679

F = Fc−∆F
(

ln
vc

v

)2/3
. (6)

Our data have been fitted with this model (green curve in Fig-680

ure 6(b)), giving {Fc = 0.13±0.02 mN, vc = (3.4±1.5) ·103 nm/s,681

∆F = (36± 7) · 10−3 mN}. It better reproduces the curvature of682

the data, and predicts that the spinodal transition is reached just683

at the top of the explored range of lateral velocities. However,684

several experimental, numerical and theoretical works in the lit-685

erature propose to describe the lubricated friction dynamics by686

means of a shear-thinning rheology with an effective viscosity that687

decreases as vL
−2/3, or equivalently a friction force that increases688

as vL
1/3 73–78. This can be written as an empirical power-law of689

the form:690

Journal Name, [year], [vol.], 1–12 | 9



-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-1000 -500 0 500 1000

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0
10

1 2 4 6 8
10

2 2 4 6 8
10

3 2 4 6 8
10

4

Fig. 6 Measurements for wet [C4C1Pyrr][NTf2] (R = 1.45 cm), at fixed load FN = 2.79 mN, distance D = −1.05 nm (where D = Dliquid − 2δemica <

0) and contact radius a = 12.86 µm in layer i = 2. (a) Lateral force FL as a function of lateral displacement xL, for different lateral velocities vL ∈
{32;128;639;1918;3197} nm/s respectively in blue, purple, red, orange and yellow. The bumps on the signals, particularly visible for the blue curve, are
due to external vibrations that are not totally suppressed by the damping elements of the SFB. (b) Kinetic friction FL,k as a function of lateral velocity vL,
in lin-log representation. The red curve is a fit with equation 5 giving {F0 = (23±4) ·10−3 mN, v0 = 18±10 nm/s}. The green curve is a fit with equation 6
giving {Fc = 0.13±0.02 mN, vc = (3.4±1.5) ·103 nm/s, ∆F = (36±7) ·10−3 mN}. The blue curve is a fit with equation 7 giving n = 0.30±0.02.

F = Avn, (7)

This model also fits reasonably our data (blue curve in Fig-691

ure 6(b)), with an exponent n = 0.30±0.02 close to the reported692

value of 1/3. Therefore, these measurements of the friction force693

over two decades of shearing velocities allow us to unambigu-694

ously reject a description of the friction kinetics by an Arrhenius695

law, but not to discriminate between the modified Arrhenius law696

and the empirical power-law.697

4 Conclusions698

In this paper, we have presented proof-of-concept experiments for699

a new methodology to measure friction in the boundary lubrica-700

tion regime with a SFB. By applying simultaneous normal and lat-701

eral motions to the surfaces, the friction-load relationship can be702

measured more precisely, comprehensively and rapidly. The qual-703

ity achieved opens the way to more quantitative investigations to704

relate friction, load, contact area, adhesion and shearing velocity,705

while the efficiency and the versatility of the method allow for ef-706

ficient probing of various physico-chemical systems. Using ionic707

liquids as a proof-of-concept, we have measured the phenomenon708

of quantized friction with an unprecedented resolution. Contrary709

to the existing studies in the area, we have found (i) a liquid-like710

friction behavior; (ii) a variation of the kinetic friction force with711

the applied load that is not simply linear, but can be quantita-712

tively described by two additive contributions proportional to the713

load and to the contact area; (iii) a dynamics over two decades714

of shearing velocities that does not obey a simple Arrhenius law,715

appealing for more sophisticated models of friction kinetics. Fur-716

thermore, we have observed that humidity can improve the lubri-717

cation performances of ionic liquid, by increasing the resistance718

of the layers to be squeezed-out and so extending the range of719

loads in which the liquid behaves as a superlubricant.720

The results presented in this study raise a number of questions,721

listed below, that would require dedicated experimental investi-722

gations.723

• Does the increase of mica surface charge with humidity724

explain the amplification of the ion density oscillation?725

This aspect could be specifically addressed by performing726

measurements with conductive surfaces, which surface po-727

tential can be controlled externally28,79–81.728

• Can the relative orientation of the mica surfaces induce a729

transition from a solid-like to a liquid-like friction behav-730

ior also for ionic liquids? This hypothesis could be verified731

by measuring the friction behavior while varying systemati-732

cally the twist angle between the mica surfaces.733

• Should friction kinetics across ionic liquids be described734

by a thermally-activated process, or by a shear-thinning735

rheology, or another approach? The different models736

could be discriminated by exploring the dynamics over a737

wider range of shearing velocities to identify or not a spin-738

odal transition, and by performing friction measurements at739

different temperatures.740

• Is the variability on the lateral force measurement when741

changing the contact spot correlated to the presence of742

large domains of uniform orientation on the surfaces?743

This scenario could be tested by combining X-ray scattering744

and friction measurements in a modified SFA/SFB40,82,83.745
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