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ARTICLE OPEN

Simultaneous production and functionalization of hexagonal
boron nitride nanosheets by solvent-free mechanical
exfoliation for superlubricant water-based lubricant additives
Lulu An 1,2, Yuanlie Yu1,2, Changning Bai1,2, Yongqing Bai1,2, Bin Zhang1,2, Kaixiong Gao1,2, Xinbo Wang3,4, Zhiping Lai3,4 and
Junyan Zhang1,2

Hexagonal boron nitride nanosheets (h-BNNSs), with a crystal lattice structure similar to graphene by over 98%, exhibit good
lubrication properties as lubricant additives. However, the poor dispersibility in solvents has limited their wide practical applications
as lubricant additives. In the present report, water dispersible Pebax functionalized h-BNNSs (Pebax-BNNSs) have been prepared
through a one-step solvent-free mechanical exfoliation process which relies on a simple exfoliation of h-BN layers by shearing force
in molten Pebax at 200 °C. In this process, Pebax molecules can synchronously react with the dangling bonds formed during the
exfoliation process to achieve in situ functionalization of h-BNNSs. The reciprocating friction tests demonstrate that the as-obtained
Pebax-BNNSs possess excellent antifriction and antiwear performance as water-based lubricant additive with a low concentration of
0.3 mg/mL under atmospheric condition. The friction coefficients can be <0.01, achieving superlubrication. Further systematical
investigations on the wear traces, wear debris, and counter balls propose a “dispersion-compensation-filling repairment” friction
mechanism. All these results demonstrate that h-BNNSs can achieve superlubrication as water-based lubricant additives via facile
surface modification, making them very promising candidates as lubricant additives in practical applications.

npj 2D Materials and Applications            (2019) 3:28 ; https://doi.org/10.1038/s41699-019-0111-9

INTRODUCTION
Friction and wear remain the primary modes of mechanical
energy dissipation in many mechanical, electromechanical, and
biological systems, resulting in unwanted wastage of resources
and energy1 as well as 80% of machinery component failure.2 It is
estimated that the wastage of resource has grown to over 6% of
the Gross Natural Product, making the investigation of friction and
wear becomes extremely significant.3 Moreover, the needs of
“green” lubricant are rising because of the increasing concerns on
environmental protection. The development of environment-
friendly lubricants has thus become a global requirement.4,5

Currently, oil lubrication has been regarded as one of the most
common and widely used antifriction and antiwear ways due to its
good lubricating effect. However, most of the oil-based lubricants
contain mineral oil, which could seriously pollute soil and water
resources in case of spill or discharge. In this regard, development
of environment-friendly lubricants for practical application with
good antifriction and antiwear performance is of great impor-
tance. Recently, water-based lubricants have attracted increasing
attention due to their outstanding properties, such as high fire
resistance and excellent environmental friendliness.6,7 As a result,
it is becoming significant to explore and develop novel water-
based lubricants with good antifriction and antiwear performance.
Hexagonal boron nitride nanosheets (h-BNNSs) are one of

typical two-dimensional materials and show <2% crystal lattice

mismatch with graphene.8–10 Consequently, h-BNNSs share many
common properties with graphene, such as outstanding mechan-
ical strength, good optical property, and high thermal conductiv-
ity.11,12 However, h-BNNSs also have higher oxidation resistance
and better chemical stability which are different from gra-
phene,13,14 making them promising in some harsh environment
applications. Besides, the lamellar structure of h-BNNSs which is
also entirely assembled by means of weak van der Waals forces is
similar to those of graphene and molybdenum disulfide.15,16 This
structure makes h-BNNSs very attractive lubricant additives as
graphene and molybdenum disulfide. More importantly, h-BN
nanomaterials have excellent biocompatibility and have also been
widely used as food packaging materials and cosmetic addi-
tives,17–19 which implies that h-BN nanomaterials will not damage
the living environment of human, animals, and plants in case of
spill or discharge. Based on the above mentioned discussion, it is
predictable that h-BNNSs would be very promising candidate as
“green” lubricant additive in practical applications.
Unfortunately, compared with graphene/graphene oxides, the

utilization of h-BN nanomaterials as lubricant additives is much
more difficult because of their poor dispersibility of in either water
or lubricant oil.20 Therefore, many efforts have been made to
improve the dispersibility of h-BN nanomaterials in water/lubricant
oil. For example, Chen et al. have tailored the size of h-BNNSs by
an optimized wet ball milling process with benzyl benzoate as a
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milling agent.21 These tailored h-BNNSs show good lubrication
properties as base oil additives, which can greatly reduce the
friction coefficients and wear rate of friction balls.22 Khatri et al.
have grafted octadecyltriethoxysilane onto the basal plane defects
and edge sites of h-BN nanoplatelets to obtain
octadecyltriethoxysilane-functionalized h-BN nanoplatelets (h-
BNNPs-ODTESs) through chemical grafting process.20 These h-
BNNPs-ODTESs exhibit long-term dispersion stability in synthetic
polyol ester lube base oil due to the van der Waals interaction
between the octadecyl chains of h-BNNPs-ODTESs and alkyl
functionalities of polyol ester.20 The good dispersibility enables
the h-BNNPs-ODTESs good lubricant properties as an additive that
can significantly reduce both the friction coefficients and wear
rates of steel disks. Obviously, it is effective to improve the
dispersibility of h-BN nanomaterials in solvent with the assistance
of surfactants or organic functionalization, so as to boost their
lubricant properties. However, the friction coefficients with h-BN
nanomaterials as lubricant additives are high, which are generally
above 0.08. Therefore, it is vital to further decrease the friction
coefficients and thus improve the antiwear performance of h-BN
nanomaterial/water-based lubricants for practical applications.
Pebax comprises of rigid polyamide blocks and soft polyether

blocks as illustrated in the following chemical formula:

OO

HO]PEthOCPA[COH −−−−−−−

This unique structure makes Pebax simultaneously possess
good toughness associated with that of polyamides and high
flexibility/elasticity resulted from polyethers. As a result, Pebax
exhibits many excellent properties between the rigidity and
flexibility, such as high elastic recovery, good flexibility, and
excellent processing performance.23 In addition, Pebax is also a
bio-based material, which has been widely used in medicine and
medical instruments.24,25 Therefore, Pebax is selected to functio-
nalize the h-BNNSs in the current report since the introduction of
Pebax can combine the excellent properties of Pebax and h-
BNNSs, thus giving h-BNNSs excellent lubrication performance.
Moreover, the excellent biocompatibility of Pebax and h-BNNSs
would also make the Pebax-BNNSs be excellent environment-
friendly lubricant additives. Here, the fabrication of Pebax
functionalized h-BNNSs (Pebax-BNNSs) involves solvent-free
mechanical exfoliation of commercial h-BN powders in molten
Pebax at 200 °C carried out in an Xplore (MC 15) micro
compounder as shown in Fig. 1. Pebax molecules will synchro-
nously react with the unsaturated bonds generated during the
exfoliation process to achieve in situ functionalization of h-BNNSs.
The morphology and composition of the as-obtained Pebax-
BNNSs were characterized by complementary imaging and
spectroscopic technologies including field emission scanning
electronic microscopy (FESEM), transmission electron microscopy

(TEM), high resolution transmission electron microscopy (HRTEM),
energy dispersive X-ray spectroscopy (EDX), atomic force micro-
scopy (AFM), Fourier transform infrared spectroscopy (FTIR),
Raman, thermogravimetric analysis (TGA), ultraviolet absorption
spectrum (UV–vis), and X-ray photoelectron spectroscopy (XPS).
The Pebax-BNNS/water “green” lubricant was prepared by simply
dispersing the as-obtained Pebax-BNNSs into water under
ultrasonication. The tribological properties were systematically
investigated by measuring the friction coefficients and wear rates
with the Pebax-BNNS/water dispersions as lubricants under
atmosphere conditions. Furthermore, the lubrication mechanism
is proposed on the basis of the thorough characterization of the
wear debris and worn surfaces of substrates and counter balls.

RESULTS
Characterization of the Pebax-BNNSs
The FESEM image of the original h-BN powders (Fig. S1a) shows
microplate morphology with smooth edges and large lateral sizes
ranging from several to tens of micrometers. After mechanical
exfoliation by ultrasonication in water, the thickness and lateral
size of h-BN are both obviously reduced (Fig. S1b). The preparation
of the Pebax-BNNSs was performed through a solvent-free
mechanical exfoliation process with commercial h-BN powders
and Pebax 1657 as precursors as illustrated in Fig. 1. Figure 2a, b
shows the low- and high-magnification FESEM images of h-BNNSs
exfoliated by micro compounder with the assistance of Pebax at
200 °C. It can be seen clearly that a large number of nanosheets
are randomly distributed on the substrate (Fig. 2a), which is even
more obvious when the image is magnified as demonstrated in
Fig. 2b. Moreover, the size and thickness of the products are
greatly reduced compared with those of original h-BN powders
with the lateral size from tens to hundreds of nanometers (Fig. S1).
The microstructure of the as-obtained products was further
characterized by TEM, EDX, and AFM analysis as shown in Fig.
2c–e. As can be seen from Fig. 2c, the as-obtained products are
similar to graphene that the edges are apt to be folded. Figure 2d
depicts the HRTEM image collected from the folded edge of the
as-obtained products marked in Fig. 2c, showing that the h-BNNS
is consisted of four layers. The lattice distance calculated between
adjacent layers is about 0.34 nm (inset in Fig. 2d), which is
consistent with that of typical (002) crystal plane of h-BN.26 In
addition, the morphologies of the h-BNNSs are irregularly and
stacked together. The degree of transparency is indicative of the
number of stacked layers that the thinner Pebax-BNNSs appearing
lighter in color (Fig. 2c). The selected area electron diffraction
(SAED) pattern inserted in Fig. 2c reveals the typical sixfold
symmetry patterns of h-BN, indicating that the intrinsic lattice
structure of h-BN is kept well after mechanical exfoliation and
functionalization. The EDX spectrum of the as-obtained products
(the inset in the upper part of Fig. 2c) demonstrates that the

Fig. 1 Schematic illustration for the exfoliation and dispersion of the Pebax-BNNSs. a The chamber for the exfoliation and in situ
functionalization of h-BNNSs. b, c The exfoliation and in situ functionalization process of h-BNNSs. d The as-obtained Pebax-BNNSs. The Pebax
molecules will randomly react with the dangling bonds formed during the mechanical exfoliation process
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products are composed of B, N, C, and O elements. This high
content of C and O implies that Pebax has been introduced onto
h-BNNSs by the mechanical exfoliation process. Figure 2e shows
the AFM image in which several thin sheets can be clearly
observed and distributed on the substrate. The average thickness
of the as-obtained nanosheets is between 4 and 12 nm according
to the statistics analysis of a large number of nanosheets (Fig. S2).
The Raman spectrum (Fig. 2g) of the original h-BN shows a band

at 1366 cm−1, extremely closing to 1365.8 cm−1 for typical h-BN,
which can be attributed to the E2g vibration mode of h-BN.27,28

Different from the original h-BN, a slight redshift of 12 cm−1 can
be observed in the Raman spectrum of the as-obtained products.
This result suggests that h-BN has been exfoliated to a few layered
nanosheet predominant products since this feature can reduce
the interlayer interactions and shorten the B–N bonds.29 Another
reason may be that the exfoliated h-BNNSs have been functiona-
lized by Pebax, and the introduction of Pebax molecules cause the
weakness and redshift of the Raman spectrum. In order to further
validate whether there are Pebax molecules anchored on h-
BNNSs, FTIR, and XPS were employed. As shown in Fig. 2f, the FTIR
spectrum provides that the original h-BN has a strong and sharp
absorption peak at 818 cm−1 attributing to the out-of-plane
B–N–B bending mode, and a very broad and strong vibration peak
centered at 1389 cm−1 ascribing to the in-plane B–N stretching
mode.30,31 Compared with the FTIR spectrum of original h-BN,
several additional peaks can be observed in the FTIR spectrum of
the as-obtained products. The peak at 3285 cm−1 can be assigned
to the N–H stretching vibration, while the other one at 3415 cm−1

originates from O–H stretching vibration. Moreover, the peaks at
1266 and 2750–3000 cm−1 can be attributed to C–C, C–H
symmetric and antisymmetric stretching vibrations.32 The FTIR
results indicate that Pebax has been successfully attached on h-
BNNSs, which can be further verified by XPS analysis. The intensity
ratios of C1s/B1s, C1s/N1s, O1s/B1s, and O1s/N1s of the as-obtained
products are obviously increased compared with those of original
h-BN, indicating the existence of Pebax (Fig. 2h). In addition, the
C1s peak in original h-BN is observed which is associated with the
carbon resulting from the exposure of h-BNNSs to air or during the
XPS sample preparation process.33 Based on the above analysis, it
can be concluded that the Pebax has been successfully

functionalized onto h-BNNSs to form the Pebax-BNNSs. The
content of the Pebax in the Pebax-BNNSs can be estimated by
the TGA analysis (Fig. S3). Comparing the representative TGA trace
of the Pebax-BNNSs with that of pure h-BNNSs, a mass loss of
about 8.5% can be observed for the Pebax-BNNSs, while the h-
BNNSs still remains a constant content up to 550 °C. The mass loss
can be attributed to the oxidation of the Pebax attached on h-
BNNSs,29 indicating that the content of Pebax in the Pebax-BNNSs
is about 8.5% in this case.

Dispersibility of the Pebax-BNNSs
The Pebax-BNNSs exhibit excellent dispersibility in water (Fig. S4).
It is found that the Pebax-BNNS/water dispersion is very stable
and has no precipitation after standing 30 days (Fig. S4a). In
comparison, the h-BNNS/water dispersion begun to precipitate
when it was prepared, and a distinct layer of the white precipitate
can be found at the bottom after standing 30 days (Fig. S4a). Here,
it is noteworthy that the Pebax-BNNS/water dispersion is white or
beige, which is more suitable for the instruments that need to
avoid dying contamination. For further demonstrating the stability
of the Pebax-BNNSs in water, the UV-vis analysis for h-BNNS/water
and Pebax-BNNS/water dispersions was performed (Fig. S4b and
c). The results show that the absorbance of the Pebax-BNNS/water
dispersion has no obvious change over a long time (Fig. S4c),
demonstrating that the Pebax-BNNS/water dispersion is extremely
stable and no aggregation or sedimentation occurs. However, the
intensities of the UV-vis spectra of h-BNNS/water dispersion
gradually decrease from the first day of standing (Fig. S4b),
indicating the unstable dispersibility of pure h-BNNSs in water.
Since the lubrication performance of h-BNNSs as lubricant
additives is greatly limited by their dispersibility in water/organic
solvents,8 this improved dispersibility of the Pebax-BNNSs in water
will ensure them excellent lubrication properties as lubricant
additives.

The friction and wear performance of the Pebax-BNNSs as water-
based lubricant additives
Figure 3 depicts the variation of the friction coefficients and wear
rates of the substrates under different friction conditions with the

Fig. 2 Nanostructure and characterization of the Pebax-BNNSs. a The low-magnification and b high-magnification FESEM images of the
Pebax-BNNSs randomly distributed on the substrates. c The TEM image of the Pebax-BNNSs. Insets are the corresponding EDS spectrum and
SAED pattern of the Pebax-BNNSs. d The HRTEM image of a single Pebax-BNNS with five layers. Inset is the corresponding distance profile of
the area marked with the red line in d, showing a crystal spacing of 0.34 nm. e The AFM image shows that some Pebax-BNNSs randomly
distribute on the substrates. The FTIR spectra (f), Raman spectra (g), and XPS spectra (h) of original h-BN and the as-obtained Pebax-BNNSs
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same friction load of 2 N and speed of 3 cm/s. It can be seen from
Fig. 3a, b that the friction coefficients under dry friction condition
are the highest which are in the range of 0.45–0.6. When the water
or h-BN/water dispersion was added as lubricants, the friction
coefficients will decrease to the range of 0.18–0.25 (Fig. 3a, b). The
steady-state friction coefficients with water as a lubricant are close
to those with h-BN/water dispersion as a lubricant, and the former
is a little higher reaching up to about 0.25 (Fig. 3a). When the
Pebax/water solution was added as a lubricant, the friction
coefficients further decrease and are in the range of 0.1–0.23 (Fig.
3a, b). However, the friction coefficients can significantly reduce to
<0.01, reaching ultralow friction when the Pebax-BNNS/water
dispersion was added as a lubricant (Fig. 3a, b). The lowest friction
coefficients can reach ~0.003–0.009, achieving superlubrication
(Fig. 3b). The wear tracks and wear rates under different friction
conditions were also evaluated based on the analysis of three-
dimensional contour chart. Figure 3c provides the wear track
profiles of the substrates after reciprocating friction tests under
different friction conditions. The depths of the wear scars are 18.3,
4.79, 4.33, and 1.42 µm for the different friction conditions under
dry friction, with water, h-BN/water dispersion and Pebax-BNNS/
water dispersion as lubricants, respectively. Correspondingly, the
wear volumes are respectively 8415, 1962, 1773, and 213 µm2.
Then, the wear rates under different friction conditions can be
calculated according to the following equation (1):

W ¼ V= F � Lð Þ (1)

where W, F, V, and L, respectively represent wear rate, positive
pressure, wear volume, and slip distance. The wear rates under
different friction conditions are shown in Fig. 3d, which are 841.5,
196.2, 177.3, and 21.3 µm2/(Nmm) for different friction conditions

under dry friction, with water, h-BN/water dispersion and Pebax-
BNNS/water dispersion as lubricants, respectively. Obviously, the
wear rate with the Pebax-BNNS/water dispersion as a lubricant is
much lower comparing with those of the other three friction
conditions. In addition, it is worth noting that the typical variation
law of friction coefficients can be observed from Fig. 3a, which can
be divided into two states of running-in stage and steady-state
stage except for the one under dry friction condition.34,35 In the
running-in stage, the initial friction decreases gradually, which
indicates the transfer of the Pebax-BNNSs at the friction interface.
Also, the stable dispersion of the Pebax-BNNSs in water ensures
their continuously and timely supply between tribological
interface.
It is well known that the tribological performance of a material

depends on the way of the evaluation processes, such as the
testing conditions and the moving modes of the frictional tester
and the testing counterparts. Therefore, the tribological properties
of the Pebax-BNNS/water dispersion under different loads and
friction frequencies and with different balls as counterparts were
evaluated. The loads show a great influence on the friction
coefficients at the same frequency (4 Hz) (Fig. S5a and c), and the
friction coefficients increase with the increment of loads for both
silicon nitride (Si3N4) and alumina (Al2O3) counter balls. The
friction coefficients with Si3N4 ball as counterpart are higher than
those with Al2O3 ball as counterpart under dry friction condition
(Fig. S5a and c). This may be caused by the higher surface
roughness of Si3N4 ball than that of Al2O3 ball. In addition, it
should be noted that both balls can achieve ultralow friction
under the load of 2 N. On the contrary, the effect of friction
frequency on the friction coefficients is very small (Fig. S5b and d).
The friction coefficients are basically consistent in the steady-state

Fig. 3 The friction and wear performance with different materials as lubricants. a The friction coefficient curves with different materials as
lubricants. b The comparison of the friction coefficients with different materials as lubricants. c The wear scar profile and d corresponding
wear rates with different materials as lubricants. The friction load is 2 N and speed is 3 cm/s
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stage and are all in the superlubrication state for the friction with
Si3N4 ball as counterpart under the load of 2 N and frequencies
from 1 to 8 Hz, respectively (Fig. S5b). Although the friction with
Al2O3 ball as counterpart can also enter into the superlubrication
state under the same conditions, the friction coefficients are not
stable (Fig. S5d). These results indicate that the superlubricity can
be achieved for the Pebax-BNNS/water dispersion as water-based
lubricant under certain friction conditions.

DISCUSSION
The FESEM characterization was performed on the surfaces of the
wear scars to explore the friction mechanism of the Pebax-BNNS/
water dispersion as a lubricant. The wear track with a width of
about 470 µm can be observed for the friction condition under dry
friction, and a lot of wear debris accumulated on both sides of the
track (Fig. S6a). However, compared with the wear track formed
under dry friction, the wear tracks formed under the friction
conditions with h-BN/water and Pebax-BNNS/water dispersions as
lubricants are relatively narrow (~190 µm), and the whole friction
surfaces are relatively smooth without obvious debris accumula-
tion (Fig. S6d and g). In particular, there is barely no wear scar for
the friction condition with the Pebax-BNNS/water dispersion as a
lubricant (Fig. S6g). The enlarged FESEM images (Fig. S6b, e and h)
reveal that protective films are formed on the wear surfaces with
h-BN/water (Fig. S6e) and Pebax-BNNS/water (Fig. S6h) dispersions
as lubricants. Moreover, the wear surface with the Pebax-BNNS/
water dispersion as a lubricant is flatter than that with h-BN/water
dispersion as a lubricant. When dry friction occurs, the slightly
adhesive wear happens on the substrate surface, resulting in the
formation of fine abrasive dust on the worn surface. This abrasive
dust can form a flocculent surface (Fig. S6c), leading to high and
fluctuated friction coefficients. When the Pebax-BNNS/water
dispersion is added as a lubricant, the Pebax-BNNSs will
accumulate on the substrate surface to form a protective layer,
thus reducing the adhesion wear. Besides, due to the layered
structure of the Pebax-BNNSs, the van der Waals force between

the adjacent layers is liable to fracture, resulting in mechanical
separation of the Pebax-BNNSs under slight shearing force.36 This
slight separation of h-BN layers could also lead to the decrease of
the coefficients. However, although the friction protective film is
also formed under the friction condition with h-BN/water
dispersion as a lubricant, a large number of small particles can
still be observed agglomerated on the wear surface. This is most
likely caused by the poor dispersibility of pure h-BN in water, and
these agglomerated particles will hinder the further decrease of
the friction coefficients. But for the Pebax-BNNSs with excellent
dispersibility in water cannot agglomerate during the friction
process (Fig. S6h and i), thus reducing the friction and wear
effectively. Here, the formation of this friction film can be regarded
as a “dispersion-compensation-filling repairment” mechanism,
which will be further discussed later.
In order to explore the specific information of the protective

antifriction film, the surface of the wear track was scanned by
elemental analysis. As shown in Fig. 4a, a large amount of silicon,
B, N, C, and O elements respectively with contents of 30.32, 1.45,
1.56, 56.14, and 10.53% are detected. This result indicates that a
smooth layer comprised of B, N, C, and O elements is formed on
the silicon substrate. Chen et al. have proposed that the flatter the
friction layer is, the higher the reduction of friction will be. In other
words, the flatter and smoother the friction layer is, the higher the
opportunity to achieve superlow friction will be.37 The cross-
section analysis on the above wear track reveals that a very
smooth and compact protective antifriction film (Fig. 4b) is
formed. The average thickness of this protective antifriction film
calculated from three different positions is about 1.319 µm (Fig.
4b). This film is stable and well adheres on the friction surface,
showing good shearing strength and bearing capacity. The above
characteristics are fully consistent with the basic characteristics of
solid lubrication film.38 Therefore, the protective antifriction film
formed in the friction pair can be regarded as a solid lubrication
film which is beneficial to achieving the superlow friction. In
addition, the water contact angles greatly decrease from 58.3° (Si
substrate) to 18.7° due to the formation of the protective

Fig. 4 The characteristics of protective film to achieve superlubrication. a The FESEM image and corresponding element distribution diagram
of the worn surface formed with the Pebax-BNNS/water dispersion as a lubricant. b The FESEM image of the worn surface cross-section
formed with the Pebax-BNNS/water dispersion as a lubricant. c The photographs of water droplets on the surfaces of bare Si substrate with a
contact angle (CA) of 58.31° and wear trace formed with the Pebax-BNNS/water dispersion as a lubricant with a CA of 18.7°, respectively. d The
comparison of mechanical properties of the wear trace with and without the Pebax-BNNS/water dispersion as a lubricant
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antifriction film since the existence of hydroxyl hydrophilic groups
in the Pebax molecules (Fig. 4c). The existence of the protective
antifriction film can significantly improve the infiltration capacity
of the substrate, making the sliding interface more hydrophilic.37

Our previous work has demonstrated that the high elasticity of
a film is beneficial to the superlow friction.39,40 Figure 4d and Fig.
S7 show the mechanical properties of the wear tracks with and
without the Pebax-BNNS/water dispersion as a lubricant. Clearly,
the hardness (0.032 GPa) and elastic modulus (0.53 GPa) of the
wear track after formation of the solid lubrication film have been
significantly reduced compared with those (hardness: 12.02 GPa,
and elastic modulus: 128.75 GPa) of the wear track without the
solid lubrication film (Fig. 4d). It is well known that the elastic
modulus is an indicator to evaluate the difficulty of material
deformation, and the larger the elastic modulus is, the smaller the
elastic deformation of a material will be. Therefore, the elastic
modulus and hardness of the solid lubrication film formed by
Pebax-BNNSs are significantly reduced, which means that the
elasticity is significantly increased. The changes of the elastic
recovery curves (Fig. S7) and elastic recovery values (Fig. 4d,
increased from 72.8 to 90.8%) with and without the solid
lubrication film can also demonstrate the increase of the elasticity
of the solid lubrication film. Therefore, combining with the above
analysis, the film that can achieve superlubrication is a solid
lubrication film with certain elasticity.

Lee et al. have demonstrated that the layered structure and
flexibility of composite nanosheets can facilitate mending and
polishing effect.41 As discussed above, the friction coefficients are
dependent on the loads with Si3N4 ball as friction counterpart,
which may be greatly dominated by the solid lubrication film.
Therefore, the wear tracks formed under different loads of 2, 4,
and 8 N after 30 min of friction were investigated in detail. The
wear track formed only under the dry friction condition with a
load of 2 N shows a large number of wear particles randomly
distributed on the wear surface after 30 min friction test (Fig. 5a).
Inversely, when the Pebax-BNNS/water dispersion was used as a
lubricant, the amount of the wear particles significantly reduces,
and a large amount of “holes” appear with the increase of the
loads from 2 to 8 N as demonstrated in Fig. 5b–d. The size of the
concave pits becomes larger when the load increases to 8 N (Fig.
5d). On the contrary, the solid lubrication film formed under the
load of 2 N is relatively smooth and complete, and no “holes” are
found (Fig. 5b). To further evaluate the solid lubrication film, a
representative FESEM image focused on the “holes” formed under
the load of 8 N is displayed in Fig. 5e. This image can well explain
the formation of the superlubrication solid film. As shown in Fig.
5e, the black arrow represents the direction of the reciprocating
friction, and the “holes” will form as marked with yellow arrows
and rectangles during the running-in stage. With friction time
increases, the dispersed Pebax-BNNSs could enter into these
“holes” and “repair” them to form the superlubrication solid film.

Fig. 5 The FESEM images of worn surfaces under different loads. a The FESEM image of a wear trace with water as a lubricant. Many particles
can be found in the wear trace. b–d The FESEM images of the wear traces with the Pebax-BNNS/water dispersion as lubricants under test
conditions with loads of 2, 4, and 8 N, respectively. Only a small amount of particles can be found in the wear traces. e The high-magnification
FESEM image of a wear trace with incomplete protective film. f The schematic illustration for the formation of the protective film during the
friction process
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The blue arrows in Fig. 5e represent the “holes” which are being
repaired, and the red arrows mark the edge traces of the repaired
“holes” during the friction process. Here, actually, the “holes”
mentioned above are not really holes formed by collapse or
destruction of Si substrates, rather than “repairing pits” of
uncompleted solid lubrication film (Fig. S8). It should be
emphasized that, unlike simple solid lubrication (solid powders,
coating films or other materials are used to prevent the friction
surfaces in contact and yield the reduction of friction and wear),42

the Pebax-BNNSs used as a lubricant additives in current
experiment will twine around each other in the assistance of
Pebax molecules to form a solid film near the wear part through a
series of friction processes (Fig. 5f).
In addition, the wear of Si3N4 ball-silicon friction pair in the

running-in stage is generally dominated by adhesion and furrow
effect. Due to the formation of a series of defects mentioned in the
simple adhesion theory, Wen and Huang have proposed a more
complete revised adhesion friction theory (2):43

f ¼ τf
σs

(2)

where τf is the shear strength limitation of the soft material film,
and σs is the yield stress limitation of the hard material film. In fact,
in the general sliding process, due to the presence of tangential
force, the actual contact area and deformation conditions of the
contact point depend on the positive pressure generated by the
synergistic effect of load and shearing force produced by the
tangential force. Therefore, the revised adhesion friction theory is
very suitable for the actual situation. The revised adhesion friction
theory indicates that a thin flexible material-based layer is
required to cover on the hard metal surface to reduce the friction
coefficients.44,45 In our work, as the friction process continues, an
antifriction Pebax-BNNSs film with certain elasticity is formed on
the friction surface, and the sliding on this flexible antifriction
Pebax-BNNSs film will maintain a very low shearing strength. In
addition, because the thickness of the antifriction Pebax-BNNSs
film is only about 1.3 µm, the actual contact area will be
determined by the limited pressure, which means that the actual
contact area is very small. Therefore, a thin antifriction Pebax-
BNNSs film with certain elasticity can reduce the friction
coefficients.
Based on the above analysis, the following is a systematic

description for the formation of the solid lubrication film (Fig. 5f):
(1) In the running-in stage, a small amount of wear particles are
produced due to the adhesion and furrow effects on silicon
substrate; (2) As the friction process continues, dispersed Pebax-
BNNSs will gradually enter into the friction interface and twine
around each other to form the antifriction film near the wear part.
During this process, the small amount of wear particles will also be
gradually covered; (3) The Pebax-BNNSs and coated particles will
gradually stack due to the shearing force to form the antifriction
solid film. During this process, the “repairing pits” can be formed
in places where the stack is not completely flattened. As the
friction continues, these “repairing pits” will be gradually filled and
form a relatively complete antifriction solid film. Therefore,
superlubrication friction film is generated, which can effectively
reduce the friction and wear. The subsequent friction process will
continue in the state of ultralow friction with the friction
coefficient of 0.003. This result well supports the proposed
superlubrication mechanism of “dispersion-compensation-filling
repairment”.
Furthermore, Raman and TEM analysis were conducted on the

friction tracks, friction spots, and debris formed on the counterpart
Si3N4 ball for further demonstrating the super-lubrication mechan-
ism. It is well known that the typical diamond-like carbon (DLC)
films have macroscopic super-lubrication properties since the DLC
is a kind of amorphous carbon (a-C) composed of sp2 and sp3

carbon atom-based disorderly network. One of the mechanisms to

explain this super-lubrication property is that the surface of a-C:H
film has enormous deactivation bonds deactivated by hydro-
gen.2,22,46,47 The existence of these C–H bonds can greatly
reducing the friction coefficients. Here, this super-lubrication
mechanism is also applicable to explain the case in current report.
The Raman spectra (Fig. S9) of the friction scar on different sites
show weak peaks located at about 1360 cm−1 that can be
assigned to the characteristic peak of h-BN, while the G
(1600 cm−1) and G′ (2700 cm−1) peaks are typical characteristic
peaks of carbon-based materials. This result indicates that the as-
formed solid friction film also contains carbon which is formed by
Pebax (Fig. S9a). The values of ID/IG obtained from different sites
show little change, indicating that in the as-formed carbon film is
rich in sp2-C phase and the structure is mainly same. Kondyurin
et al. have studied the surface carbonization and oxidization
processes of different types of polyamide-polyether polymers, and
demonstrated that graphite and diamond-like structures will form
in the physically modified Pebax material surface.48 Moreover, in
Raman spectrum, the peak at about 2800 cm−1 corresponding to
C–H bonds can also be clearly observed. Hayashi et al. have found
that the hydrogen atoms are considered from the local high-
stressed C–H asperities, making C atoms re-hybridized into sp2-
C.32 The formation of the solid antifriction film containing carbon
and C–H bonds which is similar to a-C:H film is beneficial to
reducing the friction. In addition, the peaks in the range of
800–1100 cm−1 originate from β-Si3N4 that peeled off from the
counterpart ball, while the peak at 523 cm−1 can be attributed to
the silicon substrate. Clearly, the peaks attributed to the silicon can
be only observed at site-5 (Fig. S9b), indicating that there is very
little wear and tear on the silicon substrate and therefore no
significant enrichment on the transfer film. Consistent with the
Raman spectra of the wear track in the substrate, the Raman peaks
at 1300, 1600, 2700, and 2800 cm−1, respectively, corresponding
to D, G, G′, and C–H bands are also observed for the wear scar on
the friction counter ball (Fig. S9b). This result implies that sp2-C
transfer film containing C–H bonds has also formed on the friction
counter ball during the friction process. This sp2-C transfer film
containing C–H bonds is mainly amorphous structure which can
be verified by the TEM and SAED analysis (Fig. S10). The layered
structure with a typical spacing of 0.34 nm enwrapped by
amorphous structure can be clearly observed in the debris. The
layered structure can be attributed to the Pebax-BNNSs (Fig.
S10b), while the amorphous structure is from amorphous carbon
(Fig. S10c). The SAED pattern (inserted in Fig. S10a) shows a very
symmetrical sixfold structure, which means that the crystal
structure of h-BN remains intact in the friction process. The
retaining of the crystal structure of h-BN can provide a continuous
superlow shearing force for obtaining superlow friction
coefficients.
However, under different friction conditions, the superlubrica-

tion mechanisms of Pebax-BNNS/water lubricants have their
complexity and diversity, which are caused by the synergistic
effect of many factors. Therefore, a further investigation from
multiple perspectives is needed in future. In conclusion, the
Pebax-BNNSs as water dispersible lubricant additives have
excellent antifriction and antiwear performance and show great
potential in many aspects.
In summary, the Pebax-BNNSs can be prepared via a simple

one-step solvent-free mechanical exfoliation process with com-
mercial h-BN powders and Pebax as precursors. The as-obtained
Pebax-BNNSs exhibit excellent dispersibility in water that can be
used as water-based lubricant additives. The reciprocating friction
tests show that the friction coefficients are dependent on the
loads, and the lowest friction coefficient of about 0.003 can be
obtained when the load is 2 N with Si3N4 ball as a counterpart. The
investigation on the wear debris and wear scars suggests that the
solid antifriction polymerization film is formed by the Pebax-
BNNSs through a “dispersion-compensation-filling repairment”
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mechanism. This solid friction polymerization film can prevent
friction and wear. Moreover, the Pebax-BNNSs can well maintain a
complete layered structure during the friction process to ensure
the continuous action of superlow shearing force, so as to achieve
superlubrication. This result demonstrates that the as-obtained
Pebax-BNNSs can be used as excellent water-based lubricant
additives and achieve superlubricity. The excellent tribological
performance combining with the outstanding properties of h-
BNNSs makes them promising candidates as lubricant additives
for practical applications.

METHODS
Preparation of the Pebax-BNNSs
The preparation of Pebax-BNNSs was performed through a solvent-free
mechanical exfoliation process with commercial h-BN powders and Pebax
1657 as precursors as illustrated in Fig. 1. Typically, 13 g of Pebax 1657
powders was firstly added into the Xplore micro compounder which was
preheated to 200 °C. When the Pebax 1657 powders were completely
melted, 2 g of commercial h-BN powders was added for further mechanical
exfoliation of 4 h. Then, the products were cooled down to room
temperature naturally when the exfoliation process terminated. Finally,
the Pebax/h-BN mixture was dissolved in water/ethanol (7/3 v/v) solution
at 150 °C under magnetic stirring for subsequent separation.

Separation of the Pebax-BNNSs
The products suspended in water/ethanol solution are composed of
unexfoliated h-BN flakes, exfoliated few-layer Pebax-BNNSs and small h-BN
particles. The unexfoliated large h-BN particles could be firstly separated
out by centrifugation with a speed of 1000 rpm for 20min. Subsequently,
the supernatant was collected and centrifuged again with a high speed of
8000 rpm for another 20min to remove the small particles. Next, the
precipitates were collected and again uniformly dispersed in water/ethanol
solution at 150 °C under magnetic stirring to completely remove the free
Pebax 1657. Then, the suspensions were centrifuged at 3000 rpm for
20min again, and the supernatant was collected. Finally, the Pebax-BNNSs
can be obtained after centrifugation of the collected supernatant at
8000 rpm. In addition, the h-BNNSs prepared by ultrasonication process
were used for comparison26.

Materials characterization
The morphologies of h-BN, h-BNNSs, Pebax-BNNSs, wear debris, and wear
scar were characterized by FESEM (JSM-6701F) and Tecnai-G2 F30 TEM (FEI,
US), respectively. The Raman spectra were collected by a Raman
spectrometer (LABRAM HR 800) at a wavelength of 600 nm (2.3 eV). The
composition and bonding state of Pebax-BNNSs were analyzed by XPS (VG
ESCALAB 210) with Al–Ka (1486.5 eV) X-ray radiation. Surface topography
images were obtained using an AFM (Agilent 5500) in tapping mode with a
commercially available type-II MAC lever, of which the nominal force
constant was 2.8 N/m. The UV-vis spectra were obtained by a UV-vis
spectrophotometry (Cary 50) at 480 nm. FTIR of all samples was recorded
using Nexus 870 with a resolution of 4 cm−1. The wear scar under different
friction conditions were scanned and calculated by using a Micro-XAM 3D
surface profiler (GBS Smart WLI, GER) based on scanning white light
interferometry under different conditions. The mechanical properties of
friction film were measured and analyzed by the Tribolndenter in situ
nanomechanical test system (Ti 950).

Friction and wear tests
The tribological performance was evaluated at room temperature (23 °C)
on a friction and wear tester with a reciprocating ball-on-disc configuration
selecting commercial Si3N4 and Al2O3 balls (Φ= 6mm) as counterparts,
which had been cleaned ultrasonically in acetone and methanol prior to
each test. The silicon wafer N (100) was used as substrate, which was fixed
on the testboard of the tester. The h-BN/water and Pebax-BNNS/water
dispersions with concentration of 0.3 mg/mL were added as lubricants
during the tribological performance tests. In comparison, the tribological
performance under the conditions of dry friction and with water and
Pebax/water as lubricants was also measured. The applied normal loads
were selected to be 1, 2, 3, 4, 5, 6, 7, and 8 N, and the sliding frequencies

were 1, 2, 3, 4, 5, 6, 7, and 8 Hz, respectively. The reciprocating distance was
5mm, and the testing time was set to be 30min. All the friction tests were
carried out at least three times to ensure the repeatability.
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