
Jurnal Tribologi 19 (2018) 39-56 

 

  
 

 

Received 23 May 2018; received in revised form 2 June 2018; accepted 20 June 2018. 

To cite this article: Li and Li (2018). Superlubricity behavior of surfactant micelles at the nanoscale. Jurnal Tribologi 

19, pp.39-56. 

 

© 2018 Malaysian Tribology Society (MYTRIBOS). All rights reserved. 

 

Superlubricity behavior of surfactant micelles at the nanoscale 
 
Jinjin Li *, Jianfeng Li  
 

State Key Laboratory of Tribology, Tsinghua University, Beijing, 100084, CHINA. 
*Corresponding author: lijinjin@mail.tsinghua.edu.cn 
 

KEYWORD  ABSTRACT 

Superlubricity 
Surfactant micelles 
Nanotribology  
Hydration lubrication 
AFM 

 

Attaching appropriate molecular layers on the two sliding 
surfaces is one of the most effective methods to achieve 
liquid superlubricity at the nanoscale. In this paper, the 
recent advances in the nanoscale superlubricity achieved 
by using surfactant micelles in our group was reviewed 
and discussed. First, the superlubricity conditions for 
surfactant micelles is established by using atomic force 
microscopy (AFM), which are the adsorption of surfactant 
micelles on the two friction surfaces and the formation of 
the hydration on the exposed headgroups. Second, the 
nonlinear behavior of dissipation of frictional energy in 
the superlubricity regime of surfactant micelles is 
observed and discussed, which is attributed to the elastic 
deformation of the adsorbed surfactant micelle layer. 
Third, the fluorinated cationic surfactant micelle layer 
exhibits the self-recovery behavior after a rupture caused 
by high normal pressure, and the difference between the 
rupture and recovery pressures leads to the hysteresis of 
friction force. Fourth, the superlubricity of layered 
materials is achieved through attaching sodium dodecyl 
sulfate micelles on the friction surfaces, which is 
attributed to the extremely low shear strength between 
the carbon chain and layered materials. Finally, the 
problems and future on the superlubricity of surfactant 
micelles at the nanoscale are discussed.  
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1.0 INTRODUCTION 
Friction and wear often result in a large amount of energy consumption and failure of machine 

parts in mechanical systems, especially in nano- and micro-machines owing to the large surface-
to-volume ratio.(Bhushan, 2007; Li, et al., 2018; Scherge, et al., 1999; Tas, et al., 2003) 
Consequently, the reduction of friction and wear is the key to improve the energy consumption in 
nano- and micro-machines. At present, introducing a liquid lubricant between two sliding 
surfaces to form a boundary layer or liquid lubricating film with adsorbed molecules is the most 
effective method to reduce friction,(Klein, 2013; Li, et al., 2013; Wu, et al., 2015) and it can even 
achieve liquid superlubricity, which refers to a lubrication state where the coefficient of friction 
(COF) decreases to the level of 0.001 or less, under some specific lubrication conditions (Erdemir 
and Martin, 2007; Li and Luo, 2013). Because of its extremely low COF, liquid superlubricity may 
bring huge economic benefits by significantly reducing frictional energy consumption.  

From the previous research results, it is inferred that an effective strategy to achieve liquid 
superlubricity is attaching appropriate molecular layers on the two sliding surfaces. Thus, the 
hydration layer,(Raviv, et al., 2003; Raviv and Klein, 2002) polymer brushes,(Chen, et al., 2009; 
Drobek and Spencer, 2008) self-assembled monolayers (SAMs),(Drummond, et al., 2003; Li, et al., 
2014; Vakarelski, et al., 2004) and hydrogen bond network,(Chen, et al., 2009; Li, et al., 2011; Li, 
et al., 2013; Sivan, et al., 2009) can be formed between two friction surfaces to greatly reduce 
friction, owing to the superlow shear strength of shear plane or extremely weak interaction 
between two friction surfaces.(Li, et al., 2014; Raviv and Klein, 2002) Two different kinds of 
apparatus are usually used to investigate the liquid superlubricity at the nanoscale; the surface 
force balance (SFB) and atomic force microscopy (AFM). The main difference between AFM and 
SFB is that the size of the contact area is different. In the case of measuring on SFB, the contact 
diameter is in the range of 10-50 μm because there is a soft glue attached to the lens, but the 
contact diameter for AFM measurement is approximately 50 nm (Israelachvili, 1991). Therefore, 
the measured COF may be different, owing to the influence of contact size on the friction force. By 
using an SFB, Klein’s group has made a series of superlubricity experiments to investigate the 
mechanism of the water-based lubricants. They observed that adsorbing the hydrated 
counterions onto the mica surfaces across a salt solution to form the fluid hydration layer could 
achieve liquid superlubricity under a pressure of up to ~MPa.(Raviv and Klein, 2002) They also 
found that the charged polymer brushes, liposomes, and surfactant micelles can all achieve a 
superlow COF of less than 0.001 on SFB.(Gaisinskaya-Kipnis and Klein, 2016; Kampf, et al., 2016; 
Raviv, et al., 2003; Silbert, et al., 2014; Sivan, et al., 2009) In contrast, by using AFM, Spencer’s 
group observed that the extension of grafted poly-(ethylene glycol) to the aqueous solution could 
form molecular brushes to reduce the friction force to approximately zero (Drobek and Spencer, 
2008; Yan, et al., 2004). Oncins et al. observed a significant decrease in the COF when the AFM tip 
slid on the self-assembled phospholipid bilayers under a low pressure (Oncins, et al., 2005). 

In our recent works, it is found that the introduction of the surfactant solutions between two 
friction surfaces could also achieve liquid superlubricity, by the formation of micelles on the 
friction surfaces. The COF could reduce to less than 0.001 under a contact pressure of 3.6 MPa. 
The superlubricity behavior of these surfactant micelles at the nanoscale is interesting, which has 
been studied by using AFM in detail. The inner superlubricity mechanism and conditions for the 
achievement of superlubricity have also been determined (Li, et al., 2018; Li and Luo, 2017; Li and 
Luo, 2017; Li and Luo, 2018; Li, et al., 2016). Therefore, the recent advances in the superlubricity 
achieved by the surfactant micelles at the nanoscale in our group were reviewed and discussed.  
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2.0 Superlubricity conditions of surfactant micelles 
The hexadecyltrimethylammonium bromide (C16TAB) solution, with a concentration equal to 

three times the CMC (CMC = 0.9 mM) was prepared. The friction pairs were the silica probe and 
substrate. The probe was yielded by gluing a silica particle with a radius of R = 11.5 μm onto a 
rectangular tipless cantilever (TL-CONT) end with the epoxy glue. The silica substrate was yielded 
by gluing the cleaned silica piece (∼2 cm2) onto a clean glass slide (using epoxy glue). The friction 
force as a function of normal load between the two silica surfaces was measured using the 
lubrication of the C16TAB solution (confined between two friction surfaces) with the sliding 
velocity of 5 µm/s. 

As shown in Figure 1a, when the load exceeded 183 nN, the friction force increased hundreds 
of times, and hence, this load can be defined as the critical load (Fcrit). The lubrication state was 
divided into two regimes according to Fcrit. The first regime is the superlubricity regime where the 
load is less than Fcrit, and the corresponding COF was μ ≈ 0.0007, attained by the slope of the linear 
fitting of the friction force points in the suerlubricity regime. The second regime is the high friction 
regime where the load is greater than Fcrit, and the corresponding COF was μ ≈ 0.3, which is the 
same as the COF between two bare silica surfaces across water.  

These above results show that the superlubricity of surfactant solutions can be achieved only 
when the load is very small, and it will lose the lubrication effect if the load is too large (i.e., greater 
than the critical load). At the same time, the relationship between the superlubricity and sliding 
speed was also investigated, as shown in Figure 1b. It was observed that the friction behaviors at 
different sliding speeds were identical to that in Figure 1a. The Fcrit and COF in the ultralow friction 
regime were both independent of the sliding speed, indicating that the lubrication state between 
two silica surfaces with C16TAB solution is the boundary lubrication as superlubricity appears.  

The superlubricity mechanism of the C16TAB solution was investigated by scanning the 
structure of the friction surfaces using AFM. It was observed that a uniform aggregate (organized 
by C16TAB molecules) was adsorbed on the silica surface, in the form of long, meandering, and 
wormlike micelles, as shown in Figure 2a. Moreover, the micelles were slightly spaced, not tightly 
packed on the silica surface, because the distance of micelle to micelle axes (7.5 nm) is greater 
than the maximum diameter of the C16TAB micelle (5 nm). Meanwhile, the interaction force 
between two silica surfaces under the lubrication of C16TAB solution (3 CMC) was also measured, 
as shown in Figure 2b. When the silica probe was approaching the silica substrate, there appeared 
a long-range double-layer repulsive force when the separation was less than 35 nm. When the 
separation decreased to the range of 7.0 - 9.0 nm, a short-range hydration repulsion appeared, 
which was stronger than the double-layer repulsive force. When the separation was further 
reduced to 7.0 nm, the repulsion collapsed, and the silica probe jumped into contact with the silica 
substrate. Because the diameter of one C16TAB micelle is less than 5 nm, it is inferred that there 
are two contact micellar layers at the critical separation of 7.0 nm. Furthermore, it was observed 
that, once the load was greater than the maximal normal force (Fmax), the adsorbed micelle layer 
collapsed, and the hydration repulsion disappeared simultaneously.  

The friction behaviors, critical loads (Fcrit), and maximal normal forces (Fmax) for the C16TAB 
solution with seven different concentrations were measured and compared, as shown in Figure 
3a. The friction behaviors for these different concentrations were found to be similar as that 
shown in Figure 1a; that is, the friction force remained at the superlow value until the load 
exceeded the critical loads, which indicates that all the concentrations can lead to the achievement 
of superlubricity when the load is very small. However, the critical loads were different with the 
variation of concentrations. When the concentration was less than 1 CMC, both Fcrit and Fmax 
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increased with the increase of concentration, which indicates that the load bearing capacity of 
superlubricity increases with concentration increasing in this region. When the concentration 
was greater than 1 CMC, both Fcrit 

and Fmax 
remained constant (Fmax = 214 nN, and Fcrit = 183 nN), 

which indicates that the load bearing capacity of superlubricity is independent of the 
concentration in this region. Moreover, it is clear to observe that Fcrit 

is always less than Fmax. 

According to the above results, it is confirmed that Fcrit 
is determined by Fmax. 

In other words, the 
superlubricity can only be achieved when the two friction surfaces are in the repulsive region (the 
adsorbed micelle layer does not collapse).  
 

 
Figure 1: Friction behavior of C16TAB solution confined between two silica surfaces. (a) Friction 
force versus normal load across the C16TAB solution (3 CMC) with the sliding velocity of 5 μm/s. 
The inset gives the zoomed friction force curve when the load is less than 150 nN. (b) Friction 
force versus normal load across the C16TAB solution (3 CMC), measured under three different 
sliding velocities. The inset gives the zoomed friction force curve when the normal load is less 
than 150 nN (Li, et al., 2016). Copyright 2016, American Chemical Society 

 
According to these results and analysis, the lubrication model of the C16TAB micelles was 

proposed, as presented in Figure 3b. Owing to the electrostatic interaction, the surfactant 
molecules are adsorbed on the two silica surfaces in the form of micellar layers (> 1 CMC) or 
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bilayer structure (< 1 CMC). After that, the positively charged headgroups on the micellar layer or 
bilayer structure can firmly absorb water molecules to form the hydration layer. 
 

 
Figure 2: Structure of C16TAB micelles and normal interaction between two silica surfaces. (a) 
AFM view of the structure of C16TAB micelles adsorbed on the silica surface. Inset is the height 
profile of the micellar layer adsorbed on the position of the white line. (b) Normal force/R (R is 
the radius of silica probe) versus separation between two silica surfaces immersed in C16TAB 
solution (3 CMC) as the silica probe approaches the silica substrate. The velocity of the probe 
approaching the silica substrate was set as 400 nm/s. The dotted line is the fitting line based on 
the DLVO theory (Li, et al., 2016). Copyright 2016, American Chemical Society.  
 

When the two friction surfaces slide against each other, the hydration repulsion produced by 
the hydration layer can bear the applied load and the shear occurs in the hydration layer, where 
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the shear strength is extremely low due to its excellent fluidity.(Raviv and Klein, 2002) As a result, 
the superlubricity can be achieved when the micelle layers are not ruptured. However, if the load 
exceeds the maximal normal force, the micellar layers would be destroyed, and thus, the 
superlubricity phenomenon would disappear because the uniform hydration layer is destroyed. 
From these results, it can be inferred that the superlubricity of surfactant solutions can be 
achieved as long as the following three conditions are satisfied. First, the surfactant molecules can 
be adsorbed on the friction surfaces to form the micelles or bilayers as a result of the electrostatic 
interaction. Second, there exists positively charged headgroups on the surfactant molecules to 
attach water molecules and produce the hydration repulsion. Finally, the applied load cannot go 
beyond the maximal normal force produced by the hydration layer. Therefore, most cationic 
surfactants can be selected to achieve superlubricity between negatively charged surfaces, such 
as mica and silica, at the nanoscale. 
 

 
Figure 3: Friction behavior of C16TAB solution with different concentrations and the lubrication 
model of C16TAB micelles confined between two silica surfaces. (a) Maximal normal forces and 
critical bearing loads with seven different concentrations. The blue region is the superlubricity 
regime where the applied loads are less than the critical loads with the sliding velocity of 5 µm/s. 
(b) Lubrication model of C16TAB solution between the two silica surfaces in the superlubricity 
regime. The right part is the illustration of the hydration layer between two micelles (Li, et al., 
2016) Copyright 2016, American Chemical Society. 
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3.0 NONLINEAR DISSIPATION OF FRICTIONAL ENERGY OF SUPERLUBRICITY  
Amontons’s frictional law states that the dissipation of frictional energy should be linear with 

load. However, it was found that the friction force with the lubrication of surfactant micelles did 
not present a completely linear relation with the normal load in the superlubricity regime (the 
load was less than Fcrit), as shown in Figure 4. The friction force first presented a linear relation 
when the load was less than 100 nN, and then it presented a nonlinear relation when the load 
exceeded 100 nN. According to this behavior, the superlubricity state was divided into two 
regimes: (Ⅰ) the near-zero friction regime with the load less than 100 nN, and (Ⅱ) the nonlinear 
friction regime with the load in the range of 100–200 nN. In the near-zero friction regime, the 
dissipation of frictional energy is very small, due to its extremely low friction force, but the energy 
dissipation in the nonlinear friction regime is much higher than that in the near-zero friction 
regime because of much higher friction force, suggesting that there are additional dissipation of 
frictional energy pathways under high normal load. This additional energy dissipation (∆𝐸) in the 
nonlinear friction regime per unit sliding distance (1 nm) was obtained by subtracting from the 
baseline (linear fitting line in the near-zero friction regime), which can be described using the 
parabola function in Equation (1). 
 

∆E = C(𝐹𝑛 − 𝐹0)2 + 𝐶0,  with 𝐹𝑛 > 𝐹0 (1) 

 
Where 𝐹𝑛  is the normal load, 𝐹0 is the critical load between the near-zero and nonlinear friction 
regimes, 𝐶0 is the energy dissipation per unit sliding distance under the load of 𝐹0 which is too 
small to be ignored, and 𝐶 is a constant that is directly related to the rate of energy dissipation. 
The fitting parameters give C = 0.036 kBT/nN2, F0 = 102 nN, and C0 = 1.3 kBT (T is temperature, 
and kB is Bolzmann’s constant).  

The value of R2 is very close to 1, which demonstrates the correctness of the parabolic fitting. 
This suggests that both the friction force and extra energy dissipation have square relations with 
the applied load in the nonlinear friction regime. It was also observed that the friction behaviors 
at different sliding velocities were almost the same, indicating that the nonlinear friction behavior 
is independent of sliding velocity, which is in accordance with the boundary lubrication regime. 

As mentioned above, the C16TAB molecules can be adsorbed on the silica surfaces, in the form 
of meandering and wormlike micelles (Figure 2a). According to the normal force curve (the points 
in Figure 2b), the separations under different normal loads can be obtained, and subsequently, 
the friction force as a function of separation can be obtained based on the friction force curve in 
Figure 4, as shown in Figure 5. It is observed that the adsorbed micelle layer has no elastic 
deformation in the near-zero friction regime because the separation is greater than the thickness 
of the two micelle layers, but it has an apparent deformation in the nonlinear friction regime (the 
separation is less than the thickness of two micelle layers). Therefore, it can be inferred that the 
extra energy dissipation may be used to overcome the deformation. 
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Figure 4: Friction force versus normal load between two silica surfaces immersed in the C16TAB 
solution at three different positions with the sliding velocity of 5 μm/ s, where the black full line 
is the baseline obtained by linear fitting in the near-zero friction regime and the blue full line is a 
representative friction force curve in the nonlinear friction regime. The inset gives the extra 
energy dissipation versus normal load (greater than 100 nN) at three different positions. The full 
lines are the nonlinear fits to these points using the given equation (1) (Li and Luo, 2017) 
Copyright 2017, American Chemical Society.  
 

 
Figure 5: Friction force (in Figure 4) versus separation between two silica surfaces immersed in 
the C16TAB solution with the sliding speed of 5 μm/s. The inset gives the illustration of two 
typical micelles undergoing deformation between two surfaces where the dotted lines are the 
boundaries of micelle layers (Li and Luo, 2017) Copyright 2017, American Chemical Society.  
 

Figure 6 shows the lubrication illustrations when the two adsorbed micelle layers have elastic 
deformations. When the load is less than 𝐹0, owing to the hydration repulsion, the two micelle 
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layers have a small gap between them. The deformation of the two micelle layers is very small as 
long as the load is not too high. Thus, if the gap is sufficiently large so that the upper micelle layer 
can be entirely above the lower layer without deformation (Figure 6a), the probe can slide on the 
silica substrate without an energy barrier. Once the load is greater than 𝐹0, the deformation of the 
two micelle layers becomes larger and the gap between them becomes smaller simultaneously, as 
shown in Figure 6b. It is evident that there emerges an energy barrier for upper surface sliding 
because of the additional deformation. The energy barrier originated from the deformation of one 

single micelle can be formulated by 𝐸𝑚 = 𝐾𝑚∆ℎ
2/2 , where 𝐾𝑚  is the stiffness of one micelle. 

Owing to the ultralow shear strength between the hydration layers, the friction force is mainly 
caused by the overcoming of the deformation barrier. The relationship between friction force (𝐹𝑠) 
and deformation (∆ℎ) is obtained, as described in Equation (2) 
 

𝐹𝑠𝐿𝑠 =  
𝑁𝑠𝐾𝑚∆ℎ

2

2
 

(2) 

Where 𝐿𝑠 is the sliding distance and 𝑁𝑠 is the number of micelles undergoing deformation during 
sliding, which can be defined by 𝑁𝑠 = 4𝑁0𝐿𝑠/𝜋𝐷 , where  𝑁0  is the number of micelles in the 
contact area, and 𝐷 is the diameter of the contact region. From Figure 2b, the deformation can be 
described by ∆ℎ= (𝐹𝑛 − 𝐹0)/𝑁𝑜𝐾𝑚 with 𝐹𝑛>𝐹0. Using the above formulas, the friction force as a 
function of normal load can be obtained by Equation (3). 
 

𝐹𝑠 =  
2 (𝐹𝑛 − 𝐹𝑜)2

𝜋𝐷𝑁𝑜𝐾𝑚
=  

2 (𝐹𝑛 − 𝐹𝑜)2

𝜋𝐷𝐾𝑜
 

(3) 

Where 𝐾0 is the total stiffness of micelles in the entire contact region. According to Equation (3), 
it can be concluded that the friction force has a square relation with the normal load. The excellent 
consistency between the measured and calculated results shows that the dissipation of the 
frictional energy in the nonlinear friction regime mainly originates from the elastic deformation 
of the micellar layer. 

According to the above results, it can be concluded that the nonlinear frictional behavior 
mainly originates from the elastic deformation of the adsorbed micelle layer (in the contact zone) 
on the silica surfaces. Nevertheless, when the two sliding surfaces have an elastic deformation, 
nonlinear frictional behavior does not necessarily occur, because the wear, adhesion, and 
roughness are the mainly factors to influence the dissipation of frictional energy in the common 
lubrication state. Thus, the dissipation of frictional energy caused by deformation can be ignored. 
Therefore, only when the COF is very low, for example, the COF is less than 0.001, the deformation 
will become the prominent factor. Such nonlinear friction behavior provides new insights for the 
origin of energy dissipation in the boundary lubrication, which is the basis for the design of 
superlubricity at the nanoscale.  
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Figure 6: Lubrication model of C16TAB micelles adsorbed on the two silica surfaces under different 
loads. (a) The applied load corresponds to the critical load (side view). (b) The applied load 
exceeds the critical load (side view). (c) Sliding process of contact area under the deformation of 
the micelle layer (top view) (Li and Luo, 2017) Copyright 2017, American Chemical Society. 
 
 
4.0 FRICTION FORCE HYSTERESIS DURING LOADING AND UNLOADING 

Although the cationic surfactant micelles are able to exhibit superlubricity at the nanoscale 
owing to the formation of the hydration layer, the load bearing capacity is limited. As shown in 
Figure 1a, the friction force increased more than 50 times when the load exceeded 183 nN. 
Therefore, how to improve the load bearing capacity of superlubricity achieved by surfactant 
micelles is important for its application in nano-machines. Here, the fluorinated cationic 
surfactant (CF3-(CF2)7-SO2-NH-(CH2)3-N+(CH3)3I-) was selected to improve the load bearing 
capacity, because it can generate the larger hydrophobic attraction and meanwhile increase the 
stiffness of the micelle layer. The normal and friction forces were measured using AFM with a 
silica probe (R = 11.5 μm) and a freshly cleaved mica substrate as the friction pairs. The load 
bearing capacity was improved by replacing the hydrocarbon with fluorinated carbon (Li, et al., 
2018). Here, a novel hysteresis phenomenon was observed in both the normal and frictional 
forces between the self-assemble fluorinated surfactant micelle arrays at the nanoscale, as shown 
in Figure 7. The friction forces were measured by increasing the load (loading) first and thereafter 
decreasing it (unloading) with an interval of 12 nN. It was observed that the friction force was 
always close to zero when the normal load was less than 228 nN, and it suddenly increased by 
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approximately seven times when the load exceeded 228 nN during the loading process. This is in 
accordance with the friction behavior of C16TAB micelles between the silica surfaces (Figure 1a), 
indicating that the superlubricity can be achieved only when the fluorinated surfactant micelle 
layers are not ruptured. Once the load exceeds the threshold of micelle rupture, it would lead to a 
high friction force. 
 

 
Figure 7: Friction behavior of fluorinated surfactant solution confined between the silica probe 
and mica substrate (a) Friction force versus normal load between the silica probe and mica 
substrate immersed in the fluorosurfactant solution (4 CMC) with the sliding velocity of 3200 
nm/s during loading and unloading, respectively. Inset is the structure of the fluorosurfactant 
molecules trapped between the two friction surfaces for the superlow (μ = 0.002) and high (μ = 
0.053) COF. (b) Friction force as a function of normal load in detail during loading and unloading 
in the range of 0 to 120 nN. The COFs of μ=0.002 ± 0.001 are obtained by linear fitting of these 
points. (c) Critical loads for friction jump (Fc-jump) and drop (Fc-drop) at three different sliding 
speeds (Li and Luo, 2018) Copyright 2018, John Wiley and Sons.  
 

During the unloading process, it was found that the friction force remained at high value, 
decreasing linearly with load reducing, when the load was in the range of 120–330 nN. When the 
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load was reduced to 120 nN, there is a sudden drop of friction force. After that, the friction force 
maintained close to zero until the load was reduced to zero. It is apparent that the critical load for 
friction change during the loading process is larger than that during the unloading process, 
suggesting that there is the load-dependent hysteresis in the friction force curve. Based on the 
linear fitting of the friction force curves in the two regions, the COFs were obtained as μ = 0.002 ± 
0.001 (superlubricity) when the load was less than 120 nN (Figure 7b), and μ = 0.053 ± 0.006 
(high friction) when the load exceeded 230 nN. It was also found that both the critical loads for 
friction change during loading and unloading processes varied very weakly with the sliding speed 
(Figure 7c). When the load was varied between120 nN and 230 nN, the friction force exhibited 
the typical hysteresis characteristics with the normal load (friction force during unloading was 
much higher than that during loading). 

The normal force as a function of separation across the fluorosurfactant solution was also 
measured as the probe approached the mica substrate first and then retracted from the substrate 
(Figure 8). When the separation was reduced to 50 nm, a long-range double layer repulsive force 
appeared, exhibiting an exponentially growth with the decrease in separation, which is similar to 
that observed in Figure 2b. It indicates that there are micelle layers adsorbed on the two surfaces 
to form the double electrical layer. When the normal force increased to 21 mN/m as the 
separation reduced to 3 nm, the probe jumped into the substrate because of the collapsing of the 
repulsion, which indicates that the micelle layers adsorbed on the two surfaces in the contact zone 
were ruptured by the probe penetration. When the probe was detached from the mica substrate, 
no adhesion was observed during the whole separation process. Instead, the probe was pushed 
out at a positive normal force of 10.6 mN/m. The separation between the probe and substrate 
thereby increased suddenly to approximately 3.2 nm. After the probe being pushed out, the 
normal force curve was the same as that when the probe approached the mica substrate. It is 
evident that the critical normal force for push-out is less than that for jump-in, suggesting that 
there is the separation-dependent hysteresis in the normal force curve. It is also observed that 
critical loads for the friction change during the loading and unloading processes are just in 
accordance with the jump-in threshold and push-out threshold respectively, indicating that the 
superlubricity will disappear once the micelle layers are ruptured and reoccur after the recovery 
of the micelle layers when the probe has been pushed out.  

After the rupture of micelles, there are still some fluorinated surfactant molecules trapped in 
the contact zone. The self-recovery of the micelle layer under a positive load indicates that the 
surfactant molecules trapped in the contact zone were able to reorganize into the micelle arrays 
even under a normal pressure. Usually, the micelles can be formed spontaneously when the 
concentration of bulk surfactant solution reaches CMC, originates from the change in the Gibbs 
free energy of micellization (negative) (Ruso, et al., 1999). Therefore, the energy required for 
pushing the probe out also comes from the change in the Gibbs free energy of micellization, which 
is transformed into the mechanical energy. From these analyses, it can be concluded that the 
special behavior wherein the two compressed surfaces are separated spontaneously under a 
positive load is closely related to the reorganization of the surfactant molecules trapped in the 
contact zone, forming the micelle arrays. This finding does not only have important implications 
for designing boundary lubricants for nano-machines, but it also provides a possible method for 
the storage of mechanical energy at the nanoscale by using surfactant molecules. 
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Figure 8: Normal force versus separation between silica probe and mica substrate immersed in 
the fluorosurfactant solution (4 CMC) when the probe first approached the mica substrate  and 
subsequently retracted with the approach and retrace speeds of 400 nm/s. Inset shows the locally 
enlarged view of the normal force curve on a linear scale for the separation of 0–20 nm (Li and 
Luo, 2018) Copyright 2018, John Wiley and Sons. 
 
5.0 SUPERLUBRICITY OF SURFACTANT MICELLES ON THE LAYERED MATERIALS 

Usually, the superlubricity of two-dimensional (2D) layered materials can be achieved among 
themselves or other similar 2D layered materials when the shear occurs between 
incommensurate interface lattices. Recently, a novel method, which involves attaching surfactant 
(sodium dodecyl sulfate, SDS) molecular layers on the two friction surfaces by self-assembly and 
then sliding across the aqueous medium, was developed by our group to achieve the 
superlubricity of graphite. The surface of silica particles was modified with amino groups (-NH2) 
through the self-assembly of 3-(aminopropyl)triethoxysilane on it, and subsequently, the 
modified-silica particles were glued onto a rectangular tipless cantilever end using an epoxy glue, 
yielding a SiO2-NH2 probe. The friction force as a function of load was measured between the 
SiO2-NH2 probe and graphite across SDS solution and water for comparison, as shown in Figure 
9a. It was observed that the friction force across SDS solution was much lower than that across 
water, indicating that the introduction of surfactant molecules can significantly reduce the friction 
force. The COFs, equal to the slope of the linear fitting to these points, were achieved as μ=0.005 
for the SDS solution and μ=0.014 for water. This suggests that the introduction of SDS molecules 
between SiO2−NH2 and graphite can notably decrease the original COF to attain the 
superlubricity state. 
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Figure 9: Friction behavior of SDS solution confined between SiO2-NH2 probe and graphite and 
the lubrication model of SDS solution confined between SiO2-NH2 probe and graphite. (a) Friction 
forces versus normal loads between the probes with/without adsorbed SDS molecules and 
graphite immersed in the SDS solution and water, respectively, with the sliding velocity of 3 μm/s. 
(b) Adhesive forces between the probe and graphite in the above three cases. (c) Illustration of 
the shear plane between the probe with the adsorbed SDS molecules and graphite immersed in 
water. (d) Illustration of the shear plane between the probe and graphite immersed in SDS 
solution (Li and Luo, 2017) Copyright 2017, American Chemical Society.  

 
 Typically, the surfactant molecules can be adsorbed onto the surface via the electrostatic 

interactions. However, because there are no charge sites on the graphite substrate, it indicates 
that there are other adsorption mechanisms other than the electrostatic interactions. As there are 
hydrophobic interactions between graphite and carbon chains, the surfactant molecules can also 
be adsorbed on the graphite through the hydrophobic interactions. The hemicylinder structures 
formed by SDS molecules, were observed to be adsorbed on the graphite, which are consistent 
with the SDS surface aggregates on graphite reported in the previous literature (Schniepp, et al., 
2006). However, there was no observed friction jump behavior when the load exceeded the 
critical value, which was presented in Figure 1a and 7a. It indicates that there exist other 
lubrication mechanisms other than the hydration lubrication. 

To reveal the lubrication mechanism, the friction behaviors between the probe with adsorbed 
SDS molecules (SiO2-NH2-SDS) and graphite across water were measured and compared with 
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those between the probe (SiO2-NH2) and graphite across the SDS solution and water, 
respectively, as shown in Figure 9a. It was found that the SiO2−NH2 probe and graphite across 
water had the highest COF, and the SiO2−NH2−SDS probe and graphite across the SDS solution 
had the lowest COF (μ = 0.005). The COF between the SiO2−NH2−SDS and graphite across water 
(μ = 0.007) was very close to that across the SDS solution. It suggests that the adsorption of SDS 
molecules on the probe is crucial to achieve superlubricity. At the same time, the adhesive force 
for these three cases was also measured, as shown in Figure 9b. It was observed that the adhesive 
forces across water were 26.5 ± 3.5 nN (no SDS adsorbed on the probe) and 7.7 ± 2.8 nN (SDS 
adsorbed on the probe), and the adhesive force between SiO2−NH2 and graphite across the SDS 
solution is 1.6 ± 0.8 nN (close to zero). The above results demonstrate that the adhesion between 
SiO2−NH2 and graphite can be remarkably reduced through attaching SDS molecules onto the 
probe, and it can nearly vanish through attaching SDS molecules onto both the probe and graphite. 

There are three possible shear planes between SiO2−NH2 and graphite across the SDS solution, 
which are the interfaces of probe/SDS molecules, SDS/SDS molecules, and graphite/SDS 
molecules. In the case of SiO2−NH2/mica and SiO2−NH2/silica across the SDS solution, both the 
COFs were more than 0.03. Thus, this demonstrates that the interface of the probe/SDS molecules 
cannot be the shear plane for the superlubricity owing to its high friction. Superlubricity was also 
achieved after the micellar layer had been ruptured, which indicates that the SDS/SDS molecules 
cannot be the shear plane too; otherwise, the friction would increase by several times once the 
micelle layer is ruptured, just like that shown in Figure 1a and 7a. Therefore, the shear plane is 
most likely the interface of the graphite/SDS molecules. From Figure 9a, the COF between the 
SiO2−NH2−SDS probe and graphite across water is very low, which validates the hypothesis. As 
shown in Figure 9c and 9d, in the case of SiO2−NH2−SDS and graphite across water, the shear 
occurs between the carbon chain and graphite and in the case of SiO2−NH2 and graphite across 
the SDS solution, the shear does not only occur between the carbon chain and graphite, but also 
occurs between the headgroup surrounded hydration shells and graphite, which explains why the 
COF and adhesive force are both the lowest between SiO2−NH2 and graphite across SDS solution. 

In general, the superlubricity of graphite is achieved by the self-assembly of SDS molecular 
layers on the two friction surfaces, whose mechanism can be attributed to the extremely low shear 
strength and extremely low adhesion between SDS molecules and graphite. The mechanism for 
the extremely low shear strength between SDS molecules and graphite is still not clear but may 
be related to the extremely weak interactions between SDS molecules and graphite, which would 
be investigated in detail in near future. Anyway, this finding provides a possible approach to 
achieve the superlubricity state by exploiting the weak interaction between layered and other 
materials in aqueous medium, because it can lead to the formation of a shear plane with extremely 
low shear strength. 
 
 
6.0 DISCUSSION AND CONCLUSION 

The cationic surfactant micelles adsorbed on the two friction surfaces can form the hydration 
layer on the exposed headgroups, which can lead to the achievement of superlubricity. As for the 
anion surfactant, if the friction surfaces are positively charged, the surfactant molecules can also 
be adsorbed on the friction surfaces through the electrostatic interaction. In this case, the 
superlubricity is possible to be achieved, because the negatively charged headgroups can also 
attach water molecules to form the hydration layer. (The superlubricity behavior of anion 
surfactant would be studied in the near future). However, if the surfactant molecules are nonionic, 
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they are difficult to be adsorbed on the friction surfaces through the electrostatic interaction, and 
meanwhile, there are also no charged headgroups in the molecules to form the hydration layer. 
Therefore, the superlubricity of nonionic surfactant is difficult to be achieved. 

Although the superlubricity of surfactant micelles can be achieved at the nanoscale, there is a 
problem that the load bearing capacity is limited because the superlubricity would disappear 
when the micelle layer is ruptured. Usually, the micellar rupture should be related to the energy 
threshold value rather than a critical load value, and thus it has some relationship with the sliding 
speed. However, the critical load for micellar rupture is dependent on the sliding speed in our 
studies. This is because the variation of sliding speed in our studies is small, and thus the 
difference between the critical loads for micellar rupture is not remarkable. To further reveal the 
rupture mechanism, the comprehensive studies on the friction behavior of micelles would be 
started in the near future. To accelerate the application of surfactant micelles in the nano- or 
micro-machines’ lubrication, the load bearing capacity of superlubricity has been improved by 
the fluorinated cationic surfactant micelles. However, when the normal pressure increases to a 
high value, the deformation of micelle layer would lead to the significant increase of friction force, 
because it requires additional energy to overcome the deformation. The deformation leads to the 
nonlinear increase of friction force with load. Therefore, the pressure for the superlubricity 
cannot be too high, which in some extent, limits the application of surfactant micelles in the nano- 
or micro-machines.  

Although the friction force would increase several to hundred times after the rupture of 
micelle layers, the superlubricity can be restored when the load reduces to a low value, at which 
the micelle layer can be self-recovered. The excellent restorability of superlubricity indicates that 
the surfactant micelles have great potential to use as the self-repairing lubricants in the nano- or 
micro-machines. Moreover, the surfactant micelles also exhibited the excellent lubrication 
properties for the layered materials, which have important implications for designing the liquid 
superlubricity system using the two-dimensional layered materials at the nanoscale. At present, 
the superlubricity mechanism of the surfactant micelles is clear, which is mainly attributed to the 
formation of hydration layer with an extremely low shear strength. However, there are still some 
problems which need to be solved in the near future, such as how do the headgroups (cation, 
anion, and zwitterion) influence the superlubricity, and how to achieve the robust superlubricity 
of surfactant micelle at the high contact pressure. 
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