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In the present work, it is shown that the friction stress of ethylene glycol can decrease by an order of
magnitude to achieve superlubricity if there are hydrogen ions attached on the friction surfaces. An
ultra-low friction coefficient (m 5 0.004) of ethylene glycol between Si3N4 and SiO2 can be obtained with the
effect of hydrogen ions. Experimental result indicates that the hydrogen ions adsorbed on the friction
surfaces forming a hydration layer and the ethylene glycol in the contact region forming an
elastohydrodynamic film are the two indispensable factors for the reduction of friction stress. The
mechanism of superlubricity is attributed to the extremely low shear strength of formation of
elastohydrodynamic film on the hydration layer. This finding may introduce a new approach to reduce
friction coefficient of liquid by attaching hydrogen ions on friction surfaces.

A
significant portion of energy in machine is continuously lost because of high friction and wear in the

sliding system1. Consequently, how to reduce friction coefficient and wear rate becomes one of the most
important tasks for researchers in many fields. The common method is adding lubricant to separate the

contacting surfaces, and thus the friction and wear would decrease due to the lower shear stress of lubricant
relative to the original friction surface. At present, the separation can be obtained by introducing a solid lubricant
(e.g., graphite, DLC and MoS2)2–4, or a liquid lubricant (e.g., aqueous solution, oil and grease)5–7. When the sliding
friction coefficient of them reduces to less than 0.01, it can be referred as superlubricity8,9. As for solid lubricants,
the friction coefficient can reduce to less than 0.01 in some special conditions such as vacuum or nitrogen
protection to achieve superlubricity. As for liquid lubricants, it is easy to achieve a friction coefficient between
0.01–0.1 if the hydrodynamic film is formed between two sliding surfaces. However, due to the limitation of
viscosity, it is very difficult to obtain a friction coefficient in the magnitude order of 0.001 to achieve
superlubricity.

During recent years, lots of efforts have been made to reduce friction coefficient of common liquid to a lower
value (less than 0.01)10. One of the most typical examples is ceramic with water lubrication, which has been
studied by Kato’s group systematically11–13. They found that an ultra-low friction coefficient of 0.002–0.007 can be
achieved after a running-in period. The mechanism is attributed to the tribochemical reaction between ceramic
surfaces and water, which can produce a layer of colloidal silica for boundary lubrication and meanwhile form a
smooth surface for hydrodynamic lubrication11. In addition to this, Matta et al. found that the DLC film (ta-C)
under pure glycerol lubrication could realize a friction coefficient of 0.007 due to the easy sliding on the tribo-
formed OH-terminated surfaces14. Spencer et al. obtained a rolling friction coefficient of 0.0001 under polyethyl-
ene glycol (PEG) lubrication due to the formation of molecular brushes15. Recently, our group found that the
friction coefficient between glass and ceramic could decrease to 0.004 with the lubrication of phosphoric acid or
mixture of polyhydroxy alcohol and acid16–18.

In comparison with these examples, they have a common feature, i.e., the friction stress of liquid confined
between two sliding surfaces is extremely low. A simple method to obtain a low friction stress is to reduce the
viscosity of confined liquid. However, it would produce another problem (difficult to form a full lubricating film
between two sliding surfaces) that is harmful to the reduction of friction coefficient. Therefore, the above method
almost has no effect on reducing friction coefficient of common liquid from the magnitude order of 0.01 to 0.001.
Is there a method to reduce friction stress of common liquid to a lower value and meantime form a full lubricating
film? In the present work, we would show a method to satisfy the two requirements above simultaneously; that is
adding hydrogen ions in the confined liquid or attaching hydrogen ions on the friction surfaces. Here, the
ethylene glycol (C2H6O2) was chosen as an example, and the mechanism of hydrogen ions reducing friction
stress of liquid was investigated.
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Results
The friction coefficient of C2H6O2 (20%) between Si3N4 and SiO2 is
shown in Fig. 1. It is found that the friction coefficient can reduce to
0.05 after a running-in period of 380 s. However, if C2H6O2 (20%)
was mixed with H2SO4 (pH 5 1), the final friction coefficient would
reduce to 0.004 after a running-in period of 400 s, which is only
about one-twelfth of its original value (m 5 0.05). Compared with
the two results, it is obvious that adding H2SO4 in C2H6O2 solution
can reduce its friction coefficient to the magnitude order of 0.001
(superlubricity). After the running-in period, the topography of fric-
tion surfaces was investigated by the optical microscope, as shown in
Fig. 2. A round plane with a diameter of 260 mm appears on the top
region of ball and many micro-pits and micro-furrow ditches are
observed in the track on the glass substrate after the lubrication of
mixture of C2H6O2 and H2SO4. However, after the lubrication of
C2H6O2 (no acid), it is seen that the top region of ball becomes an
elliptic plane with a max diameter of 260 mm, and there are also
several micro-pits and micro-furrow ditches in the middle of track.
Although there are some differences in topography between the two
cases, the wear degree and the contact area are almost the same for
the two cases after the running-in period. Because the friction stress
(t) of confined liquid between two sliding surfaces can be described
by t 5 mp approximately, where m is the friction coefficient and p is
the average contact pressure, it can be concluded that the friction
stress of C2H6O2 reduces to one-twelfth of its original value if it is
mixed with H2SO4 solution.

In the running-in period, the viscosity increased with free water
evaporating from the solution as well as the contact pressure reduced
with the wear scar enlarging. As for C2H6O2 (no acid), the concen-
tration increased to 83% after the running-in period, corresponding

to a viscosity of 9.6 mPas (measured by a standard rheometer) and
the diameter of contact region would increase to 260 mm (Fig. 2),
corresponding to an average contact pressure of 57 MPa. In this case,
it is easy to form an elastohydrodynamic (EHD) film between two
sliding surfaces to realize a low friction coefficient of 0.05. As for
mixture of C2H6O2 and H2SO4, the viscosity and the average contact
pressure after the running-in period were almost the same as that of
C2H6O2 (20%), which can also form an EHD film between two
sliding surfaces. In comparison with the two results, it is interesting
to find that the same lubrication conditions (surface, viscosity, speed
and pressure) can lead to totally different friction coefficient only
because a spot of H2SO4 is introduced in the contact region.

To investigate the mechanism of H2SO4 reducing friction stress of
C2H6O2, it is necessary to determine which kind of ion in the acid
solution plays the key role. Therefore, the friction coefficients of
C2H6O2 (20%) mixed with other three kinds of acids (HCl,
H2C2O4 and HNO3S, pH 5 1), Na2SO4 (pH 5 7.0), and NaOH
(pH 5 13) were all measured, as shown in Table 1. It is found that
the friction coefficients of C2H6O2 mixed with the three kinds of
acids can reduce to 0.003–0.004 after a running-in period, which is
very close to the value of mixture of C2H6O2 and H2SO4. It indicates
that all the acid solutions have the same effect on reducing friction
stress of C2H6O2. However, the Na2SO4 and NaOH solutions almost
have no effect on the reduction of friction stress of C2H6O2. It is seen
that the friction coefficients of their mixtures are almost the same as
that of C2H6O2 (no acid). These results suggest that the hydrogen
ions in the mixed solution play the key role on reducing friction stress
of C2H6O2.

Due to the mixture of C2H6O2 and acid being confined between
two sliding surfaces, there are two kinds of interactions with hydro-
gen ions; one is the interaction between hydrogen ions and C2H6O2

and the other is the interaction between hydrogen ions and friction
surfaces (Si3N4 and SiO2). To determine whether the interaction
between hydrogen ions and C2H6O2 has influence on the reduction
of friction stress, the friction pairs were changed to other three kinds
of materials (to remove the interaction between hydrogen ions and
surface) and then the friction coefficients of C2H6O2 (no acid) and
mixture of C2H6O2 and H2SO4 were measured in the same test
condition, as shown in Table 2. It is found that the superlubricity
of mixture cannot be achieved (m . 0.01), and the friction coefficient
of it is almost the same as that of C2H6O2 (no acid). It indicates that

Figure 1 | Friction coefficient with the lubrication of C2H6O2 (20%) and
mixture of C2H6O2 (20%) and H2SO4 (pH 5 1). The load is 3 N, and the

speed is 0.075 m/s.

Figure 2 | The optical images of friction surfaces after the running-in period. (a) with the lubrication of mixture of C2H6O2 (20%) and H2SO4 (pH 5 1)

(b) with the lubrication of C2H6O2 (20%).

Table 1 | Final friction coefficient (m) with the lubrication of C2H6O2

(20%), mixed with acids (pH 5 1), Na2SO4 and NaOH, respect-
ively

HCl H3NO3S H2C2O4 Na2SO4 NaOH

m 0.004 0.003 0.004 0.062 0.056
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the interaction between hydrogen ions and C2H6O2 has no effect on
the reduction of friction stress of C2H6O2. Because there are only two
kinds of interactions with hydrogen ions, it is inferred that the inter-
action between hydrogen ions and surfaces (Si3N4 and SiO2) plays
the key role on reducing friction stress of C2H6O2.

To investigate how the interaction between hydrogen ions and
friction surfaces influences friction stress of C2H6O2, an experiment
based on separating hydrogen ions from mixture was designed as
follows. First, the friction coefficient with the lubrication of H2SO4

(pH 5 1) between Si3N4 and SiO2 was measured for about 250 s, as
shown in Fig. 3(a). It is seen that the friction coefficient reduced to
0.03 after a running-in period of 160 s, and then had no further
reduction with time. Second, at the moment of t 5 250 s, 20 mL of
pure C2H6O2 (100%) was added in the contact region between two
friction surfaces. It is seen that the friction coefficient decreased to
less than 0.01 (m5 0.007) suddenly once the pure C2H6O2 was added
in the contact region. After that, the friction coefficient had a small
reduction and then kept an ultra-low value of 0.004. However, if the
experimental order was changed; that is measuring the friction coef-
ficient of C2H6O2 (100%) for 250 s first and then adding 5 mL of
H2SO4 (pH 5 1) in the contact region, it is found that there was no
drastic reduction in friction coefficient, as shown in Fig. 3(b). The
final friction coefficient (m 5 0.044) was almost the same as that of
C2H6O2 (no acid). It indicates that the interaction between hydrogen
ions and surfaces is the prerequisite for the reduction of friction stress
of C2H6O2.

Our previous work showed that all the acid solutions (pH # 2)
could lead to the friction coefficient reducing to 0.03–0.05 after a
running-in period by tribochemical reaction between hydrogen ions
and Si3N4/SiO2 surfaces19. During the running-in period, the original
layer of surface is grinded off by rubbing action (wear), leading to the
generation of many dangling bonds (S-O2). The dangling bonds (Si-
O2) can react with hydrogen ions in acid solution (SiO2 1 2H1 R
SiOH2

1) by surface protonation reaction, leading to many positively
charged sites being formed on the friction surfaces. In addition, the
rubbing action can increase the numbers of effective active sites of
protonation reaction and meantime reduce the contact pressure as
the wear scar enlarges. After the running-in period, these positively
charge sites are neutralized by equal dissolved counter-ions to form
the stern layer and the diffuse electrical double layer, leading to the
friction coefficient reducing to 0.03–0.05 (see more details in Ref. 19).
Due to the viscosity of H2SO4 solution being close to that of water, it
is hard to form an EHD film in this test condition, and thereby the
boundary lubrication is the dominant mechanism for H2SO4 solu-
tion when its friction coefficient reduces to 0.03. At the moment, if
adding C2H6O2 with a high viscosity in the contact region, it would
form an EHD film to separate the two sliding surfaces apart further.
In our experiment, the concentration of added C2H6O2 is 100%,
corresponding to a viscosity of 17.5 mPas. According to Hamrock-
Dowson (H-D) theory20, the film thickness between two sliding sur-
faces is about 32 nm. It indicates that the C2H6O2 solution forms an
EHD film between two sliding surfaces with attached hydrogen ions
when superlubricity appears.

However, if the experimental order was changed, the friction coef-
ficient would reduce to 0.05 in a very short period (14 s), which
indicates that an EHD film of C2H6O2 solution has been formed
between two sliding surfaces. At the moment, if we added hydrogen

ions in the contact region, the tribochemical reaction between hydro-
gen ions and friction surfaces would not occur because there is no
rubbing action (the two surfaces are not in contact). Thus, there is
only a small amount of hydrogen ions adsorbed on the two original
friction surfaces by surface protonation reaction, which would lead to
a high friction. In comparison with the two results, it can be inferred
that the C2H6O2 solution forming an EHD film between two sliding
surfaces with attached hydrogen ions (by tribochemical reaction) is
the main factor for the reduction of friction stress of C2H6O2.

To confirm this inference further, the viscosity and speed (two
main factors influencing EHD film) were changed to different values
respectively to see whether there exists an EHD film when super-
lubricity appears. First, to change the viscosity of C2H6O2, three
different concentrations (50%, 70% and 90%) of C2H6O2 were chose
(the viscosities of them are 3.3 mPas, 6 mPas and 12.1 mPas,
respectively). When the friction coefficient of H2SO4 (pH 5 1)
reduced to about 0.03, these C2H6O2 solutions with different viscos-
ities (20 mL) were added in the contact region, as shown in Fig. 4. It is
found that the friction coefficient would reduce suddenly once they
were introduced in the contact region. Moreover, the reduced fric-
tion coefficient is lower if the viscosity is higher. After that, the
friction coefficient would reduce further to 0.004 after a running-
in period (the lower the viscosity, the longer the running-in period).

These results indicate that the lowest friction appears only when
the viscosity of solution is high enough to separate the two surfaces
apart. If the viscosity is not high enough to form a full EHD film,
there would appear some asperities in the contact region with direct
contact (dry friction), which can cause a high friction. In addition,
the proportion of direct contact would become higher with viscosity
decreasing due to the hydrodynamic effect becoming weaker, which
would lead to friction increasing. It is the reason why the friction
coefficient is higher if the viscosity of added C2H6O2 solution is
lower. After C2H6O2 solution was added in the contact region, the
water in the solution would evaporate out with time, which would

Table 2 | Final friction coefficient for three different kinds of friction
pairs with the lubrication of C2H6O2 (20%) and mixture of C2H6O2

(20%) and H2SO4 (pH 5 1)

Liquid Si3N4/PTFE Si3N4/DLC Si3N4/Steel

C2H6O2 0.03 0.11 0.23
C2H6O2 with H2SO4 0.03 0.11 0.22

Figure 3 | (a) Friction coefficient of C2H6O2 (100%) after testing H2SO4

(pH 5 1) for about 250 s. The dot line is the friction coefficient of H2SO4

(pH 5 1) without adding C2H6O2 (100%) in the contact region.

(b) Friction coefficient of H2SO4 (pH 5 1) after testing C2H6O2 (100%)

for about 250 s. The load is 3 N, and the speed is 0.075 m/s.
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lead to the viscosity increasing. In this case, the proportion of direct
contact would become lower and thereby the friction coefficient
would reduce with time. If the concentration of C2H6O2 solution is
lower, it would need a longer time for water evaporation to reach the
same viscosity, which is the reason why the running-in period
becomes longer with concentration reducing.

Second, the speed was changed from 5 rpm to 900 rpm when the
lowest friction coefficient (m5 0.004) appeared, as shown in Fig. 5. It
is observed that the friction coefficient almost keeps constant (m 5

0.004) when the rotation speed is greater than 120 rpm (a sliding
speed of 0.05 m/s). However, when the rotation speed decreases
from 120 rpm to 5 rpm (a sliding speed of 0.002 m/s), the friction
coefficient has an increase from 0.005 to 0.074. It suggests that the
change of friction coefficient with speed is in accordance with the
stribeck curve21. For comparison, the relationship between friction
coefficient of C2H6O2 solution (no acid) and speed was also investi-
gated (Fig. 5). It can be seen that the change of friction coefficient of
C2H6O2 solution with speed is also in accordance with the stribeck
curve. Moreover, the lowest friction coefficient of C2H6O2 solution is
0.026, which indicates that the superlubricity cannot be achieved for
C2H6O2 solution no matter how to change the sliding speed.

According to H-D theory20, the film thickness between two sliding
surfaces as a function of speed can be estimated, as shown in Fig. 5.

When the speed is less than 90 rpm, the film thickness is less than
14 nm due to the weak hydrodynamic effect. It indicates that the
lubrication regime is in mixed lubrication, in comparison with the
roughness of friction surfaces (Ra 5 12 nm for the track and Ra 5

10 nm for the worn region of ball, measured by white light interfero-
meter). In this case, it is difficult to form a full EHD film, and instead
there would appear some asperities in the contact region with direct
contact (dry friction), leading to friction increasing. In contrast,
when the speed is greater than 180 rpm, the film thickness is more
than 22 nm, which can lead to the formation of a full EHD film. In
this case, the two sliding surfaces are separated by C2H6O2 solution
completely. As for mixture of C2H6O2 and H2SO4, the EHD film is
formed between two sliding surfaces with attached hydrogen ions,
leading to an ultra-low friction. As for C2H6O2 solution, the EHD
film is formed between two original surfaces without hydrogen ions,
leading to a high friction.

Finally, to remove the other factors such as chemical reaction and
molecule structure of C2H6O2 influencing superlubricity, other four
kinds of aqueous solution (80%, v/v), including glycerol (C3H8O3),
dimethyl sulfoxide (C2H6OS), 1,4-butanediol (C4H10O2), and 1,5-
pentanediol (C5H12O2), were introduced in the contact region
instead of C2H6O2 solution after testing H2SO4 (pH 5 1) for about
250 s. The final friction results are shown in Table 3. It can be found
that all of these solutions can achieve a friction coefficient less than
0.005 if there are hydrogen ions attached on the friction surfaces,
which indicates that the superlubricity has no significant correlation
with C2H6O2 solution. In other words, the chemical reaction and
molecule structure of C2H6O2 are not the main factors for super-
lubricity. From this result, it can be inferred that the superlubricity
would appear as long as there is an EHD film formed between two
sliding surfaces with attached hydrogen ions, regardless of the chem-
ical content of aqueous solution.

Discussion
These friction results indicate that there are indeed an EHD film in
the contact region when superlubricity (m 5 0.004) appears.
Moreover, the superlubricity is independent on the chemical content
of EHD film. However, as for common EHD lubrication, just like
C2H6O2 or C3H8O3 (not mixed with acid), the friction coefficient is
usually in the range of 0.01–0.1. Why adding hydrogen ions in the
solution can lead to the friction coefficient of EHD lubrication redu-
cing by an order of magnitude? As shown above, the EHD film is
formed between two sliding surfaces with attached hydrogen ions (by
tribochemical reaction), which is the key factor for the reduction of
friction stress. Here, a possible lubrication model of mixture of
C2H6O2 and H2SO4 was proposed according to these results and
analyses, as illustrated in Fig. 6.

It is thought that there are two kinds of EHD films in the contact
region. The first one is the common EHD film formed between two
original surfaces (Si3N4 and SiO2) where there are no hydrogen ions
attached on the friction surfaces. The second one is the case that there
are hydrogen ions attached on the friction surfaces. In this case, the
counter-ions (HSO4

2) in the solution would be adsorbed by hydro-
gen ions on the two sliding surfaces to form the hydration layer
(Fig. 6 inside) and thereby the EHD film would be formed on the
hydration layer. Assuming that the proportion of the first case is k (0
# k , 1), the friction coefficient for the first case is m1, and the

Figure 4 | Friction coefficient of C2H6O2 with three different
concentrations after testing H2SO4 (pH 5 1) for about 250 s. The dot line

is the friction coefficient of H2SO4 (pH 5 1) without adding C2H6O2

(100%) in the contact region. The load is 3 N, and the speed is 0.075 m/s.

Figure 5 | Relationship between friction coefficient and rotation speed
and film thickness under different rotation speeds predicted by H-D
theory. The load is 3 N.

Table 3 | Final friction coefficient of four different kinds of aqueous
solutions after testing H2SO4 (pH 5 1) for about 250 s and friction
coefficient of these aqueous solutions without acid

Liquid C3H8O3 C2H6OS C4H10O2 C5H12O2

Friction coefficient (with acid) 0.004 0.004 0.004 0.004
Friction coefficient (without acid) 0.03 0.1 0.06 0.06

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7226 | DOI: 10.1038/srep07226 4



friction coefficient for the second case is m2, the final friction coef-
ficient m can be obtained as follows:

m~km1z 1{kð Þm2 ð1Þ

As for m1, the value is equal to the friction coefficient of common
EHD lubrication approximately (m1 < 0.05 for C2H6O2 solution). As
for m2, it is in proportion to the friction stress of hydration layer
approximately because the shear mainly occurs in the hydration layer
due to the excellent fluidity of hydration layer22. Thus, the value of m2

(about 0.0002 in Ref. 22) is much lower than m1 because of the
extremely low friction stress of hydration layer23. According to this,
the Equation (1) can be rewritten as follows:

m~0:05kz0:0002 1{kð Þ ð2Þ

Based on the value of m (m5 0.004 in Fig. 1) in our test, we can get the
value of k (k 5 0.08). It is indicates that most of the EHD film in the
contact region is formed on the hydration layer when superlubricity
appears. Therefore, the ultra-low friction stress of C2H6O2 solution is
mainly attributed to the extremely low shear strength of hydration
layer produced by attached hydrogen ions on the friction surfaces.

This lubrication model indicates that the hydrogen ions attaching
on the friction surfaces and the C2H6O2 solution forming an EHD
film in the contact region are two key factors for superlubricity. It
therefore can be inferred the superlubricity is independent on the
properties of surfaces and the types of solutions as long as the two
factors above are satisfied for superlubricity. From the data in
Table 3, it can be confirmed that the superlubricity is independent
on the types of solutions. To confirm whether the superlubricity is
independent on the properties of surfaces, other three kinds of fric-
tion pairs (Si3N4/Si3N4, Si3N4/a-Al2O3 and a-Al2O3/a-Al2O3) were
chosen instead of Si3N4/SiO2, and the friction coefficient of mixture
of C2H6O2 (20%) and H2SO4 (pH 5 1) was measured between these
friction pairs. The results show that all of these friction pairs can lead
to the friction coefficient of mixture reducing to about 0.003–0.005.
Because all of these friction pairs can adsorb hydrogen ions by tri-
bochemical reaction during the running-in period, it can be con-
firmed that the superlubricity is also independent on the properties
of surfaces if there are hydrogen ions adsorbed on the surfaces.

In our previous work, the superlubricity is attributed to the forma-
tion of hydrogen bond network on the stern layer (induced by hydro-
gen ions) after the running-in period24. However, the hydrodynamic

effect of hydrogen bond network is not considered before. The pre-
sent work proves that the hydrodynamic effect also plays an import-
ant role on superlubricity. Moreover, from the lubrication model
above, it can be found that the role of hydrogen ions is being attached
on the friction surfaces to form the hydration layer and the role of
C2H6O2 solution is forming an EHD film in the contact region. Both
of them are very important for the reduction of friction stress. If there
is only hydrogen ions adsorbed on the friction surfaces, the friction
coefficient is higher than 0.02, such as various kinds of acid solu-
tions19. If there is only an EHD film of C2H6O2 solution in the contact
region, the friction coefficient is higher than 0.04 (Fig. 1). Based on
the roles of hydrogen ions and C2H6O2 solution, we can propose a
new method to reduce friction coefficient of aqueous solution if it can
meet the three conditions below. First, the friction surfaces should
have SiOH or AlOH bonds, which can adsorb hydrogen ions by
triochemical reaction. Second, there should be sufficient hydrogen
ions attached on the friction surfaces, which can form the hydration
layer. Finally, the viscosity of aqueous solution should be high
enough to form an EHD film in the contact region, which can sepa-
rate the two friction surfaces apart. If three of them are met simulta-
neously, the friction coefficient of aqueous solution would decrease
by an order of magnitude to achieve superlubricity, just like C2H6O2

solution. According to this method, we believe, most aqueous solu-
tions used as lubricants would save energy effectively in sliding
system.

In conclusion, we showed that the friction stress of C2H6O2 solu-
tion can decrease by an order of magnitude to achieve superlubricity
if it is mixed with one acid solution. Experimental result indicates
that the interaction between hydrogen ions and friction surfaces
plays the key role on the reduction of friction stress. The function
of hydrogen ions is being attached on the friction surfaces by tribo-
chemical reaction to form the hydration layer, and the function of
C2H6O2 solution is forming an EHD film on the hydration layer to
separate the two sliding surfaces apart. The ultra-low friction stress is
mainly attributed to the low shear strength of hydration layer on the
friction surfaces. According to these results, a new method to reduce
friction stress of aqueous solution is proposed that adding hydrogen
ions in the solution or attaching hydrogen ions on the friction sur-
face. This work seems to have an important engineering value to the
traditional mechanical lubrication systems and nano-mechanical
systems.

Methods
Sample preparation. Five kinds of aqueous solution, including ethylene glycol
(C2H6O2), glycerol (C3H8O3), dimethyl sulfoxide (C2H6OS), 1,4-butanediol
(C4H10O2), and 1,5-pentanediol (C5H12O2), and four kinds of acids, including
sulfuric acid (H2SO4), hydrochloric acid (HCl), oxalic acid (H2C2O4) and
aminosulfonic acid (HNO3S), were all commercial products (J&K) with a purity of
greater than 99%. Before test, the pure ethylene glycol was diluted by de-ionized water
(resistivity . 18 MV?cm) with a concentration of 20%, 50%, 70%, 90% (v/v), and the
four kinds of acids were diluted or dissolved by de-ionized water to a pH of 1.0. In
addition, the sodium sulfate (Na2SO4) solution with a concentration of 5% (pH 5 7.0)
and the sodium hydroxide (NaOH) solution with a pH of 13 were also prepared. The
mixtures of C2H6O2 and acid were obtained by mixing C2H6O2 solution (20%) with
acid solutions (pH 5 1) in a volume ratio of 1051 (the pH value of the mixtures is
approximately equal to 2). The mixture of C2H6O2 and Na2SO4, and the mixture of
C2H6O2 and NaOH were prepared by mixing C2H6O2 solution (20%) with Na2SO4

solution (5%) and NaOH solution (pH 5 13) in a volume ratio of 1051, respectively.

Friction measurements. Before test, the mixtures above were introduced between a
ball and a disk with a volume of 20 mL, and then the friction force between the ball and
disk were measured on a Universal Micro-Tribotester (UMT-3, Bruker, America)
with a rotation mode. The ball is made of silicon nitride (Si3N4) or sapphire (a-Al2O3)
with a diameter of 4 mm. There are six kinds of materials used as disks, which are
glass (SiO2), silicon nitride (Si3N4), sapphire (a-Al2O3), polytetrafluoroethylene
(PTFE), polished steel (AISI 52100), and diamond-like carbon coating (DLC, ta-C)
on Si substrate. Both the balls and the disks were cleaned in an ultrasonic bath with
acetone and ethanol each for 10 min, and then they were washed by deionized water
and dried by compressed air for test. The load applied on the disk was 3 N and the
rotation speed of the disk was changed from 5 rpm to 900 rpm with a track radius of
4 mm, corresponding to a sliding speed from 0.002 m/s to 0.375 m/s. All the tests
were performed at the temperature of 26uC and the relative humidity of 20–30%.

Figure 6 | A possible lubrication model between Si3N4 and SiO2 under
the lubrication of C2H6O2 mixed with H2SO4.
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