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Literature values on the influence of 
electrical potentials on the COF 

 

Figure S1. Literature values on the influence of the coefficient of friction (COF) by externally applied elec-

trical potentials. [16,24,26,27,35,45-48] 
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Graphical abstract from Gatti et al. 
Towards programmable friction. 

 

Figure S2. Graphical abstract from the 2020 publication by Gatti et al. to illustrate the different goals of 

the work. Here, the goal was to actively change, switch, and program friction during the tribological 

experiment by changing the potential at the working electrode. This could be achieved by adding and 

changing the concentration of the anions and cations, respectively [16].  
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Chemical structures of used ILs 

 
Figure S3. Chemical structures of the used ionic liquids. (a) Trihexyltetradecylphosphonium cation of the 

IL [P66614]. (b) Sulfonyl imide anion of the IL [P66614][BTA]. (c) Docusate anion of the IL [P66614][Doc]. 
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Nanoscale and macroscale voltammo-
grams 

 

Figure S4. Comparison of nanoscale and macroscale voltammograms. (a) Voltammmogram of the AFM-

based EC cell, comprising an AFM cantilever carrying a borosilicate glass bead with a diameter size of 

10 μm and a steel sample (connected to a Cu working eletrode) immersed in ILM, a Pt counter electrode 

and an Ag reference electrode (three-eletrode setup). Potentiostat parameters: scan rate: 0.1 V/s, 

sampling interval: 0.001 V, potential range: -5 V to +5 V. (b) Voltammogram of the ILM B4:D1 in the 

tribological setup in the tribometer. Three pins as working elecrode, platinum wire as counter electrode 

and reference electrode (two-electrode-setup). Potentiostat parameters: scan rate: 0.1 V/s, potential 

range: -5 V to +5 V. 
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AFM-based contact mechanics 
To determine the contact mechanics between the AFM tip attached glass sphere and the 
steel sample surface in the ILM (Figure S5a), we have measured the adhesion force 
between the two at different indentation forces. As shown in Figure S5b, the adhesion force 
is neglectable. Thus, we can use the Hertzian contact model to determine the contact 
pressure P and contact area A (Figure S5c) between a sphere and a flat surface by: [63] 𝑷 = 𝟏𝝅 𝟔𝑭𝑵𝑬 𝟐𝒓𝟐

𝟏𝟑
        (Equation S1) 

𝑨 = 𝝅 𝟑𝑭𝑵𝒓𝟒𝑬 𝟐𝟑         (Equation S2) 

𝑬 = 𝟏 𝒗𝟏𝟐𝑬𝟏 + 𝟏 𝒗𝟐𝟐𝑬𝟐         (Equation S3) 

where r is the radius of the glass bead, E’ is calculated via Eq. S3 with E1 = 72 GPa and 
E2 = 193 GPa the elastic moduli of glass and steel, respectively, [64,65] and ν1 = ν2 = 0.3 
the Poisson’s ratio of the glass and steel, respectively. [66] As shown in Figures S4c and 
d, the contact pressure ranges from 0.2 to 0.5 GPa, the contact area ranges from 103 to 
104 nm2.  
As we have neglected the surface roughness of the contacting bodies, our calculation 
provides an estimate of a lower limit of the contact pressure P and an upper limit of the 
contact area A.  
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Figure S5. Contact mechanics between the glass bead and the steel surface in ILM. (a) SEM images of 

an exemplary AFM cantilever carrying a borosilicate glass bead with a diameter size of 10 μm (Novascan 

Technologies, USA). (b) Vertical force-extension curves (using vertical deflection, piezo driven distance, 
inverse optical lever sensitivity and force constant, taking the GetReal panel for automated calibration of 

the Cypher ES, see Materials and Methods, Section 2.2) between the glass bead and the steel surface 

are shown for different surface potentials for a normal force of FN = 3245 nN (offset for 100 nN for a better 

presentation). The adhesion peak indicated by the gray arrow is the adhesive force FAdh between the glass 

bead and the steel surface, which was negligible compared to the applied trigger forces. (c) The contact 

pressure P and (d) the contact area A between the glass bead and the steel surface determined by the 

Hertz model is given for each of the applied normal forces FN.   
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Supporting data for FFM experiments 

 
Figure S6: Height profile of the FFM experiment. Exemplary height profiles for trace and retrace obtained 

at FN = 649 nN are shown for (a) a velocity v = 1 μm/s and (b) v = 130 μm/s. From left to right: surface 

potentials applied to the steel surface -4, 0 and +4 V. All of the height profiles were taken on the same 

scanning line. Note that the 10 μm bead is far from being a sharp cantilever tip such as used for imaging, 

where the topography is locally well resolved. 
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Figure S7: Impact of ILM on FFM experiments. (a) Scheme of the experiment: a glass bead is moved 

through the ILM without contacting any surface underneath. To do so the glass bead is retracted far away 

from the surface (for 1000 μm) to avoid any effect from the surface. (b) Friction forces FR under different 

velocities (1-130 μm/s) were all in the range of 1 nN, indicating that the viscous friction between the 

cantilever attached glass bead and the ILM is neglectible compared to the friction forces obtained in 

contact with the steel sample. (c) Exemplary friction loops at different velocities corresponding to the 

friction forces FR shown in (b). The friction loops between trace and retrace show that the contribution of 

solvent related friction was orders of magnitude lower than those between glass bead and steel surface 

(Figure 3).  
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Static friction test A1 of the “multi-
experiment” and current flow 

 
Figure S8. Multi-experiment of the section A1 with (a) the pure ILM B4:D1 and (b) the ILM with the 

addition of water and ethanol, respectively. (c) Course of the current flow during the entire multi-

experiment at anodic (red line) and cathodic (blue line) potential.  
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3D-laser microscope wear analysis 

 
Figure S9. Wear traces after the multi-experiment taken with the Keyence VK-9710 3D laser microscope 

ordered by the respective voltage (vs. platinum) and lubricant. (a) At OCP with ILM B4:D1, (b) at -4 V with 

ILM B4:D1, (c) at +4 V with ILM B4:D1, (d) at -4 V with ILM B4:D1+10 % water and (e) at -4 V with ILM 

B4:D1+10 % ethanol.   
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AFM-based wear analysis 

 
Figure S10. Microscopic wear of steel pins. AFM images (30∙30 µm2, scan area 900 µm2) for (a) fresh 

steel pins and (b and c) steel pins after tribometer experiments (±4 V) with ILM. Optical images show the 

region of AFM image acquisition, 10∙10 µm2 regions (dashed boxes indicating different regions a-d, scan 

area 100 µm2) are used for a detailed RMS roughness determination and line profiles are given for the 

indicated lines.  
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Figure S11: Microscopic wear of steel balls. AFM images (30∙30 µm2, scan area 900 µm2) for (a) fresh 

steel balls and (b) steel balls after tribometer experiments with ILM. Optical images show the region of 

AFM image acquisition, 10∙10 µm2 regions (dashed boxes indicating different regions a-d, scan area 

100 µm2) are used for a detailed RMS roughness determination and line profiles are given for the indicated 

lines. 

  



 S15 

Solid state NMR-analysis 
Nuclear Magnetic Resonance (NMR) relaxation data were measured using the Polymer-
Profiler, a 0.5 Tesla (approx. 22.8 MHz proton Larmor frequency) benchtop NMR system 
from Pure Devices (Germany) and Fraunhofer IIS (Würzburg, Germany). The processing 
of the NMR data was performed with Matlab (MathWorks, USA). All lubricants were 
measured at a constant magnet and sample temperature of 30 °C. The samples were filled 
in an 8 mm inner diameter glass tube which was filled to a height of approx. 8 mm (the 
tube of the sample after the multi-experiment with OCP was only filled to approx. 4 mm 
height since we had not enough sample material). Here, only the proton (1H) NMR signal 
was detected and used for further processing of the relaxation measurements. 
The T1 relaxation measurement was realized using a saturation recovery experiment. One 
FID per repetition was recorded at different timepoints after the saturation pulses. Overall, 
16 FIDs were recorded at 16 timepoints ranging from 30 ms to 3 s after the last saturation 
pulse. The duration of the saturation delay was increased exponentially (i.e., the first points 
of the saturation recovery curve were sampled at a denser time raster than the later ones). 
The T1 measurement parameters were the following: 16 averages, 16 FIDs after saturation, 
5 MHz as sampling frequency, 2048 of sample points of single FID, 9 saturation pulses, 5 
µs between sat. pulses, 30 ms / 3000 ms (exponentially) as min. / max. saturation recovery 
time, 3.5 s repetition time and a blockpulse of 4.4 µs as sat. / excitation pulse (90°). The 
T1 relaxation curve was modeled and fitted by a bi-exponential function: 𝒇𝑻𝟏(𝒕) = 𝑴𝟎,𝒂 ∙ 𝟏 − 𝑴𝟎,𝒊𝒎𝒑 ∙ 𝒆 𝒕 𝑻𝟏,𝒂 + 𝑴𝟎,𝒃 ∙ 𝟏 − 𝑴𝟎,𝒊𝒎𝒑 ∙ 𝒆 𝒕 𝑻𝟏,𝒃  (Equation S4) 
Where 𝑀 ,  should be 1 for a perfect saturation (i.e., imperfections in the saturation are 
addressed by this parameter). 𝑀 ,   ( 𝑀 ,  ) describes the relative contribution of the 
relaxation time 𝑇 ,  (𝑇 , ) to the relaxation curve.  
The T2 measurements were performed using a Carr–Purcell–Meiboom–Gill (CPMG) multi 
spin echo measurement sequence. The T2 measurement parameters were the following: 
128 averages, 6500 echos, 5 MHz as sampling frequency, 16 sample points of single echo, 
100 µs as inter echo time, 3 s as repetition time and a blockpulse of 4.4 µs as refocusing 
(180°) / excitation pulse (90°). The T2 relaxation curve was modeled and fitted by a bi-
exponential function: 𝒇𝑻𝟐(𝒕) = 𝑴𝟎,𝒂 ∙ 𝒆 𝒕 𝑻𝟐,𝒂 + 𝑴𝟎,𝒃 ∙ 𝒆 𝒕 𝑻𝟐,𝒃       (Equation S5) 𝒇𝑻𝟏(𝒕) = 𝑴𝟎 ∙ (𝟏 − (𝟏 + 𝒕 ∙ 𝜽) 𝜿)        (Equation S6) 𝒇𝑻𝟐(𝒕) = 𝑴𝟎 ∙ (𝟏 + 𝒕 ∙ 𝜽) 𝜿          (Equation S7) 
The mean relaxation times T1 and T2 could be calculated by: 𝑻𝟏,𝟐 = 𝟏/(𝜿 ∙ 𝚯)           (Equation 14) 
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Figure S12: Influence of chemical reaction by solid state NMR analysis. (a) T1 and (b) T2 relaxation times 

of the used and pristine ILM. NMR was used to test both the ILMs investigated in the multi-experiment 

and ILMs exposed to a voltage outside the stable range of the ILM. 
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Table S1. Roughness analysis of wear regions of the steel pins. RMS roughness from AFM images, with 

scan sizes of 30∙30 µm2 (scan area 900 µm2) and 10∙10 µm2 regions a-d according to AFM images shown 

in Figure S10 (area 100 µm2) for fresh steel pins and steel pins after tribometer experiments (±4 V) with 

ILM. 

sample RMS roughness / nm 
full image a b c d 

Fresh 99 73 111 105 96 
After tribometer test +4 V 410 272 455 186 422 
After tribometer test -4 V 170 45 207 73 83 

 
 
 
Table S2. Roughness analysis of wear regions of the steel balls. RMS roughness using AFM images, with 

scan sizes of 30∙30 µm2 (scan area 900 µm2) and 10∙10 µm2 regions a-d according to AFM images shown 

in Figure S11 (scan area 100 µm2) for a fresh steel ball and a steel ball after tribometer experiments with 

ILM. 

sample RMS roughness / nm 
full image a b c d 

Fresh 11 17 12 13 13 
After tribometer test 97 28 95 84 96 
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