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Abstract: In recent years, a new 2D-layered material—black phosphorus (BP)—has been a rising star after the era 

of graphene owing to its high charge carrier mobility, tunable direct bandgap and unique in-plane anisotropic 

structure. With the development of the synthesis and modification methods of BP, its extensive applications, e.g., 

transistors, batteries and optoelectronics have emerged. In order to explore its full potential, research into the 

tribological properties of BP 2D-layered materials such as lubrication additives and fillers in self-lubricating 

composite materials would be not only of high scientific value but also of practical significance. In this work, 

recent advances on the friction and lubrication properties of BP nanosheets made by our group, including the 

micro-friction properties, the lubrication properties of BP nanosheets as water-based and oil-based lubrication 

additives, and the friction and wear of BP/PVDF composites will be presented. Finally, the future challenges 

and opportunities in the use of BP materials as lubricants will be discussed. 
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1  Introduction 

Friction and wear are primary factors in the energy 

loss and failure of all types of mechanical systems such 

as engines [1]. Statistics show that friction consumes 

a third of the world’s primary energy, wear causes 

approximately 60% damage of the machine parts  

and more than 50% accidents involving machinery 

equipment originate from lubrication failure and 

excessive wear [2]. Thus, effective controls and reduction 

of the friction and wear of moving machineries, can 

improve the efficiency and lifetime of mechanical parts, 

and have already become the greatest challenges for 

today’s moving mechanical assemblies.  

One of the main purposes of lubrication is to reduce 

friction and wear. The lubricant medium can be either 

liquid or solid, or even gas on certain occasions [3, 4]. 

Solid lubricants are usually prepared via physical  

or chemical vapor depositions on the surface of the 

friction pair. A solid lubricant usually fails within a 

certain period owing to the finite lubricant thickness, 

and it can be easily affected by the environment. Liquid 

lubricant can function efficiently after the formation 

of a liquid film between the friction pairs [5]. However, 

larger relative velocity of friction pairs or relatively 

high viscosity of the liquid is an important prerequisite 

for the formation of the liquid lubricant film. Antiwear 

additives and friction modifying additives are 

frequently blended with lubricants in order to improve 

the wear resistance and reduce the fuel consumption. 

In order to minimize wear and friction, various friction- 

reducing additives are widely used as extreme pressure 

additives to lubricant oils. The lubrication film formed 

by tribo-chemical reaction is the key to providing a 

tool surface with high resistance to seizure. Otherwise, 

insufficient lubrication and severe wear will occur for 

example, at the start and stop stages of a machine. It 

is apparent that the development of new lubricant 

materials and lubrication methods for achieving high 

reliability and long service life of machines is still 
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very essential, owing to the importance of lubrication 

and the limitations of existing lubrication strategies [6].  

Since the first synthesis of graphene in 2004, two- 

dimensional (2D) nanomaterials represented by 

graphene, molybdenum disulfide (MoS2) and hexagonal 

boron nitride (h-BN) have attracted immense interest 

in various research areas owing to the combination of 

remarkable electrical, thermal, optical and mechanical 

properties and their special atomic structures [7−11]. 

In recent years, many experimental and theoretical 

works have been conducted on the mechanical and 

tribological properties of 2D nanomaterials [12−16]. 

For instance, many interesting nanotribological 

properties of 2D materials, e.g., the layer-number- 

dependent effect of film/substrate binding strength, 

have been revealed. These works paved the way for 

the potential application of ultrathin lubricant films 

in micro/nano-devices. In contrast, the research on 

the macrotribological properties of these materials 

has been less extensive owing to the numerous in-

fluencing factors. Furthermore, extensive research on 

these 2D materials as lubricant nano-additives [17−20] 

and nano-fillers [21−23] in composite materials has 

been conducted. 

Among all the attractive 2D materials, black 

phosphorus (BP) has recently received considerable 

attention [24−26]. As a new kind of 2D material, it is 

still unknown whether it can be potentially used in 

tribological areas. Based on this consideration, relevant 

systematic research has been conducted including the 

synthesis and characterization of BP nanomaterials 

and their tribological properties, demonstrating that 

such a kind of 2D material is promising as a future 

high-performance lubricant. 

2 Brief introduction of black phosphorus 

Phosphorus belongs to the group V of the periodic 

table and has three major allotropes—white phosphorus 

(WP), red phosphorus (RP), and black phosphorus 

(BP). BP is nontoxic and the most thermodynamically 

stable material among all the allotropes of phosphorus 

at room temperature [27]. BP was first synthesized in 

1914, and has aroused research interest as a promising 

2D material since 2014. Among the emerging post- 

graphene 2D-layered nanomaterials, BP is a rising 

star and has been intensively investigated as the 

functional material in electronic devices such as field- 

effect transistors owing to its unique properties [28, 29]. 

A detailed description of the basic characteristics of 

BP and its potential applications will be presented in 

the subsequent sections. 

2.1 Structure of BP 

Similar to other 2D materials such as graphite, BP has 

a layered structure with the single element P, and the 

layers weakly interact through van der waals forces. 

However, BP has different structure characteristics as 

compared to graphite; the phosphorus atom in BP 

has five valence shell electrons available for bonding, 

with a valence shell configuration of 3s23p3. Each 

phosphorus atom in layered BP has three bonding 

nearby atoms through sp3 hybridized orbitals and 

one lone pair, forming a puckered honeycomb lattice 

[30]. The schematic diagram of the crystal structure 

of BP is shown in Fig. 1. The single-layer BP consists 

of two atomic layers and two kinds of P−P bonds. 

The bond length between the nearest P atoms in the 

same atomic layer is 0.2224 nm, and the bond length 

between P atoms of different atomic layers is 0.2244 nm 

[31, 32]. Furthermore, there are two inequivalent 

directions at the edge of BP: zigzag (along the 

puckered direction) and armchair (perpendicular to 

the puckered direction). These anisotropic characteristics 

of BP will be discussed in the later part of this article. 

The bond angles of the hexagonal structure are 

configured as 102.09° and 96.34° from the top view  

of BP. The individual layers of BP are assembled by 

weak van der waals forces and the interlayer distance 

is 5.3 Å [33, 34].  

 

Fig. 1 Schematic diagram of the crystal structure of BP. 
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2.2 Syntheses of BP nanomaterials 

Various kinds of methods have been developed    

to synthesize BP since Bridgman first successfully 

converted WP to BP at 200 °C under 1.2 GPa in 1914 [35]. 

In contrast to other kinds of allotropes of phosphorus, 

BP shows good stability at normal temperatures and 

pressures. Several Japanese groups made important 

contributions to optimize this method in the 1980s, 

which significantly improved the quality and size of 

BP single crystals [36−38]. Phase transformation from 

RP to BP has also occurred under the high-energy 

mechanical milling (HEMM) condition, which also 

provides high pressures and temperatures. Park et al. 

reported the synthesis of BP by HEMM using steel 

balls and milling vessel for 54 h [39]. Krebs et al. first 

reported a “low-pressure” synthesis of BP using the 

catalytic action of Hg on WP at high temperatures  

in 1955 [40], and this “low-pressure” method was 

tremendously promoted by Nilges et al. in 2008 [41]. 

This low-pressure route method to produce high- 

quality BP included chemical vapor transport reaction 

method using Au, Sn, RP, and SnI4 as reactant sources 

[27]. Since rediscovery of BP in 2014, it has attracted 

immense interest, and the synthesis of BP has achieved 

progress in that the efficiency of synthesis has been 

greatly enhanced and the quality of BP materials has 

been improved dramatically. 

Similar to graphene and other 2D materials, the 

preparation methods of phosphorene or few-layer  

BP have been comprehensively developed. The first 

method reported in 2014 was micromechanical cleavage 

followed by transfer onto SiO2/Si substrate [42]. As 

mentioned above, BP is a kind of layered material 

and the interlayer interaction is dominated by weak 

van der waals forces. Such a structural feature satisfies 

the applicable range of the top-down procedure. 

However, single-layer phosphorus was hard to obtain 

by the mechanical cleavage owing to the strong 

binding forces among the layers. Lu et al. reported  

a method using Ar plasma to thin few-layer BP to 

monolayer phosphorene [43], and the combination  

of mechanical cleavage and plasma ablation was 

promising for controlling the layer number of BP.  

The aforementioned methods are effective for 

producing few- and monolayer BP, but not suitable 

for mass production. In order to avoid this limitation, 

liquid phase exfoliation was reported as a reliable 

method to produce low-size flakes of few- and 

single-layer BP in greater quantities [44]. The stable 

dispersions of BP were prepared via ultra-sonication, 

wherein collapsing cavitation bubbles yielded intense 

tensile and shear stress fields that exfoliated and 

fragmented bulk crystals. In order to achieve thinner 

nano-flakes, aprotic and polar solvents such as N, 

N-dimethylformamide (DMF), and dimethyl sulphoxide 

were used to form uniform and stable dispersions. As 

compared with top-down methods, the bottom-up 

methods are infrequently used. The chemical synthesis 

of phosphorene has many advantages such as good 

crystallinity and high purity. Although chemical 

bottom-up methods have not made a breakthrough, 

the rapid development of chemical vapor deposition 

substrate creates a promising future for phosphorene 

chemical growth [45]. The requirement for high quality, 

strong controllability and efficiency will further increase 

with the development of the field of nanoelectronics. 

2.3 Basic physic-chemical properties of BP  

2.3.1 Physical properties 

Contrary to graphene, BP is a semiconductor with a 

thickness-dependent bandgap. As a result of the 

interlayer interaction, different thicknesses of BP film 

correspond to different bandgap values ranging from 

0.3 eV in the bulk to 2.0 eV in a single layer [46, 47]. 

It indicates that any particular value of bandgap 

within the range can be obtained by controlling the 

thickness. The tunable bandgap of BP supplies the 

gap between graphene (0 eV) and transition metal 

chalcogenides (1.0–2.0 eV) [48−50]. Notably, the energy 

range of BP covers the near-IR (near-infrared) and 

mid-IR parts of the electromagnetic wave spectrum, 

suggesting a promising future in the fields of photo 

catalysis, photovoltaics, thermoelectric and thermal 

imaging [51, 52]. 

Another typical characteristic of BP is the anisotropic 

properties on the basis of its special crystal structure. 

Compared with other 2D materials such as Mo- and 

W-based transition metal dichalcogenides, the aniso-

tropies of BP are much more apparent. The mechanical 

properties show strong anisotropy along the armchair 

and zigzag directions. Jiang et al. studied the Young’s 

modulus values of BP via first-principles calculation 
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and determined the apparent difference between 

armchair and zigzag directions [53]. In the case of 

monolayer phosphorene, the Young’s moduli for the 

armchair and zigzag directions were 21.9 N·m–1 and 

56.3 N·m–1, respectively, and thus, the value along the 

zigzag direction was approximately twice that along 

the armchair direction. Considering phonon dispersion, 

Qin et al. [54] computed the thermal conductivity of 

BP. At 300 K, the thermal conductivity along the zigzag 

direction was 30.15 W·m–1·K–1 whereas that along the 

armchair direction was only 13.65 W·m–1·K–1. Using 

non-equilibrium molecular dynamics, Zhang et al. [55] 

observed similar anisotropy in that the thermal con-

ductivities of infinitely large monolayer BP along the 

zigzag and armchair directions were suggested to be 

42.553 W·m–1·K–1 and 9.891 W·m–1·K–1, respectively. They 

also evaluated the correlation between the thickness 

and external strain, observed the anisotropic behaviors, 

and it was determined that the thermal conductivity 

of BP was layer-independent and the applied strain 

affected the thermal conductivity in a unique way.  

2.3.2 Chemical properties 

Influenced by the lone pair of phosphorus atoms, BP 

is very reactive to air, demonstrating limited ambient 

stability. Light-induced ambient degradation process 

of BP forms PxOy on the surface, which further turns 

into phosphoric acid. Generally, the degradation of 

newly exfoliated few-layer BP can be observed after 

approximately 2 h under normal conditions. The 

combined effect of visible light and oxygen (O2) 

contributes to the degradation of BP, and thus, the 

progress can be hindered by controlling light or O2. A 

recent study showed that BP nanoparticles were stable 

in deaerated aqueous dispersions for weeks [56], 

suggesting that water interacted weakly with BP. 

Furthermore, the oxidized surface could effectively 

prevent the BP underneath from degrading, and 

therefore, the bulk BP appears to be stable under 

normal conditions [57]. 

2.4 BP applications 

Owing to the aforementioned attractive properties of 

BP, the exploration of relevant applications has made 

rapid progress in the fields of electronics, field-effect 

transistors [58, 59], sensors [60], energy storage [60−62], 

batteries [63], photocatalysis [64, 65], and optoelectronics 

[66], and other applications. 

3 Potential of BP as lubricants 

Bulk BP is a layered material in which individual 

atomic layers are stacked together by van der waals 

interactions, similar to bulk graphite, MoS2, and h-BN. 

BP possesses a unique combination of electronic and 

optical properties, and thus, it has been intensely 

investigated for discovering potential applications in 

electronics and optoelectronics. A solid lubricant is a 

solid material with low shear strength and high wear 

resistance. In general, solid lubricants can be used in 

the forms of powders or coating on the surfaces of 

contacting pairs, and they can also be dispersed into 

oils or greases in order to improve the friction and 

wear performances. Some of the typical features of 

common solid lubricants are summarized in Table 1.  

Few-layer BP which has low shear strength and 

good thermal stability, is a potential materials using 

as lubricant additives or composite filler materials. 

First, BP nanosheets have higher mechanical strength. 

The ideal elastic moduli of zigzag and armchair BP 

nanoribbons are approximately 65 and 27 GPa, res-

pectively [26]. Morenomoreno et al. [67] investigated 

the effects of environmental conditions on the 

mechanical properties of few-layer BP, and the results 

indicated that the elastic modulus and the breaking 

strength of BP nanosheets were 46 ± 10 GPa and 2.1 ±  

1 GPa, respectively. The in-plane Young’s modulus  

of single-layer BP was 41.3 GPa in the direction 

perpendicular to the pucker and 106.4 GPa in the 

parallel direction, and the ideal strains were 0.48 

and 0.11 in the perpendicular and parallel directions,  

Table 1 The thermal stability and the allowed temperature range 
of the solid lubricant materialsused in dry tribo-contacts. 

Materials 
Temperature 
range (℃) 

Temperature 
of thermal 

stability (℃) 

Coefficient 
of friction 

MoS2 –184−400 350 0.05−0.25 

WS2 –454 425 0.05−0.25 

graphite –184−650 500 0.1−0.3 

PTFE –184−260 260 0.02 

h-BN –184−538 700 0.1−0.2 
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respectively [68]. Second, advancements have been 

made to enhance the stability of few-layer BP in ambient 

air [56, 63, 64]. All the properties mentioned above 

render BP very attractive for achieving low-friction 

and low-wear regimes. In the following sections, the 

investigations of the tribological properties of BP 

including its friction in the microscale, nanocomposite 

fillers, and lubrication additives will be discussed.  

4 BP synthesis 

BP, the bulk counterpart of phosphorene, was first 

synthesized from WP at 200 °C and under 1.2 GPa in 

1914 [35]. In recent years, BP was obtained from WP 

and RP at high temperatures and high pressures. The 

synthesis of BP has been widely reported; however, 

in most of the procedures, extreme operating conditions 

such as high temperature (>200 °C), high pressure 

(>1.2 GPa), toxic catalyst were employed.  

The layered structure of BP is similar to that of 

graphite, MoS2 and h-BN. In order to expand the 

application of BP in the tribological field, the cost of 

preparation should be considered. The high energy 

mechanical milling (HEMM) technique at room 

temperature and normal pressure is a simple method 

for transforming RP into orthorhombic BP [69]. In the 

HEMM process, the temperature can rise above 200 °C 

and the local pressure can be of the order of 6 GPa  

in steel vial by the violent collisions of balls. Under 

these conditions, the transformation from RP to BP is 

possible. Thus, in this work the HEMM technique 

was employed for preparing orthorhombic BP. 

4.1 Preparation of BP 

BP powders were prepared using the HEMM technique 

in a Fritsch P7 premium line planetary ball mill at 

room temperature and normal pressure. RP powder 

(purity>99.999%) was purchased from Aladdin Ltd. 

(Shanghai, China). The materials were weighed initially, 

and placed in a hardened steel vial (80 mL) with 10 mm 

and 5 mm milling balls (hardened steel). The weight 

ratio of 10 mm ball to 5 mm ball was 3:1. The weight 

ratio of milling balls to reagent powders was 30:1. 

The milling vial was filled with argon gas and set in 

the ball miller. The milling process was performed 

for different times. The revolution speed was set    

to 800 rpm. Milling was performed in a sequence of 

30 min milling and 10 min pause. The characterization 

of the active powder was carried out using powder 

X-ray diffractometers (XRD; Shimadzu XRD-6000, 

CuKα source), scanning electron microscopes (SEM) 

and transmission electron microscope (TEM, JEM- 

2010HT and JEM-2010FEF). Approximately 10 mg  

of BP powder was weighed, and subjected to 

thermogravimetric analysis (Thermo plus EV02 TG8121; 

Rigaku Corp) in Ar atmosphere with a heating rate  

of 10 °C/min. A Raman spectrophotometer (Lab-Ram 

HR-800; Horiba Jobin Yvon, Inc.) was used to 

identify the structural units in the BP powders. X-ray 

photoelectron spectroscopy (XPS) measurement was 

performed (K-Alpha; Thermo Fisher Scientific Inc.). 

Monochromatic Al-Kα radiation (1486.6 eV) was used 

as the X-ray source. The spectra were calibrated by 

setting the measured binding energy of the C1s peak 

of adventitious carbon accumulated in the analysis 

chamber of the spectrometerto 284.7 eV. Samples were 

transferred to the XPS analysis chamber by using a 

vessel in which the samples were packed in dry Ar 

gas to avoid structural changes of the sulfides after 

exposure to air.  

4.2 Results and discussion 

Figure 2(a) shows the XRD results of RP in the XRD 

image. Initially, the starting RP powder has two broad 

peaks at 2θ=30° and 55°, suggesting the amorphous 

structure of RP, which is consistent with previously 

reported amorphous RP [60, 69, 70]. The TEM electron 

diffraction pattern shows a diffuse ring of RP 

(Fig. 3(a)), confirming the amorphous nature of RP. 

The phase transformation from crystalline RP to BP 

in the ball milling process depends sensitively on the 

milling time. After ball milling for only 2 h (as shown 

in Fig. 2(a)), the diffraction peaks of RP disappear 

and instead distinct diffraction peaks appear at 2θ = 

25, 35 and 56°, which is consistent with standard 

orthorhombic BP (JCPDS No. 76-1957), suggesting a 

phase transformation of RP to orthorhombic BP. The 

high-resolution TEM (HRTEM) images (Fig. 3(b)) and 

combining with the XRD analysis results demonstrate 

the orthorhombic BP in the black powder.  
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Fig. 2 (a) XRD pattern of RP material withdifferent ball-milling 
times; (b) Raman pattern of RP material with different ball-milling 
times. 

 

Fig. 3 (a) TEM images of RP; (b) HRTEM images of RP with 
ball-milling for 2 h. 

The XRD patterns and Raman spectra of RP and BP 

powders at different ball-milling times are also shown 

in Fig. 2. It can be observed that, as the ball milling time 

increases, the XRD diffraction peaks become similar. 

Only the (021) and (111) diffraction peaks widen and 

shift to a low diffraction angle, indicating that the BP 

powders become increasingly finer with the increase 

of the ball-milling time (Fig. 2(a)). Furthermore, the 

difference in the Raman spectra also demonstrates 

the transformation of RP into BP powders (Fig. 2(b)). 

All Raman peaks of BP are much sharper than those 

of RP, indicating that BP nanoparticles are better 

crystallized than RP nanoparticles. Futhermore, the 

broad peak around 348 cm–1 in RP disappears after 

ball milling, and a new peak at 357.6 cm–1 appears in 

BP. Three sharp peaks can be attributed to an out-of- 

plane phonon mode (Ag
1) at 357.6 cm–1, and two 

in-plane modes (B2g and Ag
2) at 431.1 and 459.3 cm–1, 

respectively [28, 30, 39, 41]. A typical SEM image in 

Fig. 4 shows that the as-prepared BP powder (milling 

for 30 h, 800 r/min) is composed of micro particles with 

a size of approximately 500 nm. The energy dispersive 

X-ray spectroscopy (EDS) analysis indicates that the 

content of P is 91.17% (wt.%). The TG curve in Fig. 5(a) 

shows that the sublimation occurred at approximately 

440 °C in Ar atmosphere. The resultant BP nanoparticles 

were further characterized using XPS (Fig. 5(a)). The  

 

Fig. 4 SEM images of the BP powders at ball-milling for 30 h. 

 

Fig. 5 DTA (a) and XPS (b−d) survey spectrum of black phos-
phorus powder at BM for 30 h. 

absence of other elements apart from C, O, and P 

indicates the high purity of BP nanoparticles. The 

two distinct peaks at 129.3 eV and 130.2 eV in the   

P2p spectrum are assigned to the 2p3/2 and 2p1/2 

orbitals of zero-valent phosphorous (P0), respectively. 

The broad peak at 133.9 eV is attributed to oxidized 

phosphorus (i.e., P5+), indicating the partial oxidization 

of P0 during sample preparation and purification, as 

the surface of BP nanostructures is sensitive to oxygen 

and moisture [70].  

5 BP as a solid lubricant in the microscale 

5.1 Experimental section 

5.1.1 Fabrication of BP flakes 

In this section, the influence of oxidation effect on the 

atomic structure and friction properties of BP will  

be discussed. The bulk BP was fixed on an iron sheet 

with adhesion tape. Prior to the experiments, the 

bulk BP was exfoliated using a Scotch tape to expose 

the surface of pure BP. Bulk BP (99.99% purity) was 

purchased from XFNANO.  
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5.1.2 Influence of oxidation on the atomic structure of 

BP: Experiment 

A Cypher S (Asylum Research) AFM system was 

used, and it operated under contact mode to obtain 

topography and friction data simultaneously. A 

TR400BP (Asylum Research, AR) cantilever was used 

for these experiments. The following parameters were 

employed: the scan rate was 19.53 Hz, integral gain was 

65 and setpoint was 1 V (0.17 nN). The scan sizes of 

10 nm × 10 nm and 20 nm × 20 nm were used to reduce 

the data drift and improve the atomic images. 

Some of the prepared BP flakes were selected for 

Raman experiments. The Raman spectra analyses were 

conducted by using LabRAM HR800 from Horiba. 

The samples were excited with a 514 nm green laser, 

and the lateral resolution was 1 μm. 

5.1.3 Influence of oxidation effect on the friction properties 

of BP: Experiment 

A Cypher S (Asylum Research) AFM system was 

used, and it operated under contact mode to obtain 

topography and friction data simultaneously. An  

HQ: XSC11/AIBS cantilever with a spring constant  

of 0.178 N/m and a torsional constant of 660 nN/V, 

calibrated using an improved wedge method, was 

used. The setpoint was changed to vary the applied 

load, and the tip slid on different flakes back and forth 

with a sliding distance of 100 nm and a frequency of 

4.88 Hz. The friction data was acquired during loading. 

BP flakes were fabricated on the silicon substrates. 

5.2 Influence of oxidation effect on the atomic 

structure of BP  

The atomic image of BP obtained using AFM is shown 

in Fig. 6. The theoretical atomic structure includes 

two “layers”: the upper and lower layers. However, 

owing to the honeycomb structure, only the phosphorus 

atoms of the upper layer on the sample surface were 

scanned. Thus, each unit shown in the figure was 

observed to have four atoms rather than six ones, 

confirming the special “puckered” and layered structure 

of BP.  

The Raman spectra of fabricated BP flakes at 

various air exposure times are shown in Fig. 7. Three 

prominent peaks in the spectra can be observed at 

362, 439 and 467 cm–1, corresponding to Ag
1, B2g and Ag

2,  

 
Fig. 6 Corresponding relation between the measured and 
calculation value: (a) the atomic image of BP; (b) the schematic 
diagram of BP; (c) and (d) interatomic spacing of armchair and 
zigzag.  

respectively [71]. Figure 7 shows that the intensities 

of the three peaks depend on air exposure time. The 

newly-exfoliated BP flake presents the strongest 

Raman intensities, which are much larger than those 

of the flakes after exposure to air. A decrease in the peak 

intensity can be observed over time monotonously, 

which disappears gradually after 80 min of exposure 

in ambient conditions. Specifically, the change in the 

Raman intensities can be divided into three steps: 

from 0 to 50 min, the peak intensities decrease 

gradually with the reduction in the rate of decrease; 

from 50 to 80 min, the peak intensities show a rise  

of 30%; after 80 min, the Raman intensities remain 

steady. 

The oxidation reaction under ambient conditions 

occurs on the surface of BP owing to the existence of 

oxygen molecules, water molecules in the air and 

visible light, modifying the properties of the sample. 

The visible light generated by excitation stimulates 

charge carriers between oxygen molecules and the  

BP surface. During the initial period (0−50 min), the 

volume of the BP sample increases under ambient 

conditions over time, owing to the aforementioned 

oxidation process, reducing the Raman intensities of 

BP and preventing oxygen molecules from contacting 

the inner layers of BP, which minimizes the oxidation 

process. However, long-term exposure to ambient 

conditions leads to a layer-by-layer etching process; 

consequently, the swollen sample shrinks and even 

reduces to the single-layer thickness [72]. Thus, when  
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the oxidation rate slows down and is less than the 

etching rate (from 50 to 80 min), the volume of the 

oxidation layer on the BP sample surface starts to 

decrease, and subsequently, the Raman intensity 

increases. The Raman intensity maintains remains 

steady after 80 min of exposure to air, both by oxidation 

reaction and the etching process. 

5.3 Influence of oxidation effect on the friction 

properties of BP  

To investigate the effect of oxidation on the friction 

properties of BP, the friction at various air exposure 

times were studied. As shown in Fig. 8, the friction of 

BP tends to be larger over the measurement period. 

Specifically, the increase of the friction is not obvious, 

which is considered to be stable for the initial 30 min 

from the newly-fabricated form of BP. However,   

the friction increases considerably after 30 min and  

a friction increase of over 200% at 120 min has been 

observed. Initially, sliding occurs between the contact 

region of fresh BP surface and the AFM tip. Owing to 

their two-dimensional structure, newly-exfoliated BP  

 

Fig. 7 The Raman characterization result of BP with air exposure time for two hours. (a) Raman spectroscopy of BP at ambient
environment and various times; (b), (c) and (d) are the Raman intensities of 1

g 2gA , B  and 2
gA , respectively; (e) The dependence of the 

intensity ratio between 1
gA  and 2

gA  on air exposure time. 
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Fig. 8 The dependence of BP friction on air exposure time, 
under 119 nN normal load (Setpoint=1 V). 

samples exhibit relatively low friction. As mentioned 

above, the pure BP layer tends to react with oxygen 

molecules, water molecules and visible light, forming 

an oxide layer that consists of P2O5 and p-P2O4 [72, 73]. 

In this case, sliding occurs between the oxide layer and 

the AFM tip, resulting in the increase of friction. 

6 BP nanosheets as oil-based lubricant 

additive   

6.1 Preparation of ultrathin BP nanosheets in water 

In the previous subsection regarding the friction 

properties of BP in the microscale, the BP nanosheets 

were prepared via mechanical exfoliation with a Scotch 

tape. This method has low efficiency and the prepared 

BP flakes are susceptible to ambient exposure, leading 

to an irreversible degradation into oxidized phosphorus 

compounds. In order to harvest the predominant 

properties of the material, optimized synthesis strategies 

are required to produce large quantities of exfoliated 

nanosheets. Liquid exfoliation routes, however, are 

potentially appropriate for the facile large-scale pro-

duction of 2D nanomaterials, wherein sonication- 

induced cavitation and shear are often used together 

to separate layers from a solvated bulk material. 

At present, the most popular and common way of 

liquid exfoliation to produce mono- or few-layer BP 

from bulk BP adopts an organic phase as the solvent. 

These solvents such as N-methyl-2-pyrrolidone, DMF, 

dimethyl sulfoxide and N-cyclohexyl-2-pyrrolidone 

have high boiling points, and are difficult to dismantle 

in post-processing to aqueous solutions. Herein, we 

established a scalable, high-yield and environmentally 

benign method for preparing BP nanosheets via ultra- 

sonication in anhydrous ethyl alcohol.  

BP powders were prepared using HEMM technique 

and stored in an Ar glove box. Anhydrous ethyl alcohol 

was purged with ultrahigh purity grade Ar for at 

least 1 h to remove the dissolved oxygen. Ultrapure 

water (18.25 MΩ·cm, 25 °C) was used to prepare all 

the solutions. The BP nanosheets were prepared 

using a simple liquid exfoliation technique involving 

ultrasound probe sonication followed by bath sonication 

of BP powders. Further, 20 mg of BP powder was 

added to 40 mL of anhydrous ethyl alcohol in a 50 mL 

sealed conical tube and sonicated with a sonic tip for 

3 h at the power of 1,200 W. The ultrasonic frequency 

was varied from 19 to 25 kHz and the ultrasound 

probe worked for 3 s with an interval of 3 s. The 

dispersion was subsequently sonicated in an ultrasonic 

bath continuously for another 10 h at the power of 

300 W. The temperature of the sample solution was 

maintained below 277 K using an ice bath. The 

resulting dispersion was centrifuged for 20 min at 

3,000 rpm, and the supernatant containing BP nano-

sheets was decanted gently. Subsequently, the BP 

nanosheets solution was centrifuged for 20 min at 

7,000 rpm, and the precipitate was repeatedly rinsed 

with water and re-suspended in the aqueous solution.  

Figure 9(a) shows the AFM images of liquid- 

exfoliated BP samples, and they exhibit a triangular 

structure. From the SEM of liquid-exfoliated BP 

samples (Fig. 9(b)), it can be observed that the size  

of BP nanosheets is approximately 350 ± 13 nm. Such 

a result is consistent with the size distribution of   

BP dispersion. The TEM and HRTEM analyses were 

carried out to investigate the morphology and crystalline 

quality of the as-synthesized BP nanosheets and 

nanoparticle samples. Figures 10(a) and 10(b) reveal the 

morphology of BP nanosheets collected as precipitate  

 
Fig. 9 (a) AFM image and (b) SEM image of BP nanosheets as 
water based dispersed solution. 
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at 3,000 rpm. The TEM images show that the obtained 

samples consist of nanosheets with lengths in the 

range of a few micrometers. Figured 10(c) show the 

HRTEM images of the same BP nanosheets. The 

selected area electron diffraction (SAED) pattern, which 

is consistent with the reported data in the literature [74], 

confirms that the obtained nanosheets are crystalline 

in nature and are orthorhombic in crystal structure. 

The lattice fringe is 0.316 nm, which could be ascribed 

to the (110) plane of the BP crystal.  

6.2 Preparation and principle of BP nanosheets as 

oil-dispersible additives 

In this subsection, the synthesis process of the 

suspensions of BP nanosheets in hexadecane is 

presented. BP nanosheets were first dispersed in 

de-ionized water, and this step was completed as 

described in Section 6.1. The result was a homogeneous 

dark brown solution of dispersed BP nanosheets. 

Subsequently, oleylamine was added to the colloidal 

suspension. Owing to the strong interaction between 

oleylamine and BP nanosheets, the oleylamine was 

absorbed on the surface of BP nanosheets, and BP 

nanosheets became hydrophobic BP nanosheets- 

oleylamine, floating in water. Subsequently, hexadecane 

was added to the mixture. The phase transfer process 

occurred spontaneously, and there was a distinct phase 

interface between the aqueous phase and hexadecane 

in 1 day. After removing the aqueous phase using a 

pipette, the stable suspensions of BP nanosheets in 

hexadecane were obtained. 

6.3 Lubrication characteristics of BP as oil-dispersible 

additive at lower loads 

All the lubrication tests were performed using a 

commercial tribotester (Optimal SRV4) and the mode 

of the test is reciprocating ball-on-disk. The disk was 

fixed and the ball was pressed onto the disk, and 

reciprocating motion was employed with a stroke of 

2 mm and a frequency of 50 Hz. The normal load was 

increased from 10 N to 70 N. For each test, a new ball 

and an un-rubbed position of the disk were used. All 

the tribological tests were performed at least three 

times to ensure the repeatability of the experimental 

results. Both the ball and disk were made of bearing 

steel (AISI 52100); the diameter of the ball was 10 mm 

and the surface roughness (Ra) was approximately 

18.5 nm. The surface of the disk was polished and the 

roughness (Ra) was approximately 20.4 nm. 

Further, molybdenum disulfide and graphene oxide 

(GO) were dispersed in hexadecane in the same way 

as the dispersion of BP nanosheets. From Fig. 11, it 

can be observed that the coefficient of friction (COF) 

of hexadecane and three dispersions present three 

features: (1) BP-16C has similar tribological properties 

as GO-16C and MoS2-16C; (2) The COFs of the three 

dispersions decreased as the load was increased from 

10 to 70 N; (3) From Fig. 11(d), the COF of hexadecane 

is apparently different and is higher in the early 

stages (about 200 s). As the load was increased from 

10 to 70 N, the maximum Hertzian type pressure also 

increased from 978 to 1,870 MPa. This indicates that 

the maximum Hertzian pressure that hexadecane could 

sustain was 1,870 MPa. In order to further clarify the 

difference among hexadecane and the three dispersions, 

the wear properties are shown in Fig. 12. In general, 

as the load was increased from 10 to 70 N, the wear 

scar diameter of the balls increased. The wear scar 

diameters of the three dispersions were in the range 

of 175−400 μm, whereas that of hexadecane was in 

the range of 525−900 μm. The wear scar diameters of 

hexadecane were three times as large as those of the 

three dispersions, especially at 70 N. For hexadecane,  

 

Fig. 10 (a) and (b)TEM images of the black phosphorus nanosheets obtained at 3,000 rpm showing the nanosheets with lengths in few 
hundreds of nanometers; (c) HRTEM image of the nanosheets. 
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Fig. 11 The coefficient of friction of three dispersion at lower 
load (16C is the hexadecane, BP-16C: BP nanosheets were dis-
persed in hexadecane, GO-16C: graphene oxide were dispersed 
in hexadecane, MoS2-16C: MoS2 nanosheets were dispersed in 
hexadecane). 

 

Fig. 12 Wear properties of upper samples (ball): (a) wear scar 
diameter of balls; (b) OM. 

the wear rates significantly improved from 50 to 70 N, 

as a result of the improvement of COF in this range. 

For the three dispersions, BP-16C exhibited the smallest 

wear scar diameters at all the loads, demonstrating 

the best wear resistance as compared with GO-16C 

and MoS2-16C.  

Analyses of the worn surfaces on the lower samples 

(disk) were performed and the results are shown in 

Fig. 13. It can be observed from the SEM images that 

the wear tracks and scars under the lubrication of 

hexadecane are evident with many scratch lines and 

deep furrows visible along the sliding direction. In 

contrast, no evident scratches could be observed on 

the rubbing tracks under the lubrications of the three 

dispersions. In the case of worn morphologies, the 

wear volumes were the largest under the lubrication 

of hexadecane, whereas those under the lubrications 

of the other three dispersions were relatively close at 

70 N. At lower loads, the wear under the lubrication 

of BP-16C was minimal. For such phenomena, it is 

proposed that excess nanosheets accumulating at the 

inlet of contact area probably interrupt the supply of 

oil and entry of additive. Overall, it is feasible to 

choose BP nanosheets as oil-based lubricant additives, 

and BP nanosheets exhibit comparable lubrication 

properties with other 2D materials (e.g., GO and 

MoS2).  

6.4 Extreme pressure properties 

In this section, the load-climbing test was used where 

the normal load was first maintained at 50 N for 30 s 

during the running-in process. Subsequently, the load 

was increased to 100 N and maintained for 15 min. 

Subsequently, the load was increased by 100 N every 

2 min and the test would stop when the COF increased 

abruptly over 0.3, indicating that lubrication failure 

occurred and direct contact (even seizure) between the 

ball and the disk occurred. The load before lubrication 

failure was referred to as the highest load without 

seizure.  

In order to investigate the lubrication properties  

of the four dispersions, the load-climbing test was 

adopted to fully evaluate the ability of the three kinds 

of nanosheets to enter the contact area under high 

loads. MoS2-16C, GO-16C, BP-16C and BP-LP were 

tested for comparison, and the test temperature was 

set as 50 °C. BP-LP denotes that BP nanosheets were 

dispersed in liquid paraffin. As compared with 

hexadecane, liquid paraffin has higher viscosity. The 

COF and load over time are displayed in Fig. 14. 

Notably, the tribological test with BP-LP did not stop 

until the load reached 2,000 N, which is the highest 

load that can be provided by the tribotester, which 

indicates that the highest load with no seizure of the 

lubricant was no less than 2,000 N. The COF of the 

lubricant containing BP-16C rose abruptly when the 

load reached 1,300 N. The highest load of the lubricant 

containing GO-16C was only 800 N. The performance 

of the lubricant containing MoS2-16C was the worst 

and 600 N was its upper limit of the sustainable load. 

It is evident that BP-16C has the optimal extreme 

pressure resistance.  
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Fig. 13 Wear properties of lower samples (disc) at 70 N: (a) hexadecane; (b) BP diapered in hexadecane; (c) GO diapered in
hexadecane; (d) MoS2 diapered in hexadecane. 

 
Fig. 14 The results of the load-climbing tribological tests. The tested samples include four lubricants: (a) GO-16C: graphene oxide 
were dispersed in hexadecane; (b) MoS2-16C: MoS2 nanosheets were dispersed in hexadecane; (c) BP-16C: BP nanosheets were dispersed
in hexadecane; (d) BP-LP: BP nanosheets were dispersed in liquid paraffin; (e) Highest load with no seizure of these lubricants; (f) COF
of different samples at same time. 
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6.5 Lubrication characteristics of BP as oil-dispersible 

additives at high loads 

The extreme pressure properties of the three dis-

persions were evaluated using the load-climbing test, 

and subsequently, the lubrication properties of  

the three dispersions were evaluated using SRV4  

at different loads for 30 min. Figure 15(a) shows the 

friction properties of BP-16C at various loads, and it 

can be observed that, when the load was increased to 

400 N (the corresponding maximum Hertzian type 

pressure was 3343 MPa), the COF increased abruptly 

for the first 60 s and remained approximately constant 

thereafter. From Fig. 15(b), it can be observed that 

the steady COF decreased as the load was increased  

from 50 to 300 N. The COF increased as the load was 

increased from 350 to 400 N, and only an incremental 

rate is less than the decrease rate. From Fig. 15(c),  

the wear width and wear height also increased as  

the load was increased, and the wear rate increased 

abruptly when the load was above 350 N. In order to 

clarify the reason why the variation trends of friction 

and wear were different when the load was above 

300 N, the surface morphologies and distributions  

of elements on the worn surfaces are presented in  

Fig. 16. It can be observed that the surface morphology 

at 350 N is different from those below 350 N. In this 

case, the wear track along the sliding direction is 

examined. In the case of the element distribution,  

the concentration of Fe and C increased whereas the  

 

Fig. 15 Friction properties of BP-16C at various loads, (a) COF of BP-16C at various loads; (b) the change trend of steady friction 
coefficient; (c) wear width and wear height of lower samples (disc). 

 
Fig. 16 Surface morphology and distribution of element in worn surface: (a) 50 N; (b) 100 N; (c) 150 N; (d) 200 N; (e) 250 N; (f) 300 N;
(g) 350 N; (h) 400 N; (i) distribution of element. 
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concentration of O decreased as the load was increased 

above 300 N. This suggests that the iron and carbon 

oxides may be the reason for the decrease in friction. 

The mechanism of friction will be further discussed 

in the following section. 

The same test methods were adopted for evaluating 

the lubricating properties of GO-16C. Figure 17 shows 

the friction properties of GO-16C at various loads, and 

the steady COF decreased as the load was increased 

from 50 to 200 N, whereas the COF increased as  

the load was increased to 250 N (the corresponding 

maximum Hertzian type pressure was 2858 MPa). Two 

reasons could be proposed for such a phenomenon: 

on the one hand, the COF increased abruptly for  

the first 80 s and remained approximately constant 

thereafter; on the other hand, when the load reached 

250 N, the contact area increased and the Hertzian 

contact pressure decreased, and subsequently, the 

steady COF at 250 N decreased. Figure 17(b) summarizes 

the wear widths and wear heights of the lower samples 

(disk); the wear width and wear height also increased  

as the load was increased, and the wear rate increased 

abruptly when the load was achieved to 250 N. 

According to the definition stated previously, the 

highest sustainable load was 250 N. Figure 18 shows 

the friction properties of MoS2-16C at various loads. 

The COF for load above 150 N increased abruptly for 

the first 80 s and remained approximately constant 

thereafter. The highest sustainable load was 150 N 

(the corresponding maximum Hertzian type pressure 

was 2,411 MPa). 

6.6 Comparison of three oil-based lubrication 

additives at ultra-low concentration 

It is known that a lubrication additive can enhance 

the properties of base oil in different aspects. Usually, 

lubrication additives contain sulfur, phosphorous, etc. 

However, sulfur compounds in engine exhaust gases 

are known to poison the catalysts used in exhaust 

systems to reduce NOx emissions, and phosphorous 

is known to poison the hydrocarbon conversion 

catalysts used in those systems. Simply lowering the 

 

Fig. 17 Friction properties of GO-16C at various loads: (a) COF of GO-16C at various loads; (b) wear width and wear height of lower 
samples (disc). 

 

Fig. 18 Friction properties of MoS2-16C at various loads: (a) COF of MoS2-16C at various loads; (b) wear width and wear height of 
lower samples (disc). 
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amount is not a practical solution to the problem 

owing to the concomitant reductions of the antiwear 

properties and oxidation inhibition properties. Thus, 

the objective is to provide an engine oil for use in 

conjunction with low sulfur and phosphorous fuels 

(< 350 ppm) for enhanced emission control. Accor-

dingly, the lubrication properties of BP, GO, and 

MoS2 as additives of ultra-low concentrations will 

be investigated. 

The lubrication properties of the oil dispersions 

with BP, GO and MoS2 as additives were evaluated 

using SRV4 at 100 N for 30 min. The other experimental 

conditions were the same as the previous part, except 

that the concentration was varied. Figure 19 is the 

COFs of three dispersions as additives of various 

concentrations. The steady COF of BP-16C in Fig. 19(a) 

decreases as the concentration of the additive con-

centration was increased from 1 to 10 mg/L. However, 

when the concentration of BP-16C was decreased to 

0.5 mg/L, the COF is unstable and fluctuates between 

0.12 and 0.15. The COF curve of 0.1 mg/L BP-16C was 

different from those with higher concentrations, and 

the initial COF increased to 0.20 at the first 20 s   

and then fluctuated between 0.13 and 0.15. As the 

concentration continued to decrease, the COF increased 

abruptly during the initial period. Thus, on the basis 

of the definition of the lubrication failure in this work, 

the lowest sustainable concentration was 0.1 mg/L 

(0.1 ppm). Few layered graphene and MoS2 are also 

the layered materials which stacked along the c-axis 

by van der waals forces. In recent years, extensive 

research about the graphene oxide and MoS2 as 

lubricant additive has been conducted. To further 

evaluate the comprehensive performances of BP as 

oil based lubricant additive, the compare study of 

graphene oxide and MoS2 at ultra-low concentration 

as oil based lubricant additive are introduced. The 

COFs of GO-16C at various concentrations were shown 

in Fig. 19(b). When the concentration decreased to   

5 mg/L, the COF is instability and the initial COF 

increased to 0.6 at the first twenty seconds and then 

tended to be stable. The COF at 1 mg/L is entirely 

different from that of the higher concentration. The 

initial COF increased to 0.70 at the first twenty 

seconds and then fluctuated between 0.70 and 0.18 

until 280 s to the steady state. In general, in the   

low concentration (< 25 mg/L) as the concentration 

increased the steady state COF decreased. Thus, the 

ultra-low concentration of GO lubricant additives is 

different from that of BP. In same situation, the lowest 

bearing concentration of GO lubricant additives is   

5 mg/L (5 ppm). The COFs of MoS2-16C at various 

 

Fig. 19 Coefficients of friction (COF) of BP-16C at various concentrations: (a) COF of BP-16C below 10 mg/L; (b) COF of GO-16C 
below 10 mg/L; (c) COF of MoS2-16C below 10 mg/L; (d) Comparison of three oil-based lubrication additives at ultra-low concentration. 
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concentrations were shown in Fig. 19(c). The similar 

method was used for evaluating the ultra-low con-

centration of MoS2-16C. In the concentration from   

1 to 25 mg/L, the variety regulation of COF was not 

obvious. However, when the concentration decreased 

to 0.5 mg/L, the COF was displayed strikingly different 

behavior. At this concentration, the COF was instability 

and the initial COF was increased to 0.6 at the first 

twenty seconds and then tended to be stability. Thus, 

the lowest bearing concentration of MoS2 lubricant 

additives is 0.5 mg/L (0.5 ppm). Comparison with 

three oil-based lubrication additives at ultra-low 

concentration (Fig. 19(d)), BP-16C has best lubrication 

properties at lowest concentration, 50 times more 

lubrication properties than that of GO-16C, and 5 times 

more lubrication properties than that of MoS2-16C. 

6.7 Comparison analysis of three 2D material 

lubrication additives at 1 mg/L  

The tests in this section were also performed using  

a commercial tribotester (Optimal SRV4), and the 

mode of the test was reciprocating ball-on-disk. The 

disk was fixed and the ball was pressed onto the disk, 

and the reciprocating motion was employed with   

a stroke of 2 mm and a frequency of 50 Hz at a tem-

perature of 50 °C. The normal load was 100 N (the 

corresponding maximum Hertzian type pressure 

was 2,106 MPa). For each test, a new ball and an 

un-rubbed position of the disk were used. All the 

tribological tests were performed at least three times 

to ensure the repeatability of the experimental results. 

Both the ball and disk were made of bearing steel 

(AISI 52100); the diameter of the ball was 10 mm 

and the surface roughness (Ra) was approximately 

18.5 nm. The surface of the disk was polished and the 

roughness (Ra) was approximately 20.4 nm.  

In the previous section, the lubricating properties 

of three 2D materials—BP, MoS2 and GOas oil-based 

lubrication additives at ultralow concentration were 

investigated. The results showed that, under these 

conditions (100 N, 50 Hz, 50 °C), the lowest bearing 

concentrations of BP-16C, GO-16C and MoS2-16C were 

0.1 mg/L (0.1 ppm), 5 mg/L (5 ppm) and 0.5 mg/L 

(0.5 ppm), respectively. However, there is no direct 

comparative study among BP, GO and MoS2 as oil-based 

lubricating additives at the same concentration.    

In order to further explain the difference among the 

three 2D materials as lubricant additives at the same 

concentration, the friction and wear tests were 

conducted at 1 mg/L. Figure 20 shows the COF of the 

three 2D materials as lubrication additives. It can be 

observed that the COF of hexadecane increased to 0.8 

in the first 160 s, and thereafter entered the steady 

COF (0.18), whereas the COF of the GO at the initial 

phase was 0.14 and lasted for 55 s, suddenly increased 

to 0.7 and lasted for 145 s, and finally entered the 

steady COF (0.167). However, the COFs of BP-16C 

and MoS2-16C were basically stable and remained at 

0.140. This result indicates that BP-16C and MoS2-16C 

have similar properties of wear resistance.  

6.8 Lubrication mechanism of BP-16C 

In order to clarify the reason why the oil dispersion 

with BP-16C as the additive of ultra-low concentrations 

exhibits good lubrication abilities, the worn surfaces 

of the upper samples (balls) were analyzed by SEM 

and EDS (Fig. 21(a)). The chemical compositions of the 

friction surface mainly contained C, O, P, Cr and   

Fe. C originated mainly from the base oil (hexadecane), 

P originated from the BP nanosheet, and Cr and Fe 

mainly originated from the substrate. The content of 

BP in the black wear debris after frictional reaction 

was 1.51 wt.%, whereas less BP was observed in other 

regions of shallow color. Thus, BP was rich in wear 

debris on the surface of frictional balls, and the reaction 

film on the frictional surface mainly contained C, Fe 

and ferrous oxide. Figure 21(b) shows the sampling 

place of the worn surface using focused ion beam 

(FIB), and a Cr film and Pt layer were deposited   

on the sample surface before FIB cutting to protect  

 
Fig. 20 Compare of coefficients of friction (COF) of three 2D 
materials lubrication additive at 1 mg/L. 



132 Friction 6(1): 116–142 (2018) 

 | https://mc03.manuscriptcentral.com/friction 

 

the tribofilm. Figure 21(c) shows the TEM result of    

the specimen after fabricating using FIB. It was 

composed of a protective coating, frictional layer and 

substrate. The frictional layer had a polycrystalline 

structure (Figs. 21(d) and 21(e)), and it was mainly 

composed of black nanosheet, tiny wear debris and 

white substrate. In order to further explain the chemical 

compositions of the frictional layer, the distribution 

of the chemical elements in the frictional layer on the 

worn surfaces of balls is presented in Fig. 22. The white 

part in the frictional layer consists largely of C, and the 

black nanosheets are composed of iron oxide. The con-

tent of phosphorus is very difficult to detect in this 

situation. Thus, the frictional layer on the upper samples 

(balls) mainly consists of C, Fe and ferrous oxide.  

The SEM and TEM images of the worn surfaces 

on the disks lubricated with 75 mg/L BP-16C are 

shown in Fig. 23. Local enrichment of debris in the  

 

Fig. 22 The distribution of the chemical elements in frictional 
layer at worn surfaces of balls. 

wear track can be observed, and the thin nanosheets 

containing 3.09 wt.% phosphorus have higher content 

of phosphorus. The elements Si, Mn, and Cr originated 

from the substrate. Figure 23(b) shows the sampling 

place of the wear surface using FIB. A Cr layer was 

first deposited on the sample surface, and subsequently, 

a SiO2 layer was deposited on the sample surface 

before the FIB fabrication to protect the tribofilm. 

Thus, the effect of impurity element Pt on P can be 

significantly alleviated because their characteristic 

peaks in EDS are close. Figure 23(c) shows the TEM 

result of the specimen prepared using FIB. It can be 

observed from Fig. 23(d) that the sample is composed 

of the SiO2 layer, the friction layer and the substrate. 

The frictional layer is in homogeneously distributed, 

and the layer thickness was 20−200 nm. Dark and white 

areas were present in the frictional layer, whereas the 

chemical composition will be discussed in the following 

section. After the frictional reactions, the substrate 

exhibited various characteristics. Large plastic defor-

mation was observed in the zone near the frictional 

layer, and the nanocrystal line was present in the red 

circle 4 of Fig. 23(d). From the surface of the frictional 

film to its interior, the microstructures transformed 

from a nanocrystal line to single crystals. During  

the friction process, there was plastic displacement of 

the metal on the substrate surface and the ball surface. 

Severe plastic deformation on the surface can improve 

the surface hardness, and thus, it is helpful to improve 

the wear resistance (Fig. 23(f)). Figure 24 shows the 

 

Fig. 21 SEM and TEM images of worn surfaces on ball lubricated with BP-16C at 75 mg/L: (a) SEM images of worn surfaces on ball; 
(b) the sampling place of samples using FIB; (c) TEM specimens by preparing in FIB; (d) TEM images of worn surfaces; (e) the
selected area electron diffraction (SAED) images in the circle of (d); (f) TEM images of frictional layer. 
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distribution of the chemical elements in the frictional 

layer of the substrate (disks). It can be observed from 

the red box that the rim of the friction layer is composed 

of Cr, Si and O. The protective coating protects the 

friction layer from damage during the FIB processing. 

The friction layer consisted of Fe, O, C and P. 

Phosphorus was evenly distributed in the friction layer, 

and this result is different fromthe previous friction 

layeron the ball surface. The black nanosheets in the 

friction layer were composed of high-concentration 

Fe and O, whereas the white area was composed of 

high-concentration O and C. These results indicate 

that the friction layer was mainly composed of iron 

oxide, phosphide, and oxides of carbon. 

In order to understand the lubrication mechanism 

of BP-16C, wear particles were collected on the wear 

scar of the steel ball after the friction test and they 

were investigated using TEM and HRTEM, as shown 

in Fig. 25. A variety of debris with different shapes 

and sizes can be observed and they are flat and 

elongated particles with a typical length of 20 nm. The 

Debye-Scherrer electron diffraction pattern obtained 

for this particle presents several continuous rings 

centered at 2.127, 3.58, 3.892, 4.073, and 4.558 nm–1 

(Fig. 25(b)). Inter-reticular distances calculated for these 

new rings (0.4701, 0.2793, 0.2569, 0.2455 and 0.2194 nm, 

respectively) fit well with the distances in the Fe2O3 

structure (orthorhombic iron oxide γ-Fe2O3, JCPDS data 

 

Fig. 23 SEM and TEM images of worn surfaces on disks lubricated with BP-16C at 75 mg/L: (a) SEM images of worn surfaces on 
disk; (b) the sampling place of samples using FIB; (c) TEM specimens by preparing in FIB; (d) TEM images of worn surfaces; (e) TEM
images of substrate and the selected area electron diffraction (SAED) images; (f) TEM images of frictional layer. 

 

Fig. 24 The distribution of the chemical elements in frictional layer at worn surfaces of disks. 



134 Friction 6(1): 116–142 (2018) 

 | https://mc03.manuscriptcentral.com/friction 

 

 

Fig. 25 TEM and HRTEM images of the wear debris. 

52-1499 with cell = 0.5095 nm × 0.8789 nm × 0.9437 nm): 

0.4718 nm for {002}, 0.2798 nm for {311}, 0.2560 nm for 

{113}, 0.2452 nm for {131} and 0.2197 nm for {040}. 

The BP nanosheets and amorphous carbon were also 

discovered in this microstructure using HRTEM and 

FFT pattern. The chemical composition of the debris 

is shown in Fig. 26. The chemical analysis shows that 

the debris mainly contained four elements: Fe, O, P 

and C. The size of the BP nanosheets was varied. If the 

larger BP nanosheets could not enter the contact area, 

the distribution of the chemical elements in Fig. 27 

explains the lubrication mechanism of BP-16C. Very 

small BP nanosheets (approximately 20 nm) are shown 

in this figure and evenly distributed in the wear 

debris. This result indicates that the BP nanosheets 

entered into the contacted area, and reacted with the 

hexadecane and steel substrate. 

 

Fig. 26 The distribution of the chemical elements in wear 
debris. 

 

Fig. 27 The distribution of the chemical elements in wear 
debris. 

In order to further explain the lubrication mechanism, 

Raman and XPS analysis were performed, as shown 

in Fig. 28. In the Raman spectrums (Fig. 28(a)), it can 

be seen that as the concentration of BP in hexadecane 

decreased, the strength of the characteristic peak also 

decreased. For the wear scar of the disk lubricated 

with the base oil, the typical peaks were detected at 

656, 497, 403, 218 and 288 cm–1. Previous studies [75, 76] 

used Raman spectra for corrosion investigation of 

stainless steel and showed the characteristic peaks  

of iron oxides at ~700 cm–1 and below. Maslar et al. 

[77] investigated the in-situ Raman spectroscopic of 

aqueous iron corrosion at elevated temperatures and 

pressures, and found that the characteristic peak at 

656 cm–1 was detected, 497 cm–1 was the mixture of α- 

and γ-Fe2O3, and the characteristic peaks among 403, 

288 and 220 are all the α-Fe2O3. Thus, the Raman 

signatures in our research of the wear tracks with 

BP-16C show the signal for iron oxides (below 700 cm–1). 

The peak of 1,316 cm–1 presented C-C stretch skeletal 

vibrations [78], that’s means a protective film may 

have been formed by hexadecane in friction process. 

This lubricating film also reduced the friction and wear. 

These findings indicate that the deposition, self-repair, 

and formation of the chemical reaction film may be 

the main causes of the friction-reduction and anti-wear 

properties of BP-16C. 

XPS analysis was performed to explore the lubri-

cating mechanism of this lubrication additive. 

Figs. 28(b)−28(f) illustrate the full spectrum and curve- 

fitted XPS spectra of C1s, Fe2p, O1s, and P2p on  

the wear scar of the disk lubricated with 10 mg/L  
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BP-dispersed oil. The Fe2p peak around 710.8 eV is 

attributed to iron oxide and iron phosphate [79]. The 

Fe2p peaks around 706.7 eV is attributed to the iron 

substrate. P2p peaks at 132.4 eV is identified as PO4
3–. 

The N1s peak around 398.1 eV is attributed to organic 

amine that comes from oleylamine using as the 

modifiers of dispersion. The Fe2p3/2 at 710.8 eV and the 

O1s peak at 529.1 eV both fall in the binding energy 

ranges covered by Fe2O3 [80]. Iron carbonate may still 

be present, but the Fe2p peaks associated with Fe2O3 

completely cover the traces. The indicator that FeCO3 

was initially present is the small O1s peak at 530.9 eV 

and C1s peak at 288.1 eV. In the carbon region the 

peak at 285.8 eV attributed to the C-O bond and the 

peak at 284.4 eV attributed to the C-C/C=C bond were 

identified. This was reported to be from the tribo- 

chemical reaction of hexadecane [81, 82]. Therefore,  

it can be concluded that a tribofilm made of BP and 

iron oxides was formed on the wear scar. These oxides 

play an important role in the friction-reducing ability 

of BP-16C. 

The novel kind of oil-soluble BP nanosheets were 

prepared by phase transfer method. The tribology 

properties were evaluated by SRV-4 with ball-on-disc 

model. Schematic diagram of lubrication mechanism 

of BP nanosheets as lubrication additive was presented 

in Fig. 29. The aforementioned experimental results 

revealed that BP-16C has excellent lubrication properties 

under boundary lubrication. The lubrication mechanism  

with BP nanosheets as lubrication additives was 

concluded as follows. Firstly, when the micro peaks 

are moving each other, the ultrathin BP nanosheets 

will enter the contact area instead of being pushed 

away. When the contact pressure was applied to the 

touched micro peaks, because of the interlaminar shear 

between the few-layer the ultrathin BP nanosheets, 

they will not contact with each other directly. Secondly, 

shearing force in the hexadecane lubricant was 

another important impact factors. Finally, the plastic 

deformation of substrate was benefited for wear 

resistance. This study demonstrates that very low 

concentration of nicely dispersed BP nanosheets can 

generate the BP tribological thin film, which could  

 

Fig. 29 Schematic diagram of lubrication mechanism of black 
phosphorus as lubrication additive. 

 

Fig. 28 Raman and XPS analysis of the worn surfaces on steel disks lubricated with the various concentration of BP-16C: (a) Raman 
of the worn surfaces; (b) XPS of the worn surfaces; (c) C, (d) Fe, (e) O, and (f) P obtained from the worn surfaces at the concentration 
of 1 mg/L. 
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efficiently reduce the friction and protect the sliding 

interfaces. This promises the potential of BP-based 

lubricants for conserving energy by lowering the 

friction and reduction of material losses (wear- 

preventive property) for tribological applications. 

7 Friction properties of BP/PVDF 

composites materials 

7.1 Preparation of BP/PVDF composites 

PVDF powders were purchased from J&K Scientific 

Ltd., and BP powders were prepared using the HEMM 

method for 48 h. The weight fractions of BP in the 

composites were 0, 1%, 5%, 10%, 15% and 20%. The 

BP/PVDF composites were prepared according to the 

following steps (Fig. 30). First, a certain weight of BP 

and PVDF powders were weighed according to the 

target compositions, and subsequently wet ball-milled 

in anhydrous alcohol under argon atmosphere for 2 h. 

The milling time and speed were 2 h and 300 rpm, 

respectively. After being mixed and dried, the mixtures 

were sintered via spark plasma sintering (SPS) at 250 °C 

under a pressure of 10 MPa for 10 min in pure Ar 

atmosphere protection. A cylindrical graphite mold 

with an inner diameter of 20 mm was used. 

7.2 Characterization and friction properties of 

BP/PVDF composites 

The phase analysis of BP/PVDF composites was 

characterized using XRD with Cu-Kα radiation within 

the 2θ range of 10–90°, and the molecular structure of 

the composites was analyzed using Raman spectra. 

The wavelength of laser light was 532 nm, and the 

range of measured Raman shift was 100–1,100 cm–1.  

 
Fig. 30 Schematic diagram of preparation process of BP/PVDF 
composites. 

The morphologies of BP/PVDF composites were 

characterized using SEM. The friction test was conducted 

on a universal micro-tribotester (UMT-5), and the 

reciprocating speed was 0.03 m/s. Stainless steel balls 

of diameter 4.4 mm were used. The sliding experiments 

were performed over a period of 30 min and at the 

applied loads of 1, 3 and 5 N.  

7.3 Results and discussion 

The XRD patterns of BP, PVDF and BP/PVDF com-

posites with different BP contents are shown in 

Fig. 31(a). The XRD peaks at 2θ of 16.8°, 26.6°, 34.9° 

and 55.5° correspond to the (020), (021), (111) and (132) 

crystal planes of BP, respectively. The XRD peaks at 

2θ of 18.4°, 19.9° and 26.4° correspond to the (020), 

(110) and (021) crystal planes of PVDF, respectively. 

The XRD patterns of BP/PVDF composites prepared 

by SPS are also presented in Fig. 31(a). The three 

strongest peaks of BP are marked in the graph, 

corresponding to the (111), (112), and (132) crystal 

planes. All the patterns of BP/PVDF composites show 

(111) peaks similar to that of pure BP, and the peak 

intensity increases with the increase in BP content. 

However, the (112) and (132) peaks cannot be clearly 

observed in the composites. The Raman spectroscopies 

of BP, PVDF, and BP/PVDF composites with different 

BP contents are presented in Fig. 31(b). In BP, the peaks 

of 359 cm–1, 436 cm–1 and 462 cm–1, corresponding to 
1

g
A , 

2g
B  and 2

g
A  phonon modes, respectively, can be 

observed. The strongest peak of PVDF was observed 

at 796 cm–1. The Raman spectra of BP/PVDF com-

posites with different BP contents are also shown in 

Fig. 31(b). In all the composites, the characteristic 

peaks of BP were also presented, and moreover,    

as the content of BP in the composites increased,   

 

Fig. 31 (a) XRD patterns of BP, PVDF and BP/PVDF com-
posites with different BP contents; (b) Raman spectra of BP, PVDF, 
and BP/PVDF composites with different BP contents. 
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the intensities of peaks increased correspondingly.  

Figure 32 shows the SEM images of the composites 

with BP contents of 15 wt.% and 20 wt.%. The BP 

particles were properly dispersed in the PVDF matrix, 

and the size of the BP particles increased with the 

increase in the content of BP. However, the BP particles 

in the composites tended to aggregate with the increase 

in content of BP. 

The mean COF value of BP/PVDF composites as a 

function of BP content and applied load are shown  

in Fig. 33. Under a constant applied load, the COF 

increased with the increase in the BP content, and 

reached the highest value when the BP content was 

approximately 10 wt.%. However, the COF value 

decreased rapidly as the content of BP was increased 

further. It is shown in Fig. 34 that, when the BP 

content in the BP/PVDF composite is lower than   

10 wt.%, the addition of BP filler destroys the semi- 

crystalline structure of PVDF, resulting in the decrease 

of the yield strength, and correspondingly the COF of 

the composite decreases. In the case of the composite 

with BP content larger than 10 wt.%, the BP filler 

plays a more important role in the lubricating process. 

In order to demonstrate the results of this analysis, 

the wear scar region was analyzed using the Raman 

spectrometer. As shown in Fig. 35, the Raman spectra  

 

Fig. 32 SEM micrograph of composites with BP content of (a) 
15 wt%; (b) 20 wt%. 

in the wear scar and on the surface of the composite 

show similar peaks at 362 cm–1, 432 cm–1 and 461 cm–1 

owing to the BP filler, and at 794 cm–1 owing to the 

PVDF. This indicates that chemical reactions did not 

occur during the sliding process. Therefore, it can be 

inferred that the improvement of friction properties 

is ascribed to the increasing amount of BP filler and 

its lubricating properties. 

However, the COFs of BP/PVDF composites with 

certain BP contents decreased with the increase in 

applied load. Considering the composite with 10 wt.% 

BP content as an example, the COF value decreased 

from 0.32 to 0.24 when the load increased from 1 to 5 N. 

A possible explanation is that the friction surface 

experienced not only plastic deformation but also 

elastic deformation [5]. In this case, the COF is inversely 

proportional to applied load, and shows a decreasing 

trend with the increase in load. Figure 36 shows the 

wear rate of BP/PVDF composites at different applied 

loads as a function of BP content. It can be observed 

that, under a certain applied load, the wear rate 

decreases rapidly with the increase in the content   

of BP filler. For instance, when the load was 5 N,   

 

Fig. 33 The mean friction coefficient as a function of BP content 
under different loads. 

 
Fig. 34 Schematic diagram of the friction process of composites with different BP contents: (a) neat PVDF; (b) low BP content; (c) high
BP content. 
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Fig. 35 Raman spectra of wear scar and surface of composites 
with BP content of 15 wt%. 

 

Fig. 36 Wear rate of BP/PVDF composites at different applied 
loads. 

the wear rate reduced from 8.6 × 10–4 mm3/(N·m) to 

2.5 × 10–5 mm3/(N·m) with the BP filler increasing from 

0 to 20 wt.%. This indicates that the addition of BP 

filler is beneficial to the reduction in the wear loss of 

the composites. 

8 Conclusion and outlook 

In this work, the synthesis of BP nano-powders using 

the HEEM technique, modification of BP nanosheets 

as water-based and oil-based lubricant additives and 

the tribological characteristics of few-layer BP nano-

sheets have been systematically studied. Moreover, 

the tribological characteristics of MoS2 and GO 

nanosheets as oil-based lubricant additives were  

also investigated for comparison. Furthermore, the 

tribological properties of polymeric composites with 

BP as the filler were also investigated. It was observed 

that, owing to the oxidation process in ambient environ-

ment, the Raman intensities at different air exposure 

times decreased initially and subsequently remained 

steady owing to the formation of oxidation layers, 

resulting in the increase in friction in the microscale. 

For the use of BP nanosheets as oil-based lubricant 

additives, the BP dispersions showed similar lubrication 

properties at low loads, whereas the BP dispersions 

exhibited outstanding resistance to extreme pressure 

and bearing capacity at high loads. For BP/PVDF 

composites, when the BP content was larger than 10%, 

the improvement of friction properties was more 

apparent, and the addition of BP could enhance the 

wear resistance of BP/PVDF composites. 

In spite of the current progresses of the tribological 

properties of BP, several challenges still remain. First, 

the methods for cost-effective mass production of BP 

nanomaterials are still required. Second, while the small 

lateral size (<1 μm2) of most nanosheet dispersions  

is sufficient for many technologies in tribological 

applications, larger flake size is more desirable for 

lubrication additives applications. Third, further work 

on the ultra-low friction properties of BP-based lubricant 

or composite is necessary. 
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