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ABSTRACT: Hexagonal boron nitride (h-BN), an isoelectric analogous to graphene multilayer, can easily shear at the contact
interfaces and exhibits excellent mechanical strength, higher thermal stability, and resistance toward oxidation, which makes it a
promising material for potential lubricant applications. However, the poor dispersibility of h-BN in lube base oil has been a major
obstacle. Herein, h-BN powder was exfoliated into h-BN nanoplatelets (h-BNNPs), and then long alkyl chains were chemically
grafted, targeting the basal plane defect and edge sites of h-BNNPs. The chemical and structural features of
octadecyltriethoxysilane-functionalized h-BNNPs (h-BNNPs-ODTES) were studied by FTIR, XPS, XRD, HRTEM, and TGA
analyses. The h-BNNPs-ODTES exhibit long-term dispersion stability in synthetic polyol ester lube base oil because of van der
Waals interaction between the octadecyl chains of h-BNNPs-ODTES and alkyl functionalities of polyol ester. Micro- and
macrotribology results showed that h-BNNPs-ODTES, as an additive to synthetic polyol ester, significantly reduced both the
friction and wear of steel disks. Elemental mapping of the worn area explicitly demonstrates the transfer of h-BNNPs-ODTES on
the contact interfaces. Furthermore, insight into the lubrication mechanism for reduction in both friction and wear is deduced
based on the experimental results.
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■ INTRODUCTION

Two-dimensional nanomaterials have attracted great attention
because of their extraordinary physical and mechanical
properties and have shown immense potential for a large
range of applications since the invention of graphene.1 The
hexagonal boron nitride (h-BN), an isoelectric analogous to
graphite, consists of atomically thin sheets of BN. In each sheet
of h-BN, boron and nitrogen are covalently arranged in a
hexagonal structure. Over the past few years, h-BN nanosheet,
also known as “white graphene”, has emerged as a promising
nanomaterial for widespread applications owing to unique
optical, electrical, mechanical, thermal, and chemical properties.
These characteristics are in many cases different from- and
superior to the graphene.2−6 The h-BN is an insulator with a
wide band gap (∼6 eV) and exhibits higher thermal stability
and resistance toward oxidation compared to graphene. These
intrinsic properties promise the potential of h-BN nanosheets
for numerous applications including ultraviolet nanoelectronics,
piezoelectric, electron field emission, polymeric composites,
catalysis supports, self-cleaning coating, etc.7−13 The weak van
der Waals interaction between loosely stacked h-BN sheets

eases the shearing along the basal plane of its crystalline
lamellar structure under the sliding stress and provides excellent
lubrication characteristics.14−16 Therefore, h-BN powder
(∼102−104 nm size), as an additive to lubricants, improves
the antiwear and frictional properties.16,17 However, most of
these studies have certain drawbacks, including the bulkier size
of h-BN particles and their poor dispersion stability.
Nanoscale friction characteristics of the h-BN thin sheets

deposited onto a silicon oxide substrate showed that friction
monotonically decreased as the number of layers increased and
eventually approached that of bulk h-BN.18 Recently, it was
further revealed that even a single sheet of h-BN can reduce the
friction significantly.19 The mechanical properties of a h-BN
sheet, particularly Young’s modulus and tensile strength, play a
significant role, while this material is under contact stress. The
two-dimensional bulk modulus of h-BN is found to be
approximately 80% of the value for the graphene and provides
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excellent mechanical properties.6 Over the past few years,
chemically functionalized graphene as an additive to lubricating
oils has shown excellent tribological characteristics, owing to
their layered structure and dispersion stability in the lube
media.20−22 However, h-BN tends to agglomerate because of its
poor compatibility with lube oils, and that limits the potential
of h-BN nanosheets for liquid lube applications.
Unlike graphene, the h-BN nanosheets possess resistivity

toward oxidation and show limited scope for chemical
functionalization. Zeng et al. have theoretically investigated
that boron nitride nanotubes (BNNTs) can interact with
ammonia and amino functional groups carrying compounds.23

The chemical functionalization of BNNTs with (a) amino-
terminated poly(ethylene glycol), (b) ionic liquids through
cation−π interaction, and (c) Lewis bases such as trialkylamines
and trialkylphosphines were exploited for their dispersion in
water and organic solvents.24−26 Recently, Lin et al. have
demonstrated the direct correlation between increasing defect
sites of h-BN nanosheets and improved reaction efficiency with
the alkylamines.27,28 The chemical interaction between the
alkylamine and h-BN scaffold is based on the Lewis base−Lewis
acid interaction, where the presence of a lone-pair electron in
nitrogen of alkylamine functions as Lewis base and vacant p
orbitals of boron (Lewis acid) in BNNTs accept the electron
pair. Nevertheless, the chemical functionalization of h-BN
nanosheets with high grafting density is required for their
utilization in lubrication applications. The defect and edge sites
of h-BN nanosheets and nanotubes could be oxidized and
generate active hydroxyl functionalities by oxidation with H2O2,
HNO3/H2SO4, and oleum.29−31 These functionalities can be
further targeted for the task-specific chemical functionalization.

Herein, exfoliation of the h-BN powder into h-BN nano-
platelets (h-BNNPs) was carried out by an ultrasonic
probe,11,32 and then oxygen functionalities were generated by
the harsh oxidation of h-BNNPs. The developed oxidized
material was chemically functionalized with long alkyl chain
molecules and dispersed in synthetic lube base oil. The
tribological properties of long-alkyl-chain-grafted h-BNNPs
were investigated by measuring the friction coefficient and
wear. Further, the lubrication mechanism is proposed on the
basis of the thorough characterization of worn surfaces.

■ EXPERIMENTAL SECTION
Preparation of Oxidized h-BNNPs. The h-BN powder with an

average particle size of 70 nm was procured from MK Impex Canada.
A total of 1.0 g of h-BN powder was sonicated (Scheme 1a,b) in 500
mL of N-methylpyrrolidone (NMP) using an ultrasonication probe
(Sonics Vibra-cell, VCX 500, 40% intensity, tip diameter 13 mm,
temperature cutoff 70 °C) for 2 h in the pulse mode. After sonication,
the suspension of h-BN in NMP was kept overnight to allow the
nonexfoliated content of the h-BN powder to settle. The supernatant
having stable dispersion of h-BNNPs in NMP was decanted and
centrifuged at 5000 rpm for 15 min. The deposited material in the
centrifuge tubes comprised h-BNNPs, which was then washed with
ethanol and dried in an air oven (60 °C). In the next step, h-BNNPs
were oxidized under strong oxidizing conditions to generate the
oxygen functionalities on the defect and edge sites of the material
(Scheme 1c). In a typical set of experiment, 0.5 g of h-BNNPs was
added to a round-bottomed flask containing 24 mL of H2SO4 and 0.5
g of sodium nitrate under a controlled temperature of 4 °C. This was
followed by the gradual addition of 3 g of KMnO4 in the reaction
mixture, and the temperature of the reaction vessel was maintained
below 4 °C. Thereafter, the reaction mixture was allowed to set for
oxidation of h-BNNPs under uninterrupted stirring for 24 h at room

Scheme 1. (a) Digital Image of h-BN Powder, (b) Ultrasound-Assisted Exfoliation of h-BN Powder into Nanoplatelets,a (c)
Harsh Oxidation of h-BNNPs Using H2SO4, NaNO3, and KMnO4 as Oxidizing Reagents, and (d) h-BNNPs-ODTES Prepared
by Chemical Grafting of ODTES, Targeting the Hydroxyl and Defects Sites of Oxidized h-BNNPs

aGreen and blue spheres represent boron and nitrogen atoms, respectively.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am5083232
ACS Appl. Mater. Interfaces 2015, 7, 3708−3716

3709

http://dx.doi.org/10.1021/am5083232


temperature. Subsequently, 24 mL of distilled water was gradually
added to the reaction mixture, and the temperature of the reaction
vessel was raised to 98 °C using an oil bath. After 48 h, the reaction
mixture was rinsed with H2O2 (30%) and then with HCl (3.5%). This
was followed by several washings of the reaction product using distilled
water, until neutral pH was attained. In the final step, the oxidized
product was separated out by membrane filtration under a vacuum line
and dried in an air oven (100 °C).
Chemical Functionalization of h-BNNPs. A total of 0.5 g of

oxidized h-BNNPs was dispersed in 62.5 mL of toluene using an
ultrasonic bath. Prior to chemical functionalization, oxidized h-BNNPs
dispersion was purged with nitrogen gas. This was followed by the
addition of 1.75 mL of octadecyltriethoxysilane (ODTES). The
reaction mixture was refluxed for 24 h under a nitrogen atmosphere.
The developed material (h-BNNPs-ODTES) was then thoroughly
washed with toluene (three times) and then with ethanol (two times)
to remove all of the nonreacted content of ODTES. h-BNNPs-
ODTES was dried in an air oven, prior to their chemical and structural
characterization.
Chemical and Structural Characterization. Fourier transform

infrared (FTIR) transmittance spectra of all samples (KBr pellets)
were recorded using a Thermo Scientific Nicolet 8700 research
spectrometer with a resolution of 4 cm−1. X-ray photoelectron
spectroscopy (XPS; JPS-9010TRX, JEOL Ltd.) measurements were
carried out using thin films of each sample, and the chemical changes
were probed. All XPS measurements were recorded using a Mg Kα
line as the X-ray source. The peak fitting of the B 1s and C 1s spectra
was carried out by using a Gaussian−Lorentzian function after
performing a Shirley background correction. Powder X-ray diffraction
(XRD) analyses of all samples were carried out using a Bruker D8
Advanced diffractometer at 40 kV and 40 mA using Cu Kα radiation
(λ = 0.15418 nm). Diffraction data were recorded for a 2θ angle
between 2° and 80° (step size 0.020°; step time 1 s).
Thermogravimetric analysis (TGA) of the samples was carried out
using a thermal analyzer (Diamond, PerkinElmer). Samples were
analyzed in the temperature range of 30−800 °C at a thermal rate of
10 °C/min under a steady flow of nitrogen. High-resolution
transmission electron microscopy (HRTEM) analysis of all samples
was carried out on a JEOL 3010 electron microscope at 300 kV by
drop casting of their ethanolic dispersion on the TEM grid.
Friction and Wear Test Procedures. The tribological properties

in terms of the friction coefficient and wear were measured using a
ball-on-disk NTR2 microtribometer and standard tribometer (CSM
Instruments, Peseux, Switzerland) operating in uni- and bidirectional
modes, respectively. In NTR2 microtribometer and standard
tribometer experiments, 100Cr6 steel balls (ϕ = 2 and 6 mm,
respectively) were used as sliding materials against the lubricated steel
(100Cr6 and 316LN, respectively) disks. One drop of lubricant was
applied between the contact interfaces, ensuring that lubricant is
always present between the sliding interfaces. Pentaerythritol
tetraoleate ester (polyol ester) was used as the reference lube oil
throughout this study. In a NTR2 microtribometer, all experiments
were carried out at a normal applied load of 250 mN and a linear
speed of 1 cm/s for the 500 laps. The NTR2 microtribometer is
equipped with two independent high-resolution capacitive sensors for
normal and friction forces. In standard tribometer experiments, a
sliding ball is mounted in a holder, which is connected through a stiff
lever coupled with a friction force transducer. The sliding speed and
load were kept constant at 3 cm/s and 2 N, respectively. Two-
dimensional wear profiles of worn areas were measured by a Dektak
6M stylus profiler with fixed 5 mg contact load and 10 μm/s scanning
speed. In this method, the tip of the diamond stylus was scanned
across the wear track, generating a two-dimensional wear profile. The
stylus was mechanically coupled to the core of an LVDT sensor. The
morphological and elemental features on the worn areas were
examined by using field-emission scanning electron microscopy
(FESEM; FEI Quanta 200 F) coupled with energy-dispersive X-ray
spectroscopy (EDX).

■ RESULTS AND DISCUSSION
The h-BN powder was exfoliated into h-BNNPs by using an
ultrasonic probe and then rigorously oxidized to generate active

sites for their chemical functionalization. The surface-active
ODTES was then grafted on h-BNNPs by targeting their
oxygen functionalities and defect sites. The chemical and
structural changes that occurred during the exfoliation,
oxidation, and then chemical interaction of ODTES molecules
with h-BNNPs were thoroughly monitored by FTIR, XPS,
TGA, XRD, and HRTEM analyses. Figure 1 shows vibrational
spectra of the h-BN powder and h-BNNPs-ODTES along with
their characteristic vibrational assignments. The h-BN powder
exhibits (a) a strong and sharp absorption peak at 808 cm−1,
attributed to the out-of-plane B−N−B bending mode, and (b)
a very broad and strong vibration peak centered at 1382 cm−1,
ascribed to the in-plane B−N stretching mode.13,33 A broad
peak appearing at ∼3400 cm−1 in the h-BN powder is assigned
to the surface moisture along with traces of hydroxyl and amino
groups at the edges of h-BN. Besides characteristic vibrational
signatures of the h-BN scaffold, h-BNNPs-ODTES showed
strong vibrational modes in the range of 3000−2800 cm−1,
attributed to the C−H stretches of methylene and methyl
groups, suggesting the grafting of alkyl chains on h-BNNPs.
XPS is a very powerful analysis tool for the detection of the

chemical state of elements and their stoichiometry in the
material. Figure 2 shows the high-resolution B 1s, N 1s, C 1s,
and Si 2p XPS spectra of h-BNNPs-ODTES. The B 1s and N
1s peaks are located at 190.6 and 398.2 eV, respectively. The
observed values are in good agreement with the literature
values.29,34 The B 1s spectrum of h-BNNPs-ODTES could be
deconvoluted into two chemically shifted components at 190.6
and 192.1 eV (Figure 2a). These peaks are attributed to the B−
N linkage of the h-BN scaffold with very strong intensity and
the B−O linkage with very low peak intensity, respectively. XPS
calculation showed the ratio of B−O/B−N = 0.03, demonstrat-
ing that ∼3% of the boron atoms, which are located on the
edge and defect sites in the surface layer of h-BNNPs, are
oxidized into B−OH groups. Furthermore, the atomic
percentages of boron and nitrogen in pristine h-BN powder
and h-BNNPs-ODTES were calculated based on XPS study to
determine the elemental stoichiometry. The ratio of B/N =

Figure 1. FTIR spectra of the h-BN powder and h-BNNPs-ODTES
along with their vibrational assignments.
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1.059 in pristine h-BN powder was increased to 1.077 in h-
BNNPs-ODTES, revealing the loss of nitrogen during harsh
oxidation. The loading of ODTES on h-BNNPs was further
confirmed by the appearance of C 1s and Si 2p peaks (Figure
2c,d). The high-resolution C 1s spectrum of h-BNNPs-ODTES
showed an asymmetric peak structure with a small tail at higher
binding energy, attributed to different types of carbon structure.
The peak fitting of the C 1s spectrum of h-BNNPs-ODTES
could be deconvoluted into three chemically shifted compo-
nents (Figure 2c). The C 1s peak centered at 284.6 eV as a
major component is attributed to C−C/C−H carbons and
represents the octadecyl group of ODTES grafted on h-
BNNPs. Two additional overlapped components at 286.4 and
288.5 eV are assigned to the C−O and COO functional groups,
respectively. The presence of an ethoxyl functional group in
ODTES and environmental contamination during XPS analysis
contribute for these two peak components.
Figure 3 depicts the XRD pattern of the h-BN powder and h-

BNNPs-ODTES. The diffraction peaks corresponding to the
(002), (100), (101), (102), (004), and (110) planes are
characteristic of the h-BN powder. The increased full width at
half-maximum of the (002) diffraction peak of h-BNNPs-
ODTES (Figure 3b) confirms the decreased number of layers
(thickness reduction), owing to exfoliation of the h-BN powder.
The three-dimensional order of the h-BN powder and h-
BNNPs-ODTES was measured by calculating the graphitizing
index (GI) using the (100), (101), and (102) XRD peak
parameters.35 Increased intensity of the (102) peak revealed the

improved three-dimensional order. In general, the h-BN
powder with a GI value of 1.6 is considered to have perfect
three-dimensional order and represents the highly ordered
stacking of h-BN layers along the c axis. The improper stacking
and rotation of layers along the c axis lead to increased GI and,
consequently, a decrease of the three-dimensional order.
Herein, a higher value of GI (2.78) for the h-BN powder
compared to h-BNNPs-ODTES (GI = 1.90) suggests that,
during the ultrasound-facilitated exfoliation, the h-BN powder
exfoliates at the point of their disordered stacking and leads to
h-BNNPs with relatively ordered structure. Figure 4 shows
HRTEM images of pristine h-BN powder and h-BNNPs-
ODTES. The lateral thickness of pristine h-BN powder is in the
range of 20−60 nm (Figure 4ai−aiii). The microscopic
observations suggested that h-BNNPs-ODTES, prepared by
exfoliation of the h-BN nanopowder and then grafting of
ODTES, exhibited a relatively low number of layers. The
thickness of these nanoplatelets is noted to be in the range of
5−20 nm (Figure 4biii). Under high resolution, parallel-line
features of h-BNNPs-ODTES are observed with an interlayer
distance of ∼0.35 nm, consistent with the XRD results. TGA
was carried out to probe the thermal decomposition property of
grafted ODTES molecules. Pristine BN powder showed 2.5 wt
% loss up to 330 °C, attributed to the absorbed contamination
(Figure 5), while h-BNNPs-ODTES exhibited 4 wt % loss up to
550 °C and was attributed to the degradation of ODTES.
The h-BN powder is nondispersible in various lubes and

tends to agglomerate and settle down owing to their bulkier

Figure 2. High-resolution XPS spectra of the (a) B 1s, (b) N 1s, (c) C 1s, and (d) Si 2p regions for h-BNNPs-ODTES. The deconvoluted
components in B 1s and C 1s spectra illustrate chemical linkage with various types of functionalities in h-BNNPs-ODTES.
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particle size and the difference in cohesive energies between the
material and lubes. However, for efficient tribological perform-
ance, h-BNNPs must be thoroughly dispersed in applicable

lubes. Figure 6 shows digital images of the dispersion of h-
BNNPs-ODTES in polyol ester lube base oil as a function of
time. Dispersion of h-BNNPs-ODTES is found to be stable. Its
long-term dispersion stability was attributed to (a) van der
Waals interaction between the long alkyl chains grafted on h-
BNNPs and the alkyl chains of polyol ester (pentaerythritol
tetraoleate) and (b) the high specific surface area of h-BNNPs-
ODTES.
The tribological properties of h-BNNPs-ODTES were

evaluated using polyol ester as a lube base oil for the steel−
steel sliding contacts. Figure 7 shows (a) changes of the friction
coefficient with the number of laps and (b) the average friction
coefficient for different concentrations of h-BNNPs-ODTES
blended in polyol ester under the Hertzian contact pressure of
864 MPa. Polyol ester, which is considered to be a highly stable
and biodegradable synthetic lube base oil, exhibited ∼0.125
friction coefficient. Figure 7b shows that the average friction
coefficient decreases with increasing concentration of h-

Figure 3. XRD patterns of (ai) the h-BN powder and (aii) h-BNNPs-
ODTES. (b) Expanded region of the superimposed (002) diffraction
peak of the h-BN powder and h-BNNPs-ODTES, illustrating the
broadening effect attributed to the thinning of h-BN nanoparticles.

Figure 4. HRTEM images of (ai−aiii) the h-BN powder and (bi−biii) h-BNNPs-ODTES. The thinning of h-BN with a countable number of layers
can be explicitly seen in the HRTEM images of h-BNNPs-ODTES (bi−biii).

Figure 5. TGA patterns of the h-BN powder and h-BNNPs-ODTES
over the temperature range of 35−800 °C under a nitrogen flow.
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BNNPs-ODTES in polyol ester. The lowest friction coefficient
was found at a concentration of 0.04 mg/mL. This revealed that
h-BNNPs-ODTES, used as an additive to polyol ester,
remarkably reduces the friction coefficient. Furthermore, higher
friction was observed with increasing concentration of h-
BNNPs-ODTES. Plausibly, the higher concentration of h-
BNNPs-ODTES between the contact interfaces leads to an
abrasive effect. Consequently, there is a high resistance to shear,

and that increases the friction.36 The XRD and HRTEM results
(Figures 3 and 4b) revealed that hexagonal lamella of h-
BNNPs-ODTES are stacked by weak van der Waals interaction
with an interlayer spacing of ∼3.35 Å. Low resistance to shear
between the weakly interacted lamella in h-BNNPs-ODTES
under the sliding contact stress reduced the friction coefficient.
Besides that, stable dispersion of these nanoplatelets in polyol
ester ensured their uninterrupted supply on the tribological

Figure 6. Digital images of dispersion of h-BNNPs-ODTES in polyol ester lubricant. The time for each picture is noted on the respective sample
bottle. Concentration of h-BNNPs-ODTES: 0.25 mg/mL.

Figure 7. (a) Evolution of the friction coefficient with the number of
laps. (b) Changes in the average friction coefficient for polyol ester as a
function of increasing doses of h-BNNPs-ODTES under unidirectional
sliding contact. Conditions: load 250 mN; speed 1 cm/s; Hertzian
contact pressure 864 MPa.

Figure 8. Lubrication characteristics: (a) changes in the friction
coefficient and (b) wear parameters of the polyol ester lube oil with
and without h-BNNPs-ODTES (concentration 0.04 mg/mL) under
bidirectional sliding contact. Conditions: load 2 N; speed 3 cm/s;
sliding distance 100 m.
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interfaces. As a result, h-BNNPs-ODTES significantly reduced
the friction compared to that of polyol ester.
Furthermore, macrotribological tests were conducted to

understand the lubrication mechanism. Figure 8a depicts
changes in the friction coefficient for steel−steel contact
using polyol ester and a h-BNNPs-ODTES (0.04 mg/mL)
blended polyol sample under a load of 2 N. The results suggest
that h-BNNPs-ODTES can effectively reduce the friction
coefficient. Another important feature studied is the influence
of h-BNNPs-ODTES on the wear behavior of the contact
bodies. Figure 8b shows a representative wear track profile of a
steel disk lubricated with polyol ester and a h-BNNPs-ODTES
sample. The wear track lubricated with polyol ester exhibited
∼570 and 12.9 μm track width and depth, respectively. In the
presence h-BNNPs-ODTES (0.04 mg/mL), both the wear
track width and depth decreased significantly to ∼345 and 5.2
μm, respectively. The microscopic images of wear tracks
formed on the steel disk are shown in Figure 9. The FESEM
images of a steel disk lubricated with polyol ester exhibited
deep scratches and grooves, indicating severe plastic
deformation. In the presence of h-BNNPs-ODTES, the wear
track width decreases by ∼40% and exhibits comparatively
smoother features, revealing the wear-resistive property of h-
BNNPs-ODTES against the material damages. EDX analysis on

the worn surfaces of a steel disk was further carried out for
probing the qualitative elemental estimation on the tribological
interfaces. The FESEM micrograph and corresponding
abundance of boron and nitrogen on the worn area of a steel
disk lubricated with h-BNNPs-ODTES (Figure 10) illustrate
their uniform distribution. The thorough distribution of boron
and nitrogen on the worn areas of a steel disk suggested the
deposition of h-BNNPs on the contact interface. Although the
collected elemental mapping is a qualitative idea, it strongly
suggests the role of h-BNNPs for improved tribological
properties. Drummond et al. demonstrated that layered WS2
particles as additives to tetradecane sheared between the
contact bodies, reducing the friction force and improving the
resistance of the surfaces to wear.37 The shear-induced
delamination of WS2 and subsequent formation of a transfer
film of WS2 on the contact surfaces were found to be
responsible for the reduction in friction. Recently, Biswas et al.
suggested the friction-induced transfer of MoS2 layers on the
contact interfaces, revealed by in situ total internal reflection
Raman tribometer analyses.38 Herein, the elemental mapping of
worn areas strongly suggests the deposition of h-BN on the
contact interfaces. The gradual reduction of friction during the
initial sliding contact (Figure 8a) further suggests the transfer of
h-BNNPs on the contact interfaces and eventually leads to the
regular deposition of a thin film of h-BNNPs. This is supported
by the low value of friction and its stabilization after sliding of
∼25 m distance (Figure 8a). The internal shear in the
deposited thin films of h-BN and slide over the dispersed h-
BNNPs-ODTES under the contact stress reduces the friction
and protects the contact interfaces from damage. This study
demonstrates that a very low dose (40 ppm) of nicely dispersed
h-BNNPs-ODTES can generate the h-BN tribological thin film,
which could efficiently reduce the friction and protect the
sliding interfaces. This promises the potential of h-BNNP-based
lubricants for conserving energy by lowering the friction and
reduction of material losses (wear-preventive property) for
tribological applications.

■ CONCLUSIONS
Chemical grafting and the dimension/size of nanomaterials are
important parameters to control nanomaterial dispersion in the
liquid lubricants. Herein, the h-BN powder was exfoliated into
the h-BNNPs, as revealed by HRTEM and XRD. The exfoliated
h-BNNPs were then rigorously oxidized to generate the
hydroxyl groups on the basal plane defect and edge sites.
These hydroxyl functionalities are prone to interact with long
alkyl chains carrying ODTES through covalent linkage. The
exfoliation, oxidation, and then chemical grafting of ODTES on
the h-BNNPs were monitored by FTIR, XPS, XRD, HRTEM,
and TGA. The presence of octadecyl chains in h-BNNPs-

Figure 9. Microscopic images of the worn track on a steel disk after
lubrication tests under a 2 N load. Prior to microscopic analysis, the
steel disks were thoroughly washed to remove the physisorbed content
on the materials. (ai and aii) Lubricated with polyol ester and (bi and
bii) lubricated with h-BNNPs-ODTES blended polyol ester (dose 0.04
mg/mL).

Figure 10. FESEM micrograph and corresponding elemental mapping on the worn track of a steel disk lubricated with h-BNNPs-ODTES blended
with polyol ester (dose 0.04 mg/mL). The uniform distribution of boron and nitrogen on the worn track of a steel disk revealed the deposition of h-
BNNPs on the tribological interfaces.
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ODTES facilitated their dispersion in polyol ester lube base oil.
The van der Waals interaction between the alkyl chains grafted
on h-BNNPs-ODTES and the hydrocarbon groups of polyol
ester plays a crucial role and provides long-term dispersion
stability. The tribological results showed that h-BNNPs-
ODTES in polyol ester significantly improves the lubricity by
reducing the friction and wear parameters. The lubricity
enhancement was attributed to low resistance to shear provided
by the weakly stacked lamellar structure of h-BNNPs-ODTES.
Elemental mapping on the wear track of a steel disk suggested
the development of a h-BN thin film on the contact interfaces.
The internal shear in the deposited thin films of h-BN and slide
over the dispersed h-BNNPs-ODTES under the contact stress
reduces the friction and protects the contact interfaces from
damage. This study demonstrates that thoroughly dispersed h-
BNNPs-ODTES can significantly improve the tribological
properties of the lubricant by reducing the friction and wear.
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