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Tribotronic control 
of an ionic boundary layer 
in operando extends the limits 
of lubrication
Akepati Bhaskar Reddy 1, Georgia A. Pilkington 2, Mark W. Rutland 2,3,4* & 
Sergei Glavatskih 1,4,5*

The effect of electric potential on the lubrication of a non-halogenated phosphonium orthoborate 
ionic liquid used as an additive in a biodegradable oil was studied. An in-house tribotronic system 
was built around an instrument designed to measure lubricant film thickness between a rolling steel 
ball and a rotating silica-coated glass disc. The application of an electric field between the steel ball 
and a set of customized counter-electrodes clearly induced changes in the thickness of the lubricant 
film: a marked decrease at negative potentials and an increase at positive potentials. Complementary 
neutron reflectivity studies demonstrated the intrinsic electroresponsivity of the adsorbate: this 
was performed on a gold-coated silicon block and made possible in the same lubricant system by 
deuterating the oil. The results indicate that the anions, acting as anchors for the adsorbed film on 
the steel surface, are instrumental in the formation of thick and robust lubricating ionic boundary 
films. The application of a high positive potential, outside the electrochemical window, resulted in an 
enormous boost to film thickness, implicating the formation of ionic multi-layers and demonstrating 
the plausibility of remote control of failing contacts in inaccessible machinery, such as offshore wind 
and wave power installations.

The energy consumed to overcome friction and to address wear-related failures in machinery, contribute signifi-
cantly to global energy consumption (estimated 23% in 2017)1. Tribological research focused on developing new 
surfaces, materials, and lubrication technologies aimed at reducing friction and wear in mechanical components, 
has been predicted to have massive potential for reducing energy consumption and emissions1,2. From a sustain-
able lubrication perspective, most of the research is directed towards developing environmentally-acceptable 
lubricants that aid in improving machine efficiency and reliability3. As modern machines are becoming increas-
ingly compact (for increased power density) and electrified, the functional demands on the lubrication systems 
are increasing. This is leading to novel alternative lubrication concepts, such as tribotronics.

Tribotronics is a fusion of tribology and electronics, aimed at enhancing machine efficiency and durability 
through in-situ control of loss outputs, such as friction and wear4. A tribotronic system includes a tribological 
contact, sensors (monitoring friction, vibration, temperature, etc.), actuators, and a control unit4. Ionic liquids 
(ILs), defined as organic salts with melting points below a certain nominal temperature (usually 100◦C)5, have 
emerged as viable candidates for tribotronic actuation systems, because of their ionic nature. ILs also exhibit 
the ability to undergo changes to their ion dynamics under the influence of external factors like temperature, 
pressure and electric field6.

Good lubrication properties have been demonstrated by ILs as neat lubricants7–13, in some cases outperform-
ing fully formulated lubrication oils10,11,14. Research efforts have also been made to synthesize and tribologically 
evaluate oil-soluble ILs for application as lubricant additives15–24. Some of these ILs have shown anti-wear per-
formance comparable to ZDDP17, and also synergistic performance when used together25. Surface activity of ILs 
towards charged surfaces, resulting in the formation of ordered boundary films has been demonstrated6,26–30. 
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These non-sacrificial films have been shown to assist in reducing friction and maintaining contact separation31,32. 
Since most widely available ILs were intended for chemical applications, their structures include halogens that 
tend to form toxic and corrosive halides on hydrolysis33–36. To address this issue, boron- and phosphorus-based 
non-halogenated ILs have been designed for lubrication research37–47.

The molecular architecture of the ionic species and their degree of dissociation in the oil could govern the 
morphology of the ionic boundary layer48. ILs with a high degree of dissociation in the oil form more struc-
tured and robust ionic boundary layers, thereby enhancing the lubricity of the oil48. A wide range of scientific 
techniques has been implemented to evaluate the possibility of inducing changes to the interfacial layer through 
electric potential and thereby achieving tribotronic control. Neutron reflectivity (NR) experiments have shown 
response of the interfacial layers, formed on a gold electrode by trihexyltetradecylphosphonium bis(mandelato)
borate (P-BMB) IL dispersed in polar solvents, to applied electric potential in terms of layer thickness and ionic 
composition26,27. A positive potential increased anion concentration and a negative potential increased cation 
concentration in the rather diffuse (with a significant number of solvent molecules) interfacial layer. For the same 
but pure IL, atomistic molecular dynamics simulations of ionic structuring on neutral and charged electrodes 
revealed surface charge induced changes in ionic concentration, as well as the molecular orientations in the inter-
facial layers49. Weighing of the surface charge on a gold electrode for the pure IL, 1-ethyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate, through electrochemical quartz crystal microbalance (QCM) has also 
revealed electric potential driven changes in the cation to anion ratio associated with the electrode surface50.

Normal force curve measurements using an atomic force microscope (AFM) have shown that the nature of 
the interfacial structure, induced by an electric potential, depends on the ionic architecture51,52. Small anions 
promote better packing at positive potentials51. The cationic structure with either imidazolium ring strongly 
bound to the surface or long alkyl chains (enhancing solvophobic interactions) have been shown to promote more 
efficient structuring at negative potentials51,52. AFM studies revealed that strong and efficient interfacial structure 
induced by electric potential resulted in low friction27,53. The impact of sliding speed on friction is reduced by this 
strong interfacial layer due to the formation of a well-defined sliding plane53. At high potentials, the formation 
of a multi-layer ionic structure to neutralize the surface potential has also been reported54,55. The intensity of 
electro-response of IL dispersed in a solvent is dependent on the bulk IL concentration, with negligible electro-
response observed for trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (P-BMPP) IL 
concentration less than 5 mol % in a model solvent - hexadecane56. NR studies have also shown that an increase 
in bulk IL concentration increased the ionic concentration in the interfacial layer, thereby enhancing the electro-
response27. AFM studies have shown that the electric potential induced ion arrangement in the boundary layer, 
and the resulting frictional response, also vary with the nature of the substrate material57. Some ILs have been 
reported to dramatically change friction58–60, and even produce “super-lubricity”59,60 when an electric potential 
was applied. These findings have also been backed up by non-equilibrium molecular dynamics simulations of 
nano-scale IL films on charged surfaces61–63.

The AFM studies and the surface-sensitive analytical techniques like NR and QCM, evaluate the electro-
response of ILs on smooth substrates such as gold, graphite, or mica. However, these results cannot be directly 
transferred to the macro-scale tribological contacts formed by rough surfaces64. Limited studies on macro-
tribological contacts have demonstrated changes in IL frictional behavior with applied electric potential65–67. Per-
manent changes to the frictional response of a mixture of two ILs through the application of an electric impulse 
has also been reported68. However, these studies do not provide evidence for reversibility of tribological perfor-
mance with change in potential bias, which is important for developing systems with in-situ tribological control.

Here we have studied the electroresponse of the lubricating film formed by a non-halogenated IL, 
trihexyl(tetradecyl) phosphonium bis(oxalato)borate (P-BOB), added to a biodegradable oil (2-ethylhexyl laurate: 
2EHL), using an in-house developed tribotronic system. This IL, when used as a low concentration additive (1% 
wt.), forms thick and robust non-sacrificial adsorbed ionic boundary films, enhancing the lubricity of the oil48.

Methods
Oil and IL.  The molecular structures of the base oil and the IL used in this study are shown in Fig. 1. The base 
oil, 2-ethylhexyl laurate: 2EHL (Dehylub® 4003, Emery Oleochemicals GmbH) is a readily biodegradable (91.7% 
biodegradation in a 28-day period69) synthetic ester with a low viscosity (4-6 cSt at 40◦C).

The IL used in this study was trihexyltetradecylphosphonium bis(oxalato)borate (P-BOB)70. P-BOB has 
been shown to form robust friction and wear reducing ionic boundary films when used as a low concentra-
tion (1% w/w) additive in 2EHL48. This study also showed that the IL is miscible in 2EHL at least to 10 % w/w 
concentration.

NR and nanotribology experiments showed that the composition and extent of the IL boundary layers is 
concentration dependent and distinct electroresponsive changes could be observed at high IL concentrations27. 
Therefore, an IL concentration of 5% w/w in 2EHL was implemented to obtain distinct electroresponsive effects. 
For preparing the ionic solution, the weighed components (2EHL and P-BOB) were combined and then shaken, 
followed by heating to 40◦ C for 1 h and then ultrasonication for 10 min.

Film thickness measurements.  The central film thickness in the elastohydrodynamic (EHD) contact 
was measured using an EHD2 test rig from PCS Instruments, UK. EHD2 uses optical interferometry to measure 
the ultra-thin film thickness between a steel ball (3/4” diameter) and a glass disc coated with silica spacer layer 
with an uncertainty of ± 1 nm71. The ball and the disc are rotated individually to attain the required entrainment 
speed and slide-roll ratio (SRR).

The EHD2 test rig was modified to incorporate a tribotronic system. The schematic of the setup modifica-
tions is shown in Fig. 2. The setup uses a 2-electrode setup, with the reference electrode (RE) and the counter 
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electrode (CE) jumped. The steel ball was the working electrode (WE). The counter electrode was composed of 
two stainless steel (AISI 304) blocks positioned on either side of the ball. The blocks had a spherical inner surface, 
allowing for an electrode gap (between WE and CE) of about 0.5 mm. The blocks were positioned on a plane 
perpendicular to the ball axis, allowing for the ball contact track (tribo-track) to continuously pass through the 
electric field created between the WE and CE during rotation. The test solution was filled till the CE blocks were 
submerged. A Metrohm Autolab (PGSTAT204) potentiostat was used for applying electric potential between the 
electrodes. During the tests, the applied potential and current across the electrodes were continuously monitored.

Before each experiment, the test samples, glass disc and steel ball, were ultrasonicated in heptane and iso-
propanol for 30 min each. The ball carriage was soaked in heptane and iso-propanol, successively. All the samples 

Figure 1.   Trihexyl(tetradecyl)phospohnium cation (a); bis(oxalato)borate (BOB) anion (b); and base oil, 
2-ethylhexyl laurate (2EHL) (c).

Figure 2.   Schematic of modified EHD2 with a 2-electrode setup. The working electrode (WE) of the 
potentiostat (a) is connected to the ball drive shaft (b) through a slip ring body (c) and slip-ring brush (d). The 
drive shaft is further electrically connected to the ball (e) through a coiled wire (f). The drive shaft is electrically 
insulated form the rest of the equipment by the use of ceramic bearings (not shown). The counter electrodes 
(CE) for the setup are composed of two stainless steel blocks (g) on either side of the ball. The inner face of the 
blocks has a spherical face allowing a gap of approximately 0.5 mm between each CE and the ball surface (inset). 
These block are held in place by a frame (h) which is integrated into the ball carriage (i), which is composed 
of a 3-bearing geometry (ceramic bearings for electrical insulation) on which the ball rests. A strip of PTFE 
(not shown) electrically insulates the blocks from the frame. The blocks are connected to the potentiostat 
CE terminal using a set of wires (j). The ball carriage translates vertically to obtain the required contact load 
between the ball and the glass disc (k). (Solidworks 2019, Dassault Systèmes; available at https://​www.​solid​
works.​com/).

https://www.solidworks.com/
https://www.solidworks.com/
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and accessories were rinsed with ethanol before drying. The spherical surfaces of the CE were polished using 
Kemet diamond paste (25 µm) to remove the organic and electrochemical residue deposited during the preceding 
test. Experiments were performed at pure rolling condition (0 % SRR) at 40◦ C (Table 1).

Cyclic voltametry.  Cyclic voltammetry (CV) measurements were performed for the solution and electrode 
setup to establish a safe electrochemical window within which the effect of Faradaic events are minimized. For 
these measurements, fresh 2EHL + P-BOB solution and samples were used in the same tribotronic setup as 
described above. The current response was recorded while cycling the potential between -2 and 2 V, starting 
from OCP in anodic direction, with a scan rate of 100 mV/s.

Neutron reflectance.  Electrochemical neutron reflectivity (NR) measurements were performed at a gold 
working electrode at different potentials for 5% w/w solution of P-BOB in 2EHL to evaluate the interfacial 
structuring and its electroresponse. This technique utilizes the contrast between the scattering length densities 
(SLDs) of the bulk solution, ionic species, and the substrate for probing the composition and the thickness of 
ionic boundary film. The choice of gold as the substrate was dictated by the need for a homogeneous and almost 
atomically smooth surface, which cannot be easily achieved with, in order to capture minute changes in the 
boundary film. This experiment was performed at Australian Nuclear Science and Technology Organization 
(ANSTO), Australia. The experimental procedure, the construction of the electrochemical cell, and the data 
fitting methodology have been described elsewhere26. For highlighting any differences at the gold interface com-
pared to the bulk, the IL mixture was contrast matched to the gold SLD ( 4.56× 10

−6 Å −2 ) using appropriate 
ratio of hydrogenated 2EHL and perdeuterated 2EHL. A two layer interfacial model was found to provide the 
best fit to the reflectivity curves.

Results and discussion
Tribotronic film thickness experiments were performed for 2EHL + 5% P-BOB solution using the experimental 
and electrochemical setup described in the “Methods” section. The film thickness was measured at a constant 
entrainment speed and load. Figure 3 shows electro-responsive film thickness plots for the solution at two 
different entrainment speeds (100 and 30 mm s-1). The bottom part of the figure depicts the current traces cor-
responding to the electric potentials applied for 30 min each. These applied potentials were within an electro-
chemical window of − 1 to + 0.5  V, established through cyclic voltammetry (CV). The CV scans (Fig. 4) show 
an oxidation peak at around + 1.25 V while being linear up to around + 0.75 V. Although a reduction peak is 
not achieved within the scanned potentials (− 2 to + 2 V), the slope of the curve increases sharply for potentials 
below − 1 V. Therefore, within the established electrochemical window the effects of Faradaic processes are 
expected to be minimal.

While the neat 2EHL oil does not exhibit any electroresponsivity (Supplementary Fig. S2), the film thickness 
for 2EHL + P-BOB solution responded strongly to the applied electric potential at both the entrainment speeds 
(Fig. 3). At 0 V, a consistent film thickness is observed. The magnitude of the film thickness corresponds to the 
level of stabilized film thickness for the open circuit (OC) condition (Supplementary Fig. S1), without the thick 
initial films. Given that the open-circuit potential (OCP) of the system is slightly positive ( ≈ + 0.1 V), an appli-
cation of 0  V should slightly change the adsorption and structuring of the boundary layer. This is confirmed by 
the small negative current measured during this step (an enlarged plot of the current trace during the 0 V step 
is shown in Supplementary Fig. S3). However, the absolute composition of the boundary film at this potential 
cannot be determined.

At negative potentials, an ionic exchange is expected to occur between the boundary film and the bulk, 
increasing the cation density in the boundary film. When such negative potentials were applied, a gradual 
decrease in film thickness was observed that appeared to depend on the magnitude of the negative potential. This 
suggests that the cation-rich boundary films do not adsorb efficiently, and hence cannot withstand the continu-
ous rolling conditions. Additionally, the film thickness seems to gradually fall towards the initial film thickness 

Table 1.   Test materials and conditions.

Film thickness measurements NR experiments

Ball Disc Substrate

Sample properties

Surface material AISI 52100 Silica Gold

Surface finish Ra < 0.02 µm Ra < 0.008 µm Rq < 0.001 µm

Hardness HV 800–920

Tribological conditions

Temperature 40◦ C

n.a.

Load 20 N

Max. Hertzian pressure 0.5 GPa

Hertzian contact radius 140 µm

SRR 0% (pure rolling)
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level for 2EHL oil (Supplementary Fig. S1), supporting the hypothesis that the ionic boundary film gradually 
depletes. The film was easily restored by the application of positive potential, where the interfacial film is expected 
to be anion-rich. This shows that the anions are instrumental in defining the load-carrying capability of the ionic 
boundary film. Anions, with four surface-active carbonyl groups, act as anchors for forming strong adsorbed 
films at 0 V and positive potentials. In contrast, with negative potentials, the anion concentration in the boundary 
film decreases, resulting in a deprivation of the anchoring capability of the boundary film. A mild recovery and 
stabilization of film thickness are observed during the last 0 V step (120–150 min), hinting at a reorganization 
of the interfacial film to regain some of the load-carrying capacity. However, a stronger positive potential bias 
would be required for a more substantial film thickness recovery. The current traces also show a spike at the 

Figure 3.   Electro-response of the central film thickness for 2EHL + 5% P-BOB solution at 100 and 30 mm s−1 
entrainment speeds. The applied potential was changed every 30 min. The bottom part of the figure shows the 
current traces corresponding to the applied potentials.

Figure 4.   Four consecutive CV scans between + 2 and − 2 V, with the first scan starting at OCP (around + 0.1  
V), for 2EHL + 5% P-BOB solution.
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moment of potential change which then converges to a low, but finite, current value. This suggests a significant 
ionic mobilization and reorganization with the change in electric potential bias. It can also be observed that these 
film thickness data have a much smaller scatter compared to the open-circuit film thickness (Supplementary 
Fig. S1), suggesting a controlled and well-defined interfacial structuring. These results show in-situ controllability 
of lubricant film thickness through a variation in electric potentials within the electrochemical window of the 
oil+IL solution. Thereby, the contact separation can be controlled. Although these experiments are focused on 
modifying the adsorbed films on the steel ball surface, it is worth noting that the measured lubricating film also 
includes a boundary film adsorbed on the silica surface of the glass disc, the nature of which and the effects of 
charge accumulation on silica surface are unknown.

The electroresponsivity of the ionic boundary film has been tested through a neutron reflectance experiment. 
The gold surface with sub-nanometer roughness can be probed with neutrons, and the response to electric fields 
measured26–28. Figure 5a shows a neutron reflectance experiment in the same oil solution as the tribological 
experiments. The presence of the Kiessig fringes in the profile indicates a well-defined boundary layer on the 
surface with a different scattering length density (SLD) than the bulk liquid26. The fitted SLD profile (somewhat 
analogous to a refractive index for neutrons) of this ion-rich layer (Fig. 5b) reveals the layer thickness and 
composition. The best fit implies a distinct interfacial layer, with a second region distinguishable from the bulk 
but with a much lower ionic content. The application of an electric potential shows a measurable change in 
the interfacial layer, which becomes thinner and better defined compared to that at 0 V. The lower SLD of the 
interfacial layer for − 1 V, compared to that at + 0.25 V, indicates a relatively higher cation density (due to cation 
having much lower SLD than the anion). Since the substrate is different (the challenges of obtaining a steel 
surface with Å roughness and homogeneous composition over the necessary area of 25 cm2 were deemed to be 
too great for this study), there is no expectation of an exact match of the behavior with that on the tribological 
surfaces. However, the broad features are highly reminiscent. Firstly, there is a clear formation of a well-defined 
ion-rich boundary layer on the nanometer scale. Secondly, the composition and thickness of the layer change 
in response to the electric potential.

Additional tests were conducted in the tribotronic EHD setup to determine the effect of potentials outside the 
established electrochemical window. Figure 6 presents a film thickness plot with high potentials included. The 
first two potential changes were within the electrochemical window. They were followed by the application of 
− 1.5 and + 1.5 V successively. A − 1.5 V potential gave a similar response to that of the “low” negative potentials. 
On switching to + 1.5 V (120 to 150 min), the film thickness increases dramatically (by about 14 nm) and doesn’t 
appear to reach steady-state within the 30 min potential application period. The “high” positive potential appears 
to trigger a massive ionic reorganization, resulting in multi-layer anion-rich interfacial structuring and leading 
to a very thick lubricating film. Notably, the film thickness is restored almost instantaneously on the applica-
tion of higher electric potential, which is a prerequisite for a “red-button” approach to rescuing a tribological 
system. However, at this potential, the occurrence of Faradaic oxidation reactions on the WE and the resulting 
accumulation of oxidation products cannot be ruled out. The subsequent application of − 1.5 V decreases the 
film thickness, albeit to a slightly higher level compared to the earlier − 1.5 V step. This difference ( ≈ 2 nm) could 
provide an estimate for the impact of Faradaic reaction during the preceding + 1.5 V step, suggesting that any 
reaction products have only a minor contribution towards the overall film thickness increase during the 30 min 

Figure 5.   (a) NR reflectivity curves for contrast matched 2EHL + 5% P-BOB at different applied potentials. The 
curves are offset in the Y-axis for clarity. The symbols represent experimental data, whilst the solid lines are best-
fits to the data. Inset: Asymmetry plot highlighting the changes in the non-zero potential NR curves with respect 
to the 0 V curve. (b) SLD profiles obtained from the best fits to the NR data (z = 0 at the gold/solution interface).
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of + 1.5 V applied potential. To evaluate the steady-state film thickness resulting from the application of “high” 
potentials, the test was continued with these potentials applied for a longer duration (+ 1.5 V for 2 h followed 
by − 1.5 V for 1 h). A snippet of film thickness data from this extended test is shown in Fig. 6 Inset. Here, it 
was observed that the film thickness due to + 1.5 V stabilized at a very high level ( ≈ 30 nm). The subsequently 
applied negative potential, while decreasing the film thickness, appears to converge to a much higher level ( ≈ 
20 nm) compared to the previous − 1.5 V step ( ≈ 14 nm). The difference in the film thickness level of the two 
− 1.5 V steps (20 nm − 14 nm = 6 nm) also correlates well with the difference in the film thickness levels during 
the two preceding + 1.5 V steps (30 nm − 25 nm = 5 nm). This suggests that with prolonged exposure to a “high” 
positive potential, the non-reversible contribution to the film thickness from the Faradaic oxidation reactions 
becomes more significant. These results provide a promising approach to designing tribotronic systems using ILs. 
Moreover, deteriorating lubrication can potentially be rescued through a short application of electric potential, 
triggering the formation of the protective multilayer films on the surface.

Conclusions
The self-assembly properties of some ILs as well as the ability to modify the interfacial layers via external electri-
cal actuation makes ILs an attractive option for developing tribotronic systems. Through an electro-responsivity 
study of a macro-scale tribological contact, lubricated by a biodegradable oil with a phosphonium-orthoborate 
IL as an additive, we have demonstrated the potential to externally influence the lubricant film thickness, and 
hence the contact separation. Upon applying electric potential, significant systematic changes were observed in 
the thickness of the lubricating film, consisting of ionic boundary and elastohydrodynamic films. It was found 
that the cation-rich boundary film at negative potential is weakly adsorbed to the surface, resulting in a gradu-
ally decreasing film thickness. The film thickness was easily restored at a positive potential, indicating that the 
polar carboxylic groups on the anion serve as anchors in the formation of a strongly adsorbed ionic film. The NR 
experiment on gold revealed ionic enhancement at the interface and changes in the relative cation/anion densi-
ties upon application of electric potential, supporting the contention that the electric field changes the surface 
conformation. While nanotribology has long validated the concept of tribotronics, these results demonstrate that 
the electroresponsivity of the IL interfacial structure can be implemented to macro-scale tribological contacts 
for in operando control of lubricity.

ILs generally have a wide electrochemical window which permits the concept of tribotronics. Within this 
window, significant changes over reasonable timescales can be achieved, as we have now clearly demonstrated. 
Nonetheless, by exceeding this electrochemical window, when applying larger, but still rather modest, voltages, 
dramatic changes can be induced which are also faster. Since the currents are low, any electrical damage is esti-
mated to be negligible, particularly in comparison to the equivalent damage from poorly lubricated contacts. This 

Figure 6.   Electroresponse on central film thickness for 2EHL + 5% P-BOB solution with high voltages (− 1.5 
and + 1.5 V: outside the electrochemical window) applied. The potential was changed every 30 min, with the 
first 2 potential changes being within the electrochemical window. The bottom part of the plot shows the current 
trace corresponding to the applied potential. The figure inset shows a snippet from the continuation of the same 
test where the high potentials were applied for a longer duration of time (+ 1.5 V for 2 h followed by − 1.5 V for 
1 h).
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discovery provides the possibility of condition monitoring-driven rescue of lubrication by the tribotronic system. 
On detection of deterioration of lubrication, a short burst of high electric potential, outside the electrochemical 
window, can be applied to form a thick, surface-protecting multilayer ionic film. Although a contribution to the 
film thickness from electrochemical reaction products cannot be completely ruled out, this may nonetheless 
play a positive role analogous to the formation of beneficial tribofilms through the chemical breakdown of some 
conventional lubricant additives like ZDDP. Thus, the ILs not only provide an adsorbed electrically addressable 
film, which may also have benefits for electrical applications and preventing electric discharge erosion, but they 
also provide a “red button” rescue function that can be operated remotely. The exigent need for such remote con-
trol is in inaccessible offshore wind and wave power installations, as well as aeronautics and space applications.

Data availability
The data underlying this article will be shared upon reasonable request to the corresponding author.

Received: 2 May 2022; Accepted: 17 October 2022

References
	 1.	 Holmberg, K. & Erdemir, A. Influence of tribology on global energy consumption, costs and emissions. Friction 5, 263–284. https://​

doi.​org/​10.​1007/​s40544-​017-​0183-5 (2017).
	 2.	 Carpick, R. W. et al. The tribology opportunities study: Can tribology save a quad?. Tribol. Lubr. Technol. 72, 44 (2016).
	 3.	 Sharma, B. K. & Biresaw, G. Environmentally Friendly and Biobased Lubricants 1st edn. (CRC Press, 2016).
	 4.	 Glavatskih, S. & Höglund, E. Tribotronics-towards active tribology. Tribol. Int. 41, 934–939. https://​doi.​org/​10.​1016/j.​tribo​int.​

2007.​03.​001 (2008).
	 5.	 Welton, T. Ionic liquids: A brief history. Biophys. Rev. 10, 691–706. https://​doi.​org/​10.​1007/​s12551-​018-​0419-2 (2018).
	 6.	 Hayes, R., Warr, G. G. & Atkin, R. Structure and nanostructure in ionic liquids. Chem. Rev. 115, 6357–6426. https://​doi.​org/​10.​

1021/​cr500​411q (2015).
	 7.	 Hernández Battez, A. et al. Phosphonium cation-based ionic liquids as neat lubricants: Physicochemical and tribological perfor-

mance. Tribol. Int. 95, 118–131. https://​doi.​org/​10.​1016/j.​tribo​int.​2015.​11.​015 (2016).
	 8.	 Ye, C., Liu, W., Chen, Y. & Yu, L. Room-temperature ionic liquids: A novel versatile lubricant. Chem. Commun.https://​doi.​org/​10.​

1039/​B1069​35G (2001).
	 9.	 Otero, I., López, E. R., Reichelt, M. & Fernández, J. Friction and anti-wear properties of two tris(pentafluoroethyl)trifluorophos-

phate ionic liquids as neat lubricants. Tribol. Int. 70, 104–111. https://​doi.​org/​10.​1016/j.​tribo​int.​2013.​10.​002 (2014).
	10.	 Wang, H., Lu, Q., Ye, C., Liu, W. & Cui, Z. Friction and wear behaviors of ionic liquid of alkylimidazolium hexafluorophosphates 

as lubricants for steel/steel contact. Wear 256, 44–48. https://​doi.​org/​10.​1016/​S0043-​1648(03)​00255-2 (2004).
	11.	 Lu, Q., Wang, H., Ye, C., Liu, W. & Xue, Q. Room temperature ionic liquid 1-ethyl-3-hexylimidazolium-bis(trifluoromethylsulfonyl)-

imide as lubricant for steel–steel contact. Tribol. Int. 37, 547–552. https://​doi.​org/​10.​1016/j.​tribo​int.​2003.​12.​003 (2004).
	12.	 García, A. et al. Ionic liquids as a neat lubricant applied to steel–steel contacts. Tribol. Int. 72, 42–50. https://​doi.​org/​10.​1016/j.​

tribo​int.​2013.​12.​007 (2014).
	13.	 Munavirov, B. et al. The effect of anion architecture on the lubrication chemistry of phosphonium orthoborate ionic liquids. Sci. 

Rep. 11, 24021. https://​doi.​org/​10.​1038/​s41598-​021-​02763-5 (2021).
	14.	 Qu, J., Blau, P. J., Dai, S., Luo, H. & Meyer, H. M. Ionic liquids as novel lubricants and additives for diesel engine applications. 

Tribol. Lett. 35, 181–189. https://​doi.​org/​10.​1007/​s11249-​009-​9447-1 (2009).
	15.	 Qu, J. et al. Antiwear performance and mechanism of an oil-miscible ionic liquid as a lubricant additive. ACS Appl. Mater. Interfaces 

4, 997–1002. https://​doi.​org/​10.​1021/​am201​646k (2012).
	16.	 Qu, J. et al. Comparison of an oil-miscible ionic liquid and ZDDP as a lubricant anti-wear additive. Tribol. Int. 71, 88–97. https://​

doi.​org/​10.​1016/j.​tribo​int.​2013.​11.​010 (2014).
	17.	 González, R. et al. Two phosphonium cation-based ionic liquids as lubricant additive to a polyalphaolefin base oil. J. Mol. Liq.https://​

doi.​org/​10.​1016/j.​molliq.​2019.​111536 (2019).
	18.	 Fu, X., Sun, L., Zhou, X., Li, Z. & Ren, T. Tribological study of oil-miscible quaternary ammonium phosphites ionic liquids as 

lubricant additives in pao. Tribol. Lett.https://​doi.​org/​10.​1007/​s11249-​015-​0596-0 (2015).
	19.	 Fan, M., Yang, D., Wang, X., Liu, W. & Fu, H. DOSS- based QAILs: As both neat lubricants and lubricant additives with excellent 

tribological properties and good detergency. Ind. Eng. Chem. Res. 53, 17952–17960. https://​doi.​org/​10.​1021/​ie502​849w (2014).
	20.	 Yu, B. et al. Oil-miscible and non-corrosive phosphonium-based ionic liquids as candidate lubricant additives. Wear 289, 58–64. 

https://​doi.​org/​10.​1016/j.​wear.​2012.​04.​015 (2012).
	21.	 Zhou, Y. et al. Ionic liquids composed of phosphonium cations and organophosphate, carboxylate, and sulfonate anions as lubricant 

antiwear additives. Langmuir 30, 13301–13311. https://​doi.​org/​10.​1021/​la503​2366 (2014).
	22.	 Barnhill, W. C. et al. Phosphonium-organophosphate ionic liquids as lubricant additives: Effects of cation structure on physico-

chemical and tribological characteristics. ACS Appl. Mater. Interfaces 6, 22585–93. https://​doi.​org/​10.​1021/​am506​702u (2014).
	23.	 Barnhill, W. C. et al. Tertiary and quaternary ammonium-phosphate ionic liquids as lubricant additives. Tribol. Lett.https://​doi.​

org/​10.​1007/​s11249-​016-​0707-6 (2016).
	24.	 Cai, M., Yu, Q., Liu, W. & Zhou, F. Ionic liquid lubricants: When chemistry meets tribology. Chem. Soc. Rev. 49, 7753–7818. https://​

doi.​org/​10.​1039/​D0CS0​0126K (2020).
	25.	 Qu, J. et al. Synergistic effects between phosphonium-alkylphosphate ionic liquids and zinc dialkyldithiophosphate (ZDDP) as 

lubricant additives. Adv. Mater. 27, 4767–74. https://​doi.​org/​10.​1002/​adma.​20150​2037 (2015).
	26.	 Pilkington, G. A. et al. Electro-responsivity of ionic liquid boundary layers in a polar solvent revealed by neutron reflectance. J. 

Chem. Phys. 148, 193806. https://​doi.​org/​10.​1063/1.​50015​51 (2018).
	27.	 Pilkington, G. A. et al. Electroresponsive structuring and friction of a non-halogenated ionic liquid in a polar solvent: Effect of 

concentration. Phys. Chem. Chem. Phys. 22, 19162–19171. https://​doi.​org/​10.​1039/​D0CP0​2736G (2020).
	28.	 Pilkington, G. A. et al. Effect of water on the electroresponsive structuring and friction in dilute and concentrated ionic liquid 

lubricant mixtures. Phys. Chem. Chem. Phys. 22, 28191–28201. https://​doi.​org/​10.​1039/​D0CP0​5110A (2020).
	29.	 Hayes, R. et al. Double layer structure of ionic liquids at the Au(111) electrode interface: An atomic force microscopy investigation. 

J. Phys. Chem. C 115, 6855–6863. https://​doi.​org/​10.​1021/​jp200​544b (2011).
	30.	 Radiom, M. et al. Anomalous interfacial structuring of a non-halogenated ionic liquid: Effect of substrate and temperature. Colloids 

Interfaces 2, 60. https://​doi.​org/​10.​3390/​collo​ids20​40060 (2018).
	31.	 Li, H. et al. Ionic liquid adsorption and nanotribology at the silica-oil interface: Hundred-fold dilution in oil lubricates as effectively 

as the pure ionic liquid. J. Phys. Chem. Lett. 5, 4095–9. https://​doi.​org/​10.​1021/​jz502​1422 (2014).

https://doi.org/10.1007/s40544-017-0183-5
https://doi.org/10.1007/s40544-017-0183-5
https://doi.org/10.1016/j.triboint.2007.03.001
https://doi.org/10.1016/j.triboint.2007.03.001
https://doi.org/10.1007/s12551-018-0419-2
https://doi.org/10.1021/cr500411q
https://doi.org/10.1021/cr500411q
https://doi.org/10.1016/j.triboint.2015.11.015
https://doi.org/10.1039/B106935G
https://doi.org/10.1039/B106935G
https://doi.org/10.1016/j.triboint.2013.10.002
https://doi.org/10.1016/S0043-1648(03)00255-2
https://doi.org/10.1016/j.triboint.2003.12.003
https://doi.org/10.1016/j.triboint.2013.12.007
https://doi.org/10.1016/j.triboint.2013.12.007
https://doi.org/10.1038/s41598-021-02763-5
https://doi.org/10.1007/s11249-009-9447-1
https://doi.org/10.1021/am201646k
https://doi.org/10.1016/j.triboint.2013.11.010
https://doi.org/10.1016/j.triboint.2013.11.010
https://doi.org/10.1016/j.molliq.2019.111536
https://doi.org/10.1016/j.molliq.2019.111536
https://doi.org/10.1007/s11249-015-0596-0
https://doi.org/10.1021/ie502849w
https://doi.org/10.1016/j.wear.2012.04.015
https://doi.org/10.1021/la5032366
https://doi.org/10.1021/am506702u
https://doi.org/10.1007/s11249-016-0707-6
https://doi.org/10.1007/s11249-016-0707-6
https://doi.org/10.1039/D0CS00126K
https://doi.org/10.1039/D0CS00126K
https://doi.org/10.1002/adma.201502037
https://doi.org/10.1063/1.5001551
https://doi.org/10.1039/D0CP02736G
https://doi.org/10.1039/D0CP05110A
https://doi.org/10.1021/jp200544b
https://doi.org/10.3390/colloids2040060
https://doi.org/10.1021/jz5021422


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20479  | https://doi.org/10.1038/s41598-022-22504-6

www.nature.com/scientificreports/

	32.	 Elbourne, A. et al. Adsorbed and near-surface structure of ionic liquids determines nanoscale friction. Chem. Commun. 49, 
6797–6799. https://​doi.​org/​10.​1039/​C3CC4​2844C (2013).

	33.	 Sanes, J., Carrión, F. J., Bermúdez, M. D. & Martínez-Nicolás, G. Ionic liquids as lubricants of polystyrene and polyamide 6-steel 
contacts. Preparation and properties of new polymer-ionic liquid dispersions. Tribol. Lett. 21, 121–133. https://​doi.​org/​10.​1007/​
s11249-​006-​9028-5 (2006).

	34.	 Swatloski, R. P., Holbrey, J. D. & Rogers, R. D. Ionic liquids are not always green: Hydrolysis of 1-butyl-3-methylimidazolium 
hexafluorophosphate. Green Chem. 5, 361. https://​doi.​org/​10.​1039/​b3044​00a (2003).

	35.	 Cvjetko Bubalo, M., Radošević, K., Radojčić Redovnikovićć, I., Halambek, J. & Gaurina Srček, V. A brief overview of the potential 
environmental hazards of ionic liquids. Ecotoxicol. Environ. Saf. 99, 1–12. https://​doi.​org/​10.​1016/j.​ecoenv.​2013.​10.​019 (2014).

	36.	 Stolte, S. et al. Ionic liquids as lubricants or lubrication additives: An ecotoxicity and biodegradability assessment. Chemosphere 
89, 1135–1141. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2012.​05.​102 (2012).

	37.	 Gusain, R., Gupta, P., Saran, S. & Khatri, O. P. Halogen-free bis(imidazolium)/bis(ammonium)-di[bis(salicylato)borate] ionic 
liquids as energy-efficient and environmentally friendly lubricant additives. ACS Appl. Mater. Interfaces 6, 15318–28. https://​doi.​
org/​10.​1021/​am503​811t (2014).

	38.	 Wu, J., Lu, X., Feng, X. & Shi, Y. Halogen-free ionic liquids as excellent lubricants for peek-stainless steel contacts at elevated 
temperatures. Tribol. Int. 104, 1–9. https://​doi.​org/​10.​1016/j.​tribo​int.​2016.​08.​009 (2016).

	39.	 Shah, F. U. et al. Novel halogen-free chelated orthoborate-phosphonium ionic liquids: Synthesis and tribophysical properties. Phys. 
Chem. Chem. Phys. 13, 12865–12873. https://​doi.​org/​10.​1039/​C1CP2​1139K (2011).

	40.	 Taher, M. et al. Halogen-free pyrrolidinium bis(mandelato)borate ionic liquids: Some physicochemical properties and lubrication 
performance as additives to polyethylene glycol. RSC Adv. 4, 30617–30623. https://​doi.​org/​10.​1039/​C4RA0​2551B (2014).

	41.	 Khatri, P. K., Joshi, C., Thakre, G. D. & Jain, S. L. Halogen-free ammonium–organoborate ionic liquids as lubricating additives: 
The effect of alkyl chain lengths on the tribological performance. New J. Chem. 40, 5294–5299. https://​doi.​org/​10.​1039/​C5NJ0​
2225H (2016).

	42.	 Gusain, R. et al. Physicochemical and tribophysical properties of trioctylalkylammonium bis(salicylato)borate (n888n-bscb) ionic 
liquids: Effect of alkyl chain length. Phys. Chem. Chem. Phys. 19, 6433–6442. https://​doi.​org/​10.​1039/​C6CP0​5990B (2017).

	43.	 Wasserscheid, P. New, halogen-free ionic liquids—Synthesis, properties and applications. ECS Proc. Vol. 2002–19, 146–154. https://​
doi.​org/​10.​1149/​200219.​0146pv (2002).

	44.	 Minami, I., Inada, T. & Okada, Y. Tribological properties of halogen-free ionic liquids. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 
226, 891–902. https://​doi.​org/​10.​1177/​13506​50112​446276 (2012).

	45.	 Gusain, R., Singh, R., Sivakumar, K. L. N. & Khatri, O. P. Halogen-free imidazolium/ammonium-bis(salicylato)borate ionic liquids 
as high performance lubricant additives. RSC Adv. 4, 1293–1301. https://​doi.​org/​10.​1039/​c3ra4​3052a (2014).

	46.	 Gusain, R. & Khatri, O. P. Halogen-free ionic liquids: Effect of chelated orthoborate anion structure on their lubrication properties. 
RSC Adv. 5, 25287–25294. https://​doi.​org/​10.​1039/​c5ra0​3092g (2015).

	47.	 Gusain, R., Dhingra, S. & Khatri, O. P. Fatty-acid-constituted halogen-free ionic liquids as renewable, environmentally friendly, 
and high-performance lubricant additives. Ind. Eng. Chem. Res. 55, 856–865. https://​doi.​org/​10.​1021/​acs.​iecr.​5b033​47 (2016).

	48.	 Reddy, A. B. et al. Micro- to nano- and from surface to bulk: Influence of halogen-free ionic liquid architecture and dissociation 
on green oil lubricity. ACS Sustain. Chem. Eng. 9, 13606–13617. https://​doi.​org/​10.​1021/​acssu​schem​eng.​1c048​54 (2021).

	49.	 Wang, Y.-L., Golets, M., Li, B., Sarman, S. & Laaksonen, A. Interfacial structures of trihexyltetradecylphosphonium-bis(mandelato)
borate ionic liquid confined between gold electrodes. ACS Appl. Mater. Interfaces 9, 4976–4987. https://​doi.​org/​10.​1021/​acsami.​
6b144​29 (2017).

	50.	 Hjalmarsson, N. et al. Weighing the surface charge of an ionic liquid. Nanoscale 7, 16039–16045. https://​doi.​org/​10.​1039/​C5NR0​
3965G (2015).

	51.	 Li, H., Endres, F. & Atkin, R. Effect of alkyl chain length and anion species on the interfacial nanostructure of ionic liquids at 
the Au(111)-ionic liquid interface as a function of potential. Phys. Chem. Chem. Phys. 15, 14624–14633. https://​doi.​org/​10.​1039/​
C3CP5​2421C (2013).

	52.	 Li, H., Wood, R. J., Endres, F. & Atkin, R. Influence of alkyl chain length and anion species on ionic liquid structure at the graphite 
interface as a function of applied potential. J. Phys. Condens. Matter 26, 284115. https://​doi.​org/​10.​1088/​0953-​8984/​26/​28/​284115 
(2014).

	53.	 Li, H., Rutland, M. W. & Atkin, R. Ionic liquid lubrication: Influence of ion structure, surface potential and sliding velocity. Phys. 
Chem. Chem. Phys. 15, 14616–14623. https://​doi.​org/​10.​1039/​C3CP5​2638K (2013).

	54.	 Atkin, R. et al. Structure and dynamics of the interfacial layer between ionic liquids and electrode materials. J. Mol. Liq. 192, 44–54. 
https://​doi.​org/​10.​1016/j.​molliq.​2013.​08.​006 (2014).

	55.	 Carstens, T. et al. Combined STM, AFM, and DFT study of the highly ordered pyrolytic graphite/1-octyl-3-methyl-imidazolium 
bis(trifluoromethylsulfonyl)imide interface. J. Phys. Chem. C 118, 10833–10843. https://​doi.​org/​10.​1021/​jp501​260t (2014).

	56.	 Cooper, P. K., Li, H., Rutland, M. W., Webber, G. B. & Atkin, R. Tribotronic control of friction in oil-based lubricants with ionic 
liquid additives. Phys. Chem. Chem. Phys. 18, 23657–23662. https://​doi.​org/​10.​1039/​c6cp0​4405k (2016).

	57.	 Li, H., Rutland, M. W., Watanabe, M. & Atkin, R. Boundary layer friction of solvate ionic liquids as a function of potential. Faraday 
Discuss. 199, 311–322. https://​doi.​org/​10.​1039/​C6FD0​0236F (2017).

	58.	 Sweeney, J. et al. Control of nanoscale friction on gold in an ionic liquid by a potential-dependent ionic lubricant layer. Phys. Rev. 
Lett. 109, 155502. https://​doi.​org/​10.​1103/​PhysR​evLett.​109.​155502 (2012).

	59.	 Li, H., Wood, R. J., Rutland, M. W. & Atkin, R. An ionic liquid lubricant enables superlubricity to be switched on in situ using an 
electrical potential. Chem. Commun. 50, 4368–4370. https://​doi.​org/​10.​1039/​C4CC0​0979G (2014).

	60.	 Zhang, Y., Rutland, M. W., Luo, J., Atkin, R. & Li, H. Potential-dependent superlubricity of ionic liquids on a graphite surface. J. 
Phys. Chem. C 125, 3940–3947. https://​doi.​org/​10.​1021/​acs.​jpcc.​0c108​04 (2021).

	61.	 Fajardo, O. Y., Bresme, F., Kornyshev, A. A. & Urbakh, M. Electrotunable friction with ionic liquid lubricants: How important is 
the molecular structure of the ions?. J. Phys. Chem. Lett. 6, 3998–4004. https://​doi.​org/​10.​1021/​acs.​jpcle​tt.​5b018​02 (2015).

	62.	 Fajardo, O. Y., Bresme, F., Kornyshev, A. A. & Urbakh, M. Electrotunable lubricity with ionic liquid nanoscale films. Sci. Rep. 5, 
7698. https://​doi.​org/​10.​1038/​srep0​7698 (2015).

	63.	 Di Lecce, S., Kornyshev, A. A., Urbakh, M. & Bresme, F. Electrotunable lubrication with ionic liquids: The effects of cation chain 
length and substrate polarity. ACS Appl. Mater. Interfaces 12, 4105–4113. https://​doi.​org/​10.​1021/​acsami.​9b192​83 (2020).

	64.	 Sheehan, A. et al. Layering of ionic liquids on rough surfaces. Nanoscale 8, 4094–4106. https://​doi.​org/​10.​1039/​C5NR0​7805A 
(2016).

	65.	 Dold, C., Amann, T. & Kailer, A. Influence of electric potentials on friction of sliding contacts lubricated by an ionic liquid. Phys. 
Chem. Chem. Phys. 17, 10339–10342. https://​doi.​org/​10.​1039/​C4CP0​5965D (2015).

	66.	 Yang, X., Meng, Y. & Tian, Y. Effect of imidazolium ionic liquid additives on lubrication performance of propylene carbonate under 
different electrical potentials. Tribol. Lett. 56, 161–169. https://​doi.​org/​10.​1007/​s11249-​014-​0394-0 (2014).

	67.	 Amann, T., Dold, C. & Kailer, A. Potential controlled tribological behavior of water-based ionic liquids. Key Eng. Mater. 674, 
250–256. https://​doi.​org/​10.​4028/​www.​scien​tific.​net/​KEM.​674.​250 (2016).

	68.	 Gatti, F. et al. Towards programmable friction: Control of lubrication with ionic liquid mixtures by automated electrical regulation. 
Sci. Rep. 10, 17634. https://​doi.​org/​10.​1038/​s41598-​020-​74709-2 (2020).

https://doi.org/10.1039/C3CC42844C
https://doi.org/10.1007/s11249-006-9028-5
https://doi.org/10.1007/s11249-006-9028-5
https://doi.org/10.1039/b304400a
https://doi.org/10.1016/j.ecoenv.2013.10.019
https://doi.org/10.1016/j.chemosphere.2012.05.102
https://doi.org/10.1021/am503811t
https://doi.org/10.1021/am503811t
https://doi.org/10.1016/j.triboint.2016.08.009
https://doi.org/10.1039/C1CP21139K
https://doi.org/10.1039/C4RA02551B
https://doi.org/10.1039/C5NJ02225H
https://doi.org/10.1039/C5NJ02225H
https://doi.org/10.1039/C6CP05990B
https://doi.org/10.1149/200219.0146pv
https://doi.org/10.1149/200219.0146pv
https://doi.org/10.1177/1350650112446276
https://doi.org/10.1039/c3ra43052a
https://doi.org/10.1039/c5ra03092g
https://doi.org/10.1021/acs.iecr.5b03347
https://doi.org/10.1021/acssuschemeng.1c04854
https://doi.org/10.1021/acsami.6b14429
https://doi.org/10.1021/acsami.6b14429
https://doi.org/10.1039/C5NR03965G
https://doi.org/10.1039/C5NR03965G
https://doi.org/10.1039/C3CP52421C
https://doi.org/10.1039/C3CP52421C
https://doi.org/10.1088/0953-8984/26/28/284115
https://doi.org/10.1039/C3CP52638K
https://doi.org/10.1016/j.molliq.2013.08.006
https://doi.org/10.1021/jp501260t
https://doi.org/10.1039/c6cp04405k
https://doi.org/10.1039/C6FD00236F
https://doi.org/10.1103/PhysRevLett.109.155502
https://doi.org/10.1039/C4CC00979G
https://doi.org/10.1021/acs.jpcc.0c10804
https://doi.org/10.1021/acs.jpclett.5b01802
https://doi.org/10.1038/srep07698
https://doi.org/10.1021/acsami.9b19283
https://doi.org/10.1039/C5NR07805A
https://doi.org/10.1039/C4CP05965D
https://doi.org/10.1007/s11249-014-0394-0
https://doi.org/10.4028/www.scientific.net/KEM.674.250
https://doi.org/10.1038/s41598-020-74709-2


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20479  | https://doi.org/10.1038/s41598-022-22504-6

www.nature.com/scientificreports/

	69.	 Registration dossier—echa. WebPage https://​echa.​europa.​eu/​regis​trati​on-​dossi​er/-/​regis​tered-​dossi​er/​15908/5/​3/2. Accessed 26 
Aug 2021.

	70.	 Shimpi, M. R., Rohlmann, P., Shah, F. U., Glavatskih, S. & Antzutkin, O. N. Transition anionic complex in trihexyl(tetradecyl)
phosphonium-bis(oxalato)borate ionic liquid—Revisited. Phys. Chem. Chem. Phys. 23, 6190–6203. https://​doi.​org/​10.​1039/​D0CP0​
5845A (2021).

	71.	 Johnston, G. J., Wayte, R. & Spikes, H. The measurement and study of very thin lubricant films in concentrated contacts. Tribol. 
Trans. 34, 187–194. https://​doi.​org/​10.​1080/​10402​00910​89820​26 (1991).

Acknowledgements
The Swedish Foundation for Strategic Research (Project EM16-0013), the Knut and Alice Wallenberg Foundation 
(Project KAW2012.0078), Swedish Research Council (Project 2018-05017), the Swedish Energy Agency (Project 
51684-1), and Vinnova (Project 2020 03801) are gratefully acknowledged for financial support. Dr. Manishkumar 
Shimpi (Luleå University of Technology) is gratefully acknowledged for the synthesis of the ionic liquid. We 
also thank the Australian Nuclear Science and Technology Organization (ANSTO) for granting beam time and 
technical support, especially Dr. Andrew Nelson, who was the beam scientist on the occasion when the NR data 
was obtained as part of a larger study on ILs. We also thank Dr. Olivier Renier (Stockholm University), Brando 
Adranno (Stockholm University), and Sichao Li (KTH) for assistance in NR experiments. The authors are very 
grateful to Dr. Michael Moir (National Deuteration Facility, ANSTO) for producing the deuterated 2-EHL mate-
rial used in the neutron reflectance (NR) experiments. The National Deuteration Facility is partly supported 
by the National Collaborative Research Infrastructure Strategy (an initiative of the Australian Government).

Author contributions
A.B.R. designed and manufactured the test equipment, A.B.R. designed and performed the experiments and 
performed the analysis, G.A.P. performed neutron reflectivity experiments and corresponding analysis. A.B.R. 
wrote the first draft of the manuscript. S.G. and M.W.R. conceived and supervised the research. All authors 
discussed the results and contributed to reviewing and editing of the manuscript.

Funding
Open access funding provided by Royal Institute of Technology.

Competing interests 
S.G. is holder of patents SE 535676 and JP 5920900.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​22504-6.

Correspondence and requests for materials should be addressed to M.W.R. or S.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://echa.europa.eu/registration-dossier/-/registered-dossier/15908/5/3/2
https://doi.org/10.1039/D0CP05845A
https://doi.org/10.1039/D0CP05845A
https://doi.org/10.1080/10402009108982026
https://doi.org/10.1038/s41598-022-22504-6
https://doi.org/10.1038/s41598-022-22504-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tribotronic control of an ionic boundary layer in operando extends the limits of lubrication
	Methods
	Oil and IL. 
	Film thickness measurements. 
	Cyclic voltametry. 
	Neutron reflectance. 

	Results and discussion
	Conclusions
	References
	Acknowledgements


