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A B S T R A C T   

Black phosphorus (BP) has attracted considerable attention due to the outstanding mechanical and structural 
properties. However, the nanoscale frictional properties and atomic-scale mechanism of BP dotted with nano
particles are still not well understood. Herein, gold nanoparticles (nano-Au) dotted on black phosphorus (Au/BP) 
are applied as nanoadditives for PAO6 oil to produce macroscale superlubricity at the Si3N4/MoN interface. 
Experiments and molecular dynamics simulation reveal that nano-Au not only enhances adsorption of oil mol
ecules on Au/BP via strong hydrogen bonding, but also leads to incommensurate interlayer stacking of BP 
responsible for the superlubricity. The findings provide fundamental knowledge about the nanoscale frictional 
behavior as well as superlubricity mechanisms and also reveal a novel concept to design nanoadditives with 
superlubricity.   

1. Introduction 

Friction and wear are the main reasons affecting the lifetime of 
mechanical equipment and energy loss during movement and a state 
with ultra-low friction and wear is one of the important research topics. 
Superlubricity representing the most ideal state of friction is defined by a 
coefficient of friction (COF) of less than 0.01. Superlubricity has been 
achieved with graphene [1–3], onion-like carbon [4,5], and diamond- 
like carbon (DLC) [6–8] and recent results reveal that nanocrystalline 
coatings and nanoadditives with intrinsic catalytic effects can promote 
degradation of lubricants and transform base oil into carbon-based tri
bofilms at the friction interface [9–13] to produce outstanding tribo
logical properties. 

Black phosphorus (BP) is a burgeoning member of two-dimensional 
materials with excellent mechanical and tribological properties 
[14–19]. Our previous study shows that black phosphorus and the cor
responding composite nanomaterials catalyze degradation of base oil 
molecules to form amorphous carbon films when used as lubrication 
additives [20,21]. Hence, black phosphorus dotted with silver nano
particles shows synergistic lubrication effects similar to graphene dotted 
with metal nanoparticles [22,23]. However, the nanoscale friction 
properties and physical / chemical reactions between BP and 

nanoparticles at the sliding interface are not well understood. In fact, the 
role of metal nanoparticles in catalytic production of carbon-based tri
bofilms is still not clear. 

Herein, BP is decorated with gold nanoparticles (nano-Au) by simple 
chemical reduction to form a lubricating additive (Au/BP). Friction tests 
demonstrate that PAO oil incorporated with Au/BP produces macroscale 
superlubricity at the sliding interfaces of Si3N4/MoN. Experiments and 
molecular dynamics (MD) simulation are performed to determine the 
nano-friction properties of Au/BP and unravel the origin of 
superlubricity. 

2. Results 

2.1. Tribological performances 

Fig. 1a shows the coefficients of friction (COF) versus sliding times for 
pure PAO6, PAO6 + 0.1 wt% nano-BP (nano-BP-oil), and PAO6+ 0.1 wt 
% Au/BP (Au/BP-oil). The COF of pure PAO6 oil decreases slowly from 
0.08 to 0.03 before stabilizing. The COF of the oil samples containing 
nano-BP also decrease from 0.1 initially to 0.03. Addition of Au/BP 
nanoadditives to PAO6 oil produces a COF of about 0.006 after running- 
in indicative of macroscale superlubricity. Fig. 1b compares the wear 
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rates of the base oil and oil samples with different nanoadditives. The 
wear rates of the discs lubricated with pure PAO6, PAO6 + 0.1 wt% 
nano-BP, and PAO6 + 0.1 wt% Au/BP are 1.06 × 10− 7 mm3(Nm)− 1, 
9.28 × 10− 8 mm3(Nm)− 1, and 5.23 × 10− 8 mm3(Nm)− 1, respectively. 
After addition of Au/BP nanoadditives, the tribosystem exhibits super
lubricity with the COF and wear rates diminishing significantly. 
Fig. 1c–h shows the optical images of the wear scar on the bottom disc 
and test ball lubricated with the three oil samples. As shown in Fig. 1c, 
the wear track on the friction ball lubricated with PAO6 oil shows many 
scratches and deep furrows are observed from the corresponding disc 
(Fig. 1f) indicating that severe abrasive wear occurs during sliding. 
Fig. 1d, g shows that the wear scars on the friction ball and disc are 
reduced significantly. In particular, the friction pairs lubricated with 
Au/BP-oil exhibits the smaller wear scar and better tribological prop
erties (Fig. 1e, h and Fig. 1S). 

2.2. Analyses of wear interfaces 

To elucidate the mechanism of macroscale superlubricity, SEM, 
Raman scattering, and XPS are performed to analyze the morphology 
and chemical composition of the wear track on the test ball as shown in 
Fig. 2. SEM and EDS (Fig. 2a) show that the wear debris consist of mainly 
Au, P, and C confirming that Au/BP is deposited on the friction interface. 
The distribution of C in the wear scar indicates that a carbonaceous film 
is formed by the tribochemical reaction. The Raman bands D (1334.5 
cm− 1) and G (1598.8 cm− 1) stemming from amorphous carbon are 

detected from the wear tracks lubricated with nano-BP-oil and Au/BP- 
oil, as shown in Fig. 2b, suggesting that BP and Au/BP catalyze degra
dation of PAO6 oil and produce an amorphous carbon film at the sliding 
interface to reduce friction significantly [20]. 

XPS is conducted to characterize the chemical states of the solid film 
on the wear scar lubricated with Au/BP-oil. Fig. 2c shows the survey 
spectrum revealing the presence of Au, P, C, and O and the protective 
film is mainly composed of Au/BP nanoadditives and amorphous car
bon. The C 1 s spectrum (Fig. 2d) shows four peaks at 284.52, 285.40, 
286.25, and 288.50 eV corresponding to sp2 (C-C/C=C), sp3 (C–C), 
C–O, and C––O, respectively. Fig. 2e depicts the XPS spectrum of P 2p, 
and the peaks at 130.05 eV and 130.95 eV stem from the 2 p3/2 and 2 p1/2 
orbitals of BP. In addition, phosphorus oxide (134.35 and 135.36 eV) is 
detected and the Au 4 f (Fig. 2f) spectrum confirms the existence of Au at 
the friction interfaces. The results reveal that a tribofilm consisting of 
Au, P, and amorphous carbon is formed at the rubbing surface. 

2.3. Nanoscale friction properties and mechanism 

To reveal the atomic-scale mechanism of the tribochemical reaction 
and friction reduction, the adsorption behavior of PAO6 oil molecules on 
the BP and Au/BP interface is investigated by MD simulation. As shown 
in Fig. 3a, the adsorbed oil molecules are mainly distributed on the 
surface of BP and Au/BP. Fig. 3b shows a higher adsorption density for 
oil molecules near the nano-Au surface indicating the strong attraction 
of Au-doped BP to oil molecules. The atom-atom radial distribution 

Fig. 1. Tribological properties of the nanoadditives dispersed in PAO oil. (a) Coefficients of friction versus sliding times and (b) Wear rates of the pure oil and oil 
samples with different nanoadditives (Inset showing the partially enlarged view). Optical photos of the wear tracks on (c-e) Bottom discs and (f-h) Corresponding 
counterpart balls lubricated with different oil samples: (c, f) PAO6 oil, (d, g) nano-BP-oil, and (e, h) Au/BP-oil. 
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functions (RDFs) is analyzed to study the interactions between PAO oil 
and nanoadditives. Fig. 3c shows that the peaks of P–H appear between 
3.08 Å and 3.55 Å and most of the C atoms are distributed beyond 4 Å 
from the P atoms, disclosing that oil molecules absorb onto the BP 
surface via weak electrostatic P…H-C interactions [24]. In contrast, the 
Au–H RDF peak at 2.75 Å and Au–C RDF peak at 3.54 Å (Fig. 3d) arise 
from strong Au…H-C hydrogen bonding [25–27]. The details about the 
interactions between oil molecules and nano-Au are described in Fig. 3e, 
f. It is evident that H atoms on both ends of the oil molecules adsorb on 
the Au surface at a distance of 2.68– 2.87 Å, forming stable hydrogen 
bonds of Au…H-Csp2 and Au…H-Csp3. Hence, the Au–H bond plays a 
crucial role in the strong adsorption of PAO oil molecules at the Au/BP 

interface and formation of a stable lubricating film. This strong inter
action ensures that nano-Au can capture free H atoms via dehydroge
nation of PAO during the friction process to further promote degradation 
of oil molecules and formation of amorphous carbon films to reduce 
friction and wear. 

The nanoscale tribological properties of Au/BP-oil are determined to 
elucidate the superlubricity mechanism. Fig. 4a, b shows the friction 
force of BP and Au/BP generated by MD simulation for oil molecule 
lubrication. As shown in Fig. 4a, the friction force of the BP increases 
with sliding and addition of nano-Au to the BP surface reduces the 
friction force (Fig. 4b), which is consistent with the tribological test 
results (Fig. 1a). The potential energy surface (PES) of BP and stress 

Fig. 2. Characterization of the wear track. (a) SEM and EDS images of the wear scar of the upper ball lubricated with the Au/BP-oil. (b) Raman scattering spectra 
of the wear scar on the test ball lubricated by different oil samples. (c) XPS survey spectrum of the wear scar on the test ball lubricated with Au/BP, and XPS spectra of 
(d) C 1 s, (e) P 2p, and (f) Au 4 f. 

Fig. 3. Adsorption behavior and chemical states. (a) Adsorption snapshots and (b) Relative concentration distributions. (c, d) Radial distribution functions g(r) for 
atomic distances: P–C, P–H, Au–C, and Au–H. (e, f) Snapshots from MD simulation with the yellow, gray, and white spheres representing gold, carbon, and 
hydrogen atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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distribution are calculated to explain friction reduction and Fig. 4c de
scribes the details of the rubbing interfaces in the MD simulation. The oil 
molecules are hidden in the snapshot to reveal the structural details of 
the phosphorus and Au atoms. The structure of the P atoms changes in 
the contact area leading to the transition from commensurate to 
incommensurate contacts [28]. Fig. 4d shows that in the contact area, 
the energy decreases because the atoms cannot lock into the local reg
istry at the surface [29,30] consequently reducing the potential barrier 
of sliding. According to the stress distribution in Fig. 4e, the stress also 
decreases in the contact region where the structure of the P atoms 
changes, especially for σz. Reduction of the potential barriers, friction 
force, and stress indicates that nano-Au changes the parallel angle and 
stacking mode between BP layers contributing to the superlubricity. To 
summarize, MD simulation reveals that addition of nano-Au to the BP 
surface enhances absorption of Au/BP and PAO oil, and leads to random 
incommensurate stacking, producing superlubricity. 

3. Discussion 

Decorating 2D materials with gold nanoparticles has been shown to 

produce excellent tribological properties for Au/graphene oxide [22] 
and Au/MoS2 [31,32]. However, previous works have mainly focused 
on the role of gold nanoparticles in repairing the wear scar and 
improving the load capacity. Herein, we reveal that nano-Au on the BP 
surface has unique physical and chemical properties as a lubricating 
nanoadditive and they are the main reasons for the superlubricating 
state. In the case of lubrication with PAO oil containing pristine BP, the 
nanosheets are deposited on the interface to fill and repair the wear scar. 
The deposited BP is oxidized partially and the oil molecules bond to 
oxide on the BP surface through hydrogen bonding [33] to provide 
reactive sites for decomposition of oil molecules and formation of the 
amorphous carbon-based tribofilms (Fig. 2b). After BP is dotted with Au 
nanoparticles, oil molecules adsorb quickly onto the composite nano
additives by hydrogen bonding to form a robust lubricating film (Fig. 3a, 
b). It is worth pointing out that the strong interactions of Au and H atoms 
facilitate recombination of PAO oil molecules to form a carbon-based 
lubricating film during the friction test. As sliding proceeds, incom
mensurate stacking induced by nano-Au (Fig. 4c) plays a significant role 
in minimizing the friction and wear to achieve superlubricity. 

In recapitulation, experiments and MD simulation are performed to 

Fig. 4. Nanoscale tribololgical properties. Curve of friction force versus sliding distance for (a) Nano-BP-oil and (b) Au/BP-oil. (c) Top view of the snapshot in 
friction simulation showing the incommensurate atomic contact. (d) PES of the selected area in(c). (e) Stress distributions of σx, σy, and σz. 
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investigate the nanoscale friction behavior of Au/BP-oil and the corre
sponding superlubricity mechanism on the atomic scale. Nano-Au not 
only enhances the interactions between the nanoadditives and oil mol
ecules, but also improves degradation of oil molecules and formation of 
carbon-based lubricating films to reduce wear. In addition, an amor
phous and incommensurate atomic contact is formed by nano-Au under 
high stress and shear, ultimately driving the tribosystem to super
lubricity. The results provide fundamental knowledge about the origin 
of superlubricity promoted by BP dotted with nano-Au and reveal a 
novel method for designing nanoaddtivies with superlubricity. 

4. Materials and methods 

4.1. Synthesis of materials 

The BP nanosheets were prepared by a liquid phase exfoliation 
process described previously [20]. In the typical experiments, 50 mg of 
AuHCl4⋅4H2O and 100 mg of BP nanosheets were added to the NMP 
solution and magnetically stirred at 80 rpm for 0.5 h. The Au/BP 
nanocomposite was collected by centrifugation and washed with abso
lute ethanol. For comparison, nano-BP was synthesized by the same 
method but without AuHCl4⋅4H2O. Fig. 2S and Fig. 3S reveal successful 
preparation of nano-BP and Au/BP and Fig. 3S shows that the size of the 
BP nanosheet and nano-Au is approximately 200 nm and 20 nm, 
respectively. The friction ball with a diameter of 6.0 mm was made of 
Si3N4 (Ra about 20 nm). The disc with a sliding contact radius of 5 mm 
was composed of MoN (Ra is approximately 20 nm) fabricated by our
selves [34]. 

4.2. Tribological assessment 

The tribological test was carried out on a ball-on-plate tribometer 
(UMT-TriboLab, Bruker, USA) and the nanomaterials were modified 
with oleic acid to improve the dispersibility in PAO oil. 1 mg of Au/BP 
was mixed with 0.1 ml of oleic acid and stirred for 0.5 h at 60 ◦C. The 
mixture was washed with a large amount of ethanol to remove excess 
oleic acid and then dried for 8 h in vacuum at 60 ◦C. prior to the test, the 
base oil of PAO6 was mixed with Au/BP and sonicated for 30 min to 
prepare the nanofluid lubricant. The friction and wear tests were per
formed under a loading of 6.0 N at a rotation speed of 200 rpm at least 5 
times to obtain averages (25 ◦C, 20–25% RH). The wear rate (Wr) of the 
disc was calculated by the following formula: Wr = V/(S. F), in which 
Wr, V, S and F are the wear rate, wear volume, sliding distance, and 
normal load, respectively. 

4.3. Characterization 

The structure of the nanomaterials was characterized by X-ray 
diffraction (XRD) on a Philips X’pert X-ray diffractometer (Cu Kα radi
ation) at 40 kV and 40 mA from 5o to 90o. The Raman scattering spectra 
were acquired on the Dilor Labram-1B multichannel confocal micro- 
spectrometer equipped with the 532 nm and 20 mW laser. The 
morphology and microstructure were examined by transmission elec
tron microscopy (TEM, FEI Technai F20) and scanning electron micro
scope (SEM, Nova NanoSEM430). The micromorphology of the wear 
tracks on the friction pairs was characterized by optical microscopy 
(CCM-600E), 3D profilometry (RTEC UP Dual-Mode, America), and 
scanning electron microscopy (SEM, Nova NanoSEM430), and the phase 
composition and elemental composition were determined by XRD and 
XPS, respectively. 

4.4. Molecular dynamics simulation 

Molecular Dynamics simulation was employed to investigate the 
adsorption properties and atomic-scale tribological behavior of the 
lubricating materials at the friction interface. The adsorption 

characteristics of the friction system were simulated by the Forcite 
module in the Materials Studio software. The size of the model was 39.7 
Å × 63.4 Å × 101.2 Å. The PAO6 oil molecules and gold nanoparticles 
with a diameter of 20 nm were sandwiched between the BP layers to 
simulate adsorption. The PAO6 oil molecules were simplified and 
replaced by n-Pentane (C5H10) [35]. The model adopted periodic 
boundaries in x and y directions and Nose ́− Hoover canonical (NVT) 
thermostatic simulator with a time step of 1.0 fs. The simulation process 
consisted of three steps. (1) Firstly, the friction system was relaxed for 
100 ps at 298 K to reach equilibrium. In this simulation step, the outer 
layer of BP was treated as a rigid body. (2) The temperature of the 
system was raised slowly to 500 K to simulate the local high temperature 
at the friction interface and this step proceeded for 100 ps. (3) The 
system was simulated for 1.0 ns at 500 K. In the simulation, the inter
action between atoms was Lennard Jones and the cutoff was set to 12.5 
Å. In the model, the numbers of P and Au atoms were 5760 and 272 
respectively, and the number of oil molecules was 500 for a total of 
13,532 atoms. 

The nanoscale tribological properties of the nanoadditives and oil 
were studied by the LAMMPS software package. The friction force, stress 
distribution, and the potential surface energy of BP are calculated. 
Fig. S4 shows the molecular dynamics model for simulating and calcu
lating the sliding process with a size of 126.9 Å × 99.4 Å × 149.5 Å. The 
upper BP in the model was divided into a moving layer, constant tem
perature layer (NVT), and Newton layer (NVE) and the lower black 
phosphorus was divided into the fixed layer, constant-temperature 
layer, and Newton layer. The oil molecules in the middle, nano-Au, 
and BP on the contact surface were set as Newton layers. The time 
step in the was 1 fs. In the simulation, the interactions between different 
atoms were Lennard-Jones and the cutoff was 12.5 Å. The potential well 
depth (ε) and the van der Waals separation distance (σ) parameters of 
the Lennard-Jones potentials interactions for P-C, P-H, and P-P (BP 
layers interactions) are (0.006878 eV, 3.4225 Å), (0.005023 eV, 3.3128 
Å), and (0.01594 eV, 3.3438 Å), respectively [36,37]. The Stillinger- 
Weber potentials [38] were adopted between the single layers of BP 
and the Lennard-Jones potentials were used between layers. The AIR
EBO potentials was used between oil molecules [39] and the EAM po
tentials were used between Au nanoparticles [40]. The simulation 
process included three steps: (1) The friction system was relaxed at 300 
K for 100 ps and in this step, the outer layer of BP was treated as a rigid 
body. (2) A normal load was applied to the top boundary to compress the 
system to a pressure of 1.0 GPa in the z-direction. (3) The top BP layer 
was subjected to a constant sliding speed of 10 m/s, while the lower BP 
was a rigid body. This step proceeded for 1 ns. The loads applied in the 
second stage and third stage were the same. In the model, the numbers of 
P and Au atoms were 57,600 and 272, respectively, and the number of 
oil molecules was 500 for a total of 63,572 atoms. Similar to the previous 
steps, a similar model was established to simulate the tribological 
properties of BP and oil molecules in the friction process as the control 
group. The open source software OVITO was used in data and visual 
processing [41]. 
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Figure 1S. Stability of superlubricity for different concentrations.  Figure 1S shows the average 

friction coefficients and wear rates of the oil samples for different concentrations of Au/BP.   

Superlubricity can be achieved when the concentration of Au/BP is between 0.075 and 0.125 wt%.  The 

curves of COFs and wear rates show a ‘deep valley’ with increasing Au/BP in the base oil.  The COFs 

and wear rates decrease gradually with increasing Au/BP concentrations from 0 to 0.1 wt%, but 

increasing the amount of Au/BP to 0.15 wt% increases both the COFs and wear rates.  This 

phenomenon is attributed to that nanoadditives are involved in the friction interface with oil molecules 

and then deposition and aggregation appear in the grooves of the friction pair.  Excessive Au/BP 

accumulation at the friction interface hinders lubrication of oil molecules resulting in larger COFs and 

wear rates. 
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Figure 2S. XRD patterns of nano-BP and Au/BP.  Figure 2S presents the XRD patterns of nano-BP 

and Au/BP.  The diffraction peaks at 26.5°, 35.0°, and 56.0° correspond to the (020), (021), and (111) 

planes of black phosphorus, respectively.  Compared to nano-BP, Au/BP shows diffraction peaks at 

38.1°, 44.3°, 64.4°, 77.3°, and 81.5° corresponding to the (111), (200), (220), (311) and (222) planes of 

Au, respectively.  These results indicate that BP and Au nanoparticles have the orthorhombic and cubic 

structures, respectively. 
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Figure S3. TEM images of (A, B) nano-BP, and (C, D) Au/BP (Inset in Figure 3B and d showing 

the locally enlarged view and the FFT pattern of Au in Figure S3D).  Figure S3A shows that the size 

of nano-BP is approximately 200 nm.  The crystal planes of (020), (021), and (111) for black 

phosphorus are shown in Figure S3B.  The TEM images of Au/BP are depicted in Figure S3C, D.  

The size of nano-Au on the surface of BP is about 20 nm.  The enlarged inset in Figure S3D shows 

the lattice spacings of Au and BP furnishing evidence that nano-Au is dotted on the BP surface. 
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Figure S4. Schematic of the model used in MD simulation. The red, blue, gray and yellow atoms 

represent C, H, P and Au, respectively, and the friction force and stress distribution of the BP atoms 

in the cyan layer are calculated. 
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