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Abstract: Nickel (Ni) nanoparticles can be enriched on the surface of iron-based frictional pairs, which provides 

the possibility to get rid of the competitive adsorption between the polar species of vegetable oil and the 

surface-active nano-additives thereon. In this paper, nickel acetylacetonate was used as a precursor to in-situ 

synthesize nickel nanoparticles with an average diameter of about 12 nm in rapeseed oil (RO) as the reducing 

agent, surface modifier, and solvent as well. The tribological properties of the as-synthesized Ni nanoparticles 

were evaluated with a four-ball tribometer, and their tribomechanism was investigated based on the 

characterizations of the tribofilm on rubbed steel surfaces by the scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). It was found that the Ni 

nanoparticles in-situ prepared in the RO with a mass fraction of 0.3% can reduce the wear scar diameter (WSD) 

of the steel ball by 36%. This is because, on the one hand, the Ni nanoparticles are adsorbed on the rubbed steel 

surfaces to repair or fill up the micro-pits and grooves thereon. On the other hand, Ni nanoparticles participate 

in tribochemical reactions with atmospheric O and steel substrate to form the tribochemical reaction film on 

the rubbed steel surfaces with the assistance of friction-induced heat and applied normal load. In addition, an 

amorphous carbon film is formed on the rubbed surface via the carbonization of base oil under the catalysis 

of Ni nanoparticles. The adsorbed Ni layer, the tribochemical reaction film, and the carbon layer comprise a 

composite tribofilm composed of amorphous carbon, polar fatty acid, metallic nickel, iron oxides, and nickel 

oxides on the rubbed steel surfaces, which contributes to significantly improving the antiwear ability and 

load-carrying capacity of the RO for the steel–steel sliding pair. 
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1  Introduction 

With the increasing attention to environmental 

protection worldwide, the demand for environment- 

friendly lubricants will inevitably continue to increase 

[1–5]. Therefore, the exploration, development, and 

application of environment-friendly lubricants are 

required for the sustainable development of human 

society. However, environment-friendly lubricants 

are facing a variety of concerns in engineering, 

mainly due to their fair tribological properties and 

biodegradability as well as undesired toxicity. 

Vegetable oils, mainly composed of saturated fatty 

acids with 12–18 carbons and unsaturated fatty acids 

with 1–3 double bonds, have excellent biodegradability 

and are potential base stocks of environment-friendly 

lubricants. The unsaturated fatty acids, unfortunately, 

may deteriorate the thermo-oxidative stability    

of vegetable oils and reduce their lubrication 

efficiency [6–8]. Therefore, it is urgent to seek for novel 
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high-performance lubricant additives in order to 

improve the thermo-oxidative stability and lubricity 

of vegetable oils. In this respect, nanoparticles without 

phosphorus, sulfur, and other environment-unfriendly 

triboactive elements are of particular significance, 

since they could improve the tribological properties 

of base oil through sliding, rolling, polishing, filling, 

and other lubrication mechanisms or participating in 

tribochemical reactions [9–12]. Karthikeyan et al. [13] 

reported that the dispersions of MoS2 (0.7%, mass 

fraction) in castor oil and olive oil can reduce the 

wear of pin-on-disc contact to some extent but have 

nearly no effect on the friction-reducing ability of  

the two kinds of base oil. Alves et al. [14] claimed 

that ZnO and CuO nanoparticles as the additives in 

vegetable base lubricants (such as soybean oil and 

sunflower oil) are not beneficial to wear reduction, 

possibly due to the competitive adsorption of the polar 

vegetable oil on the rubbed metal surface. In other 

words, the polar fatty acid in vegetable oil competes 

with nanoparticles in terms of their adsorption on the 

rubbed metal surface, which makes nanoparticles exert 

the third-body behavior and undergo antagonism with 

the vegetable oil, thereby damaging the tribological 

properties of the lubricants. 

This drawback of nanoparticles, fortunately, could 

be eliminated by incorporating proper organic 

molecules onto the surface of nanoparticles to 

achieve surface chemical modification. Chen et al. [15] 

pointed out that the encapsulation of cerium borate 

nanoparticles with stearic acid contributes to improving 

the friction-reducing and antiwear properties of 

rapeseed oil (RO). The reason lies in that the surface- 

capped cerium borate nanoparticles and the polar 

species of RO are jointly adsorbed on the rubbed metal 

surface, while they also take part in tribochemical 

reactions to form a composite boundary lubricating 

film composed of CeO2, Fe2O3, etc. Jiang et al. [16, 17] 

carried out secondary modification of oleylamine- 

modified WS2 nanoparticles with maleic anhydride 

monododecyl ester, and they successfully improved 

the surface polarity of the WS2 nanoparticles and the 

tribological properties of ester oils by making use   

of the dual surface-modification technique. However, 

the introduction of the polar modifier often leads to 

significant increases in the polarity of the nanoparticles 

and the acid value of the lubricating oil, which is 

unfavorable for reducing the corrosion and wear of 

the frictional pair. This reminds us that it could be 

essential to getting rid of the negative influences of 

the surface modifiers applicable to in-situ surface- 

modification of inorganic nanoparticles. 

Because of the unique magnetism properties, 

nickel (Ni) nanoparticles as lubricant additives are 

easily adsorbed on the surface of frictional pair to 

form a protective film, thereby greatly improving the 

antiwear performance of the base oil. Meng et al. [18] 

synthesized a nickel/multi-walled carbon nanotube 

nanocomposite as a lubricant additive through the 

chemical reduction route in a supercritical carbon 

dioxide fluid, and they found that the as-synthesized 

nanocomposite dispersed in 500N mineral oil with a 

concentration of about 0.20% contributes to reducing 

the coefficient of friction (COF) and wear rate by 

44.2% and 56.4%, respectively. Tu et al. [19] reported 

that the carbon quantum dot-doped nickel (Ni–CQD) 

as an additive can significantly reduce the friction 

and wear of polyethylene glycol, which is related 

to the formation of a tribofilm upon tribochemical 

reactions of Ni–CQD. We found in Refs. [20, 21] that 

ellipsoidal and cubic nickel nanoparticles modified 

by oleylamine as the additives for poly-alpha-olefin 

(PAO) and diisooctylsebacate (DIOS) base oils can 

significantly reduce the COFs and wear rates of 

steel–steel sliding pairs. More importantly, the 

surface-capped Ni nanoparticles as the additive of the 

polar DIOS base oil show an obvious negative wear 

phenomenon and can in-situ repair the worn steel 

surfaces under a magnetic field. 

Currently available methods for preparing nickel 

nanoparticles mainly cover physical routes and 

chemical routes. Commonly used physical methods 

for preparing Ni nanoparticles mainly include the 

plasma method [22], ultrasonic-aided electrical discharge 

erosion method [23], and high-energy ball milling 

method [24], but these methods have obvious 

disadvantages such as high cost, large sample size, as 

well as easy oxidation, uneven particle size distribution, 

and easy agglomeration of product. The representative 

chemical methods are the liquid reduction method [25] 

and thermal decomposition method [26]. The target 

products prepared by the liquid reduction method  
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have a low yield and are easy to agglomerate, while 

those obtained by the thermal decomposition 

method require higher reaction temperatures and 

often accompany by environmentally unacceptable 

by-products. Since traditional preparation methods 

of nickel nanoparticles are usually complicated   

and less cost-effective in association with poor 

environmental acceptance, it is imperative to establish 

environment-friendly, facile, and easily-scalable route 

to fabricating nickel nanoparticles [27]. 

In this research, nickel nanoparticles were in-situ 

synthesized in RO by a simple and convenient 

liquid-phase method. With nickel acetylacetonate as 

the nickel source and RO as the reducing agent as 

well as the modifier and solvent, the as-synthesized 

product can be directly used as the RO-based lubricant 

additive, which is favorable for reducing the cost 

and for environmental protection as well. This paper 

deals with the preparation of the Ni nanoparticles 

via the in-situ reduction of nickel acetylacetonate in 

RO. Aiming at providing new opportunities for the 

development and application of vegetable oil-based 

nanolubricants, it also discusses the tribological 

properties and lubrication mechanism of the as- 

synthesized nickel nanoparticles in relation to worn 

surface characterizations by a variety of modern 

analytical facilities. 

2 Experimental 

2.1 Chemicals 

Nickel acetylacetonate (analytical grade) was 

supplied by Shanghai Aladdin Biochemical Technology 

Co. Ltd. RO (food grade) was ordered from Shanghai 

Fulinmen Food Co. Ltd. Analytical grade n-hexane 

was provided by Tianjin Kermel Chemical Reagent 

Co. Ltd. All chemicals were directly used without 

further purification. 

2.2 In-situ synthesis of nickel nanoparticles in RO 

The schematic diagram for the in-situ synthesis of Ni 

nanoparticlesin RO is displayed in Fig. 1. In brief, 

0.38 g of nickel acetylacetonate and 30 mL of RO are 

poured into a 50 mL three-necked flask and heated 

with an electric heating jacket at a heating rate of    

5 °C/min. Under mechanical stirring and nitrogen 

protection, the color of the solution gradually changes 

from green to yellow in the temperature range of 

120–135 °C and from yellow to black in the temperature 

range of 135–190 °C, and it turns into black completely 

after being held at 200 °C for 30 min. At the end of 

the reaction, the black solution is centrifuged and 

washed three times with n-hexane to obtain black Ni 

nanoparticles, the target product denoted as RO–Ni. 

2.3 Characterization 

The as-prepared nickel nanoparticles were characterized 

by the X-ray diffraction (XRD; DX-2700BH, Haoyuan 

Instruments, China; operating at 40 kV and 30 mA 

over the 2θ range of 35°–85°) with Cu-Kα radiation 

as the excitation source. The morphologies of nickel 

nanoparticles were examined by a transmission electron 

microscopy (TEM; JEM2100Plus, JEOL, Japan) working 

at 200 kV, and the statistical analysis of the particle 

size based on the TEM photographs was conducted 

with the Nano Measurer software (Version 1.2, Fudan  

 

Fig. 1 Schematic diagram of nickel nanoparticles in-situ synthesized in rapeseed oil. 
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University, China). Their chemical features were 

analyzed by the Fourier transform infrared (FTIR) 

spectroscopy (VERTEX 70, Bruker, Germany), and their 

thermal stability was evaluated by the thermogravimetric 

analysis (TGA) from room temperature to 700 °C at a 

heating rate of 10 °C/min under a nitrogen atmosphere. 

2.4 Friction and wear tests 

The tribological properties of the as-prepared Ni 

nanoparticles in RO were determined by a four-ball 

tribometer (MS-10A, Tenkey China). As shown in  

Fig. 2, the antiwear ability of RO–Ni is evaluated 

by measuring the average diameter of the circular  

wear scar on the three bottom stationary balls with  

a charge-coupled device (CCD) sensor, and its 

lubricating performance is evaluated by monitoring 

the produced friction torque. The GCr15 steel balls 

with an elastic modulus of 207 GPa, a reduced elastic 

modulus (E′) of 228 GPa, and a Poisson’s ratio of 

0.30 were used to assemble the steel–steel sliding pair. 

According to the Chinese Petrochemical Industry 

Standard NB/SH/T 0189-2017, the sliding tests were 

run at a rotation speed of 1,200 r/min and a normal 

load of 392 N (Hertzian pressure: 2.30 GPa) for     

60 min. Each sliding test was repeated for at least    

3 times, and the average values were calculated and 

reported in this article. The COF was measured and 

recorded automatically by the software of the test 

rig, and the wear scar diameters (WSDs) of the three 

bottom balls were measured with the CCD sensor. 

Moreover, the steel balls were fully cleaned with 

petroleum ether under an ultrasonic vibration and 

used for characterizations. 

A white light interferometer (CounterGT-K, Bruker, 

Germany) was performed to analyze the three- 

 
Fig. 2 Schematic of four-ball tribometer. 

dimensional (3D) morphologies of the wear scars. 

The morphologies and element compositions of the 

worn steel surfaces were analyzed by the scanning 

electron microscopy (SEM; Gemini SEM 500, Carl 

Zeiss, USA) equipped with an energy dispersive 

spectroscopy (EDS) accessory. An X-ray photoelectron 

spectroscopy (XPS; ESCALAB 250Xi, Thermo Scientific, 

USA) was used to analyze the chemical composition 

and chemical state of the tribofilm formed on the worn 

steel surface, and the binding energy of the carbon 

contaminant (C 1s: 284.8 eV) was used as a reference. 

A focused ion beam (FIB) system was employed to 

prepare the cross-sectional sample of the tribofilm  

on the wear scar, and the wear scar was ion plated 

with a Pt layer so as to get rid of the damage to    

the tribofilm upon the FIB processing. Moreover, the 

structure and chemical composition of the tribofilm 

were examined by the TEM equipped with an EDS 

attachment. 

3 Results and discussion 

3.1 Characterization of nickel nanoparticles 

Figure 1 schematically presents the in-situ synthesis 

of Ni nanoparticles in RO. A major highlight of the 

present approach is that it adopts RO as the reducing 

agent, modifier, and solvent as well. With the increasing 

reaction temperature and time, the fatty acid chains 

of RO may break apart, producing a series of shorter 

chain aldehydes, ketones, alcohols, acids, and other 

decomposition products [28, 29]; some decomposition 

products such as aldehydes and alcohols act as   

the reducing agents. This makes it feasible to in-situ 

reduce nickel acetylacetonate precursor into Ni 

nanoparticles in a facile and green manner, which 

could be particularly valuable for the development  

of novel high-performance green lubricants, thanks 

to the desired biodegradability, environmentally 

friendliness, abundance, and good availability of RO. 

After the introduction of nickel acetylacetonate, the 

light yellow RO turns into green, and the color of the 

reaction solution further turns to yellow and black 

gradually with the increasing reaction temperature. 

Upon completion of reaction, the RO containing 0.3% 

(mass fraction) Ni nanoparticles remains uniform 

and black and shows no sign of precipitation after 
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being left undisturbed at room temperature for 20 d, 

and the as-synthesized Ni nanoparticles have a certain 

degree of response to external magnets (Fig. 3). This 

indicates that they exhibit good dispersion stability 

in the RO and some magnetism as well. 

Figure 4 shows the typical XRD pattern of the 

in-situ synthesized nickel nanoparticles in RO. A 

comparison with the standard card (PDF#87-0712) in 

Raney Ni demonstrates that the in-situ synthesized 

Ni nanoparticles can be assigned to a face-centered 

cubic (fcc) nickel structure, and their diffraction peaks 

at 44.57°, 51.88°, and 76.45° are ascribed to the (111), 

(200), and (220) crystal planes of the fcc-Ni, respectively 

[30, 31]. This means that the nickel nanoparticles 

in-situ synthesized in RO consist of a highly pure 

fcc-Ni crystal. In addition, the XRD spectrum was 

fitted by Origin software (Pro 9.0, OriginLab, USA) to 

obtain the full width at half maximum (FWHM, β) of 

each peak (0.8563, 1.3517, and 1.4093 rad), and then 

the average crystal size (D) is calculated to be 7.9 nm 

according to the Scherrer equation (Eq. (1)).  

cos

K
D


 

                 (1) 

where K (taken as 0.9) is the Scherrer constant,      

(= 0.15406 nm) is the wavelength of the X-ray source, 

and θ is the peak position (in rad). 

The as-synthesized nickel nanoparticles are of a 

spherical shape, and their average particle diameter 

increases with the increasing reaction temperature. 

When the reaction temperature exceeds 210 °C, the 

as-obtained Ni nanoparticles have a relatively broad 

particle size distribution and tend to agglomerate at a 

certain degree (Fig. S1 in the Electronic Supplementary 

Material (ESM)). Furthermore, with the increase of 

the reaction time, the particle size also increases 

 

Fig. 3 Optical microscopic images of rapeseed oil containing 
0.3% Ni nanoparticles. 

(°)  

Fig. 4 XRD pattern of nickel nanoparticles in-situ synthesized 
in rapeseed oil. 

gradually, due to the Ostwald ripening phenomenon 

(Fig. S2 in the ESM). Based on a series of comparative 

tests, the optimized reaction temperature and 

time for the in-situ synthesis of Ni nanoparticles are 

determined to be 200 °C and 30 min, respectively. 

Figure 5 presents the TEM images and particle size 

distribution of nickel nanoparticles prepared under 

the optimal reaction condition. It can be seen that 

they exhibit an average particle size of 12.2 nm as 

well as a narrow particle size distribution and good 

dispersibility. This could be because the high content 

of polar fatty acids in RO not only functions to modify 

the surface of nickel nanoparticles but also limits the 

growth and agglomeration of Ni nanocrystal during 

the in-situ reduction of nickel acetylacetonate by RO. 

Furthermore, the average particle size obtained by 

the TEM method is larger than the D determined   

by means of the XRD method, indicating that the 

as-prepared Ni nanoparticles are not single crystals, 

and the particles observed by the TEM are composed 

of multiple crystal grains. 

The FTIR analysis of Ni nanoparticles and RO is 

carried out to analyze their chemical compositions. As 

shown in Fig. 6, the absorbance peak at 3,471.6 cm−1 is 

attributed to the stretching vibration of the dimerized 

hydroxyl (–OH) of RO, the absorbance peaks at 

2,946.6 and 2,857.3 cm−1 correspond to the methyl 

(–CH3) and methylene (–CH2–) stretching vibrations 

of RO, respectively, and the bending vibration of 

C–H at 1,456.0 cm−1 was due to the presence of –CH3. 

Besides, the absorbance peak at 1,745.4 cm−1 is assigned 

to C=O, and the peak at 1,161.3 cm−1 corresponds to 

the C–O stretching vibration in saturated aliphatic,  
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Fig. 6 FTIR spectra of nickel nanoparticles in-situ synthesized 
in rapeseed oil. 

indicating the presence of ester bonds. The peak at 

1,656.3 cm−1 is ascribed to the stretching vibration of 

C=C [32], and the peak at 724.5 cm−1 corresponds to 

the in-plane rocking vibrations of –(CH2)n– (n is equal 

to and above 4) [33, 34]. This proves that the RO is 

mainly composed of saturated and unsaturated fatty 

acids. Different from that in the FTIR spectrum of 

RO, the intensity of the peak at 1,744.0 cm−1 in the 

FTIR spectrum of Ni nanoparticles is significantly 

weaker than that of the peak at 1,745.4 cm−1 in RO, 

which indicates the cleavage of the ester bond in the 

triglyceride structure. Furthermore, two new bands 

at 1,561.6 and 1,421.4 cm−1 appeared, and thus they 

were attributed to the asymmetric –COO− and symmetric 

–COO− stretching vibration bands, respectively. 

These results confirm that the carboxyl groups in RO 

are chemically bonded to the surface of the Ni metal 

to form mono-dentate carboxylates or bidentate 

carboxylates [35, 36]. 

The TGA curve of the nickel nanoparticles in-situ 

synthesized in RO is presented in Fig. 7. It is also 

divided into three stages according to the thermal 

decomposition of RO (Fig. S3 in the ESM) [37]: In the 

first stage, the nickel nanoparticles have an obvious 

weight loss in the temperature range of 288–380 °C, 

in which the weight loss of 31% is attributed to    

the decomposition of the polyunsaturated fatty acid 

modified on the surface of nickel nanoparticles. The 

slow weight loss (about 7%) at the second stage in  

the temperature range of 380–480 °C is due to the 

decomposition of monounsaturated fatty acids. And 

the third decomposition stage in the temperature range 

of 480–560 °C is related to the thermal decomposition 

of the saturated fatty acids; when the temperature 

exceeds 560 °C, the TGA curve is similar to that of 

RO (Fig. S3 in the ESM) and remains stable, which 

indicates that the organic species on the surface of the 

Ni nanoparticles are completely decomposed thereat. 

From the thermal analysis results, the content of 

the fatty acid on the surface of the in-situ synthesized 

nickel nanoparticles in RO is estimated to be 44%. 

°  

Fig. 7 TGA curve of nickel nanoparticles in-situ synthesized in 
rapeseed oil. 

 

Fig. 5 TEM images and particle size distribution of Ni nanoparticles in-situ synthesized in rapeseed oil. 
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3.2 Tribological properties 

Figure 8 presents the COFs and WSDs of the steel– 

steel contact under the lubrication of RO with 0.3% 

nickel nanoparticles prepared at different reaction 

temperatures (the reaction time is fixed at 30 min). 

Compared with neat RO, the RO containing 0.3% Ni 

nanoparticles prepared at different temperatures 

lead to a certain degree of the increase in the    

COF (Fig. 8(a)). Namely, the average COF under   

the lubrication of RO is about 0.064 (Fig. 8(b)), and 

that under the lubrication of RO with 0.3% nickel  

 

Fig. 8 COFs and WSDs of steel–steel contact lubricated by 
rapeseed oil with 0.3% Ni nanoparticles prepared at different 
reaction temperatures: (a) COF vs. time, (b) average COFs, and 
(c) average WSDs (four-ball machine, load: 392 N; rotation speed: 
1,200 r/min; temperature: 75 °C; additive concentration: 0.3%; and 
sliding duration: 3,600 s). 

nanoparticles prepared at different reaction 

temperatures (190–220 °C, at an interval of 10 °C) is 

around 0.090 (increased by about 40%, as compared 

with the one for RO alone). This could be because 

the Ni nanoparticles and the RO base oil are adsorbed 

and deposited on the rubbed steel surface to generate 

a boundary lubrication film with higher shear strength 

and/or surface roughness than the steel substrate [38]. 

Besides, the as-synthesized Ni nanoparticles with a 

dosage of 0.3% in the RO exhibit improved antiwear 

performance for the steel–steel contact (Fig. 8(c)), and 

the Ni nanoparticles in-situ synthesized in the RO 

under reaction temperatures of 200, 210, and 220 °C 

have similar antiwear ability therein. This could still 

be due to the deposition of nickel nanoparticles on 

the rubbed surfaces of the steel–steel contact. Namely, 

the as-deposited Ni nanoparticles function to fill up 

the micro-pits and grooves on the rubbed steel surfaces, 

thereby achieving the self-healing of the worn steel 

surface in association with the formation the boundary 

lubrication film thereon. The minimum WSD (0.49 mm) 

is achieved under the lubrication of RO with 0.3% Ni 

nanoparticles prepared at 200 °C (reduced by about 

36%, as compared with 0.77 mm, the WSD under the 

lubrication of RO alone). After the reaction temperature 

exceeds 200 °C, the as-synthesized Ni nanoparticles 

exhibit similar antiwear performance. Therefore, the 

optimal reaction temperature for preparing nickel 

nanoparticles is 200 °C. 

Figure 9 depicts the variations in the COF and 

WSD of the steel–steel contact lubricated by the RO 

containing 0.3% Ni nanoparticles with the reaction 

time (the reaction temperature is fixed at 200 °C). As 

compared with the COF–time curve of the steel–steel 

sliding pair lubricated by RO alone, the COF–time 

curves of the same frictional pair lubricated by RO 

with 0.3% Ni nanoparticles obtained at reaction time 

of 30, 60, 90, 120, 150, and 180 min remain relatively 

high and stable (Fig. 9(a)). The average COF increases 

from 0.064 (for RO alone) to 0.094 for RO with 0.3% 

Ni nanoparticles (Fig. 9(b)). Furthermore, the Ni 

nanoparticles in-situ synthesized under different reaction 

time can also improve the antiwear performance of 

the RO base oil for the steel–steel contact, similar to 

those fabricated under different reaction temperatures. 

Here, the minimum WSD emerges under the lubrication 

of RO with 0.3% Ni nanoparticles obtained at a reaction  
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Fig. 9 COFs and WSDs of steel–steel contact under lubrication 
of rapeseed oil containing 0.3% Ni nanoparticles obtained at 
different reaction time: (a) COF vs. time, (b) average COFs, and 
(c) average WSDs (the sliding conditions are the same as those  
of Fig. 8, except for reaction time of 30–180 min with an interval 
of 30 min). 

time of 30 min, which implies that the optimal reaction 

time for the in-situ synthesis of Ni nanoparticles in 

RO could be recommended as 30 min. In general, the 

Ni nanoparticles in-situ obtained in the RO base  

oil under different reaction duration exhibit similar 

antiwear ability, but that obtained at extended reaction 

duration of 3 h has relatively poor antiwear ability. 

This could be due to the Ostwald ripening phenomenon 

of Ni nanoparticles upon prolonged growth: The Ni 

nanoparticles grown at extended reaction duration 

would have a slightly increased particle size (Fig. S2 

in the ESM), thereby adding to the abrasive wear of 

the steel–steel sliding pair. 

Figure 10 shows the COFs and WSDs of the 

steel–steel contact lubricated by RO containing different 

concentrations of Ni nanoparticles in-situ synthesized 

under the optimal reaction condition (200 °C and   

30 min). The COFs under the lubrication of RO with 

0.1%, 0.5%, and 0.7% Ni nanoparticles are similar   

to that under the lubrication of RO alone (0.064).  

The COF under the lubrication of RO with 0.3% Ni 

nanoparticles is lower than that under the lubrication 

of RO alone in the first 350 s of the friction process,  

 

Fig. 10 COFs and WSDs of steel–steel contact lubricated  
by rapeseed oil containing different concentrations of nickel 
nanoparticles: (a) COF vs. time, (b) average COFs, and (c) average 
WSDs (the sliding conditions are the same as those of Fig. 8, except 
for additive concentrations of 0.1%, 0.3%, 0.5%, and 0.7%). 
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and then it gradually increases and stays at a high 

level of 0.087. Even worse, RO with 0.1%, 0.5%, and 

0.7% Ni nanoparticles exhibit poorer antiwear 

ability than RO; and fortunately, RO with 0.3% Ni 

nanoparticles can significantly reduce the wear of the 

steel–steel contact. At this stage, we guess that the 

proper amount of Ni nanoparticles in-situ synthesized 

in RO can promote the occurrence of the tribochemical 

reaction on the rubbed steel surface, thereby influencing 

the lubrication behavior of the boundary lubrication 

film. Further research in this respect will be conducted 

in the following work. 

Furthermore, the minimum oil film thickness (hmin) 

is estimated according to the well-known Hamrock– 

Dowson equation, as described by Eq. (2), where  

the hmin is dependent on various factors such as  

speed, applied load, and material parameter. The 

corresponding lubrication state can be approximately 

predicted according to the film thickness ratio (λ),  

as shown in Eq. (3). The hmin for RO calculated 

from Eq. (2) is 0.021 μm (for the specific calculation 

process, please see in Section S3 in the ESM). The 

surface roughness of the steel ball (
1q

R  and 
2q

R ) are 

both 0.025 μm, and the λ for RO is calculated to be 

0.7, which demonstrates that the steel–steel sliding 

pair lubricated by RO stays in the boundary lubrication 

regime. 

* 0.49 * 0.68
0.68

min * 0.073

( )
3.63 (1 e )

( )

( ) k

x

G U
h R

W

       (2) 

1 2

min

2 2

q q

h

R R
 


               (3) 

In Eq. (2), Rx is the equivalent radius of the ball  

that can be described by the Hertz contact theory,  

G* is the dimensionless material parameter, U* is 

the dimensionless speed parameter, and W* is the 

dimensionless load parameter. In addition, k is the contact 

ellipticity ratio, which is 1.03 in the four-ball test. 

3.3 Analysis of worn surfaces 

Figure 11 illustrates the SEM images and 3D 

topography of the wear scar on the lower steel balls 

lubricated by RO with 0.3% Ni nanoparticles prepared 

under the optimal reaction condition. The wear  

scar under the lubrication of RO alone is large and 

contains many wide and deep furrows and scratches 

(Fig. 11(a1–a3)), and the one under the lubrication  

of RO with 0.3% Ni nanoparticles is small and contains 

narrowed furrows as well as shallow scratches  

Fig. 11(b1–b3). The corresponding two-dimensional (2D) 

topography demonstrates that the wear scar under 

the lubrication of RO with 0.3% Ni nanoparticles is 

shallower and relatively smoother than that under 

the lubrication of RO alone oil (Fig. 12). Moreover, 

some small pits are visible on the wear scar lubricated 

by RO with 0.3% Ni nanoparticles, which could be due 

to a certain degree of abrasive wear caused by the 

aggregates of Ni nanoparticles under the Hall–Page 

effect [39]. 

 

Fig. 11 SEM images (a1, a2, b1, b2) and 3D topography (a3, b3) of wear scars on lower steel ball lubricated by (a1–a3) rapeseed oil 
and (b1–b3) rapeseed oil with 0.3% Ni nanoparticle (the sliding conditions are the same as those of Fig. 8). 
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Fig. 12 2D topography of worn surface of lower steel ball (the 
sliding conditions are the same as those of Fig. 8). 

Figure 13 presents the EDS element distributions 

on the wear scars under the voltage of 15 kV, which 

provides enough energy to excite electrons in the K 

shell of Ni, exhibiting greater intensity than the L line. 

As can be seen in Fig. 13(a), the O and C elements 

are present on the worn surface of the steel ball 

lubricated by RO alone, which indicates that the fatty 

acid components of neat RO can form the adsorbed 

film on the rubbed steel surface to reduce the friction 

and wear of the steel–steel sliding contact. Aside from 

the O and C elements, there is also a large amount of 

Ni element (5.58%) on the worn surface of the steel 

ball lubricated by RO with 0.3% Ni nanoparticles  

(Fig. 13(b) and Table 1). Furthermore, as seen in   

Fig. 13 and Table 1, there are C, O, and Ni elements 

enriched on the rubbed surface of the steel ball. This 

demonstrates that the lubricant consisting of RO  

and in-situ prepared Ni nanoparticles can form an 

adsorbed film composed of C, O, and Ni elements 

with good coverage on the rubbed steel surface. 

The cross-sectional tribofilm on the worn steel 

surface lubricated by RO containing 0.3% nickel 

nanoparticles is further analyzed by the TEM–EDS. 

As shown in Fig. 14(a), the tribofilm is continuous and 

has a thickness of about 85 nm. The high-resolution 

TEM (HRTEM) image of region m in Fig. 14(a) is 

shown in Fig. 14(b), where region A, the carbon-rich 

layer, is of an amorphous structure, and the 

nanocrystals in region B exhibit spacings of 0.21 and 

0.24 nm, corresponding to the (111) planes of nickel 

and nickel oxide, respectively. Besides, the nanocrystal 

with an interplanar spacing of 0.39 nm refers to the 

crystalline carbon structure. The corresponding line 

scan (along the direction from the Pt protective layer 

to the steel substrate) and surface scan of area n in 

Fig. 14(a) are shown in Figs. 14(c)–14(e). In Figs. 14(c) 

and 14(d), the line scan area is divided into four 

regions: Region I refers to the Pt protective layer, 

Fig. 13 EDS element surface distributions on rubbed steel surfaces (lower balls) lubricated by (a) rapeseed oil and (b) rapeseed oil 
with 0.3% Ni nanoparticle (the sliding conditions are the same as those of Fig. 8). 

Table 1 Element compositions of rubbed steel surface lubricated by RO and RO with 0.3% Ni nanoparticle. 

Element composition (%) 
Lubricant 

C O Fe Ni Others 

RO 6.23 0.72 93.05 0 0 

RO + 0.3% Ni 6.26 2.01 85.88 5.58 0.27 
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region II refers to the carbon layer with a relatively 

high and stable content of C as well as low contents 

of Fe, O, and Ni, and region III corresponds to the 

tribofilm (Fig. 14(c)). As compared with region II, 

region III has a relatively low content of C and high 

contents of O and Ni, possibly due to the generation 

of metal oxides during the friction process. Moreover, 

there are high contents of Ni and O as well as Fe in 

region IV, which could be due to the adsorption of 

the lubricant and its tribochemical reactions with 

atmospheric O and steel substrate therein (Fig. 14(c)). 

The element surface distribution maps are presented 

in Fig. 14(e), where the tribofilm mainly consists of 

Ni, O, Fe, and C, and the distribution of the elements 

are consistent with the results of the surface scan  

(Fig. 14(d)). 

From Section 3.3, it can be concluded that an 

amorphous carbon film is formed by the carbonization 

of the base oil under the in-situ catalyzed of Ni 

nanoparticles with high catalytic capacity and surface 

activity [20, 21]. The shear strength of the carbon 

film could be higher than that of the organic film 

formed by RO, resulting in a relatively higher COF. 

Moreover, the organic film formed by RO is thin and 

can hardly prevent the direct contact between the 

hard steel surfaces, which could account for the 

relatively poor antiwear ability of RO. On the contrary, 

RO–Ni as the lubricant additive can form a relatively 

thick (about 85 nm) composite tribofilm composed 

of physically (and/or chemically) adsorbed film, 

tribochemical reaction film, and amorphous carbon 

film. Therefore, RO–Ni can significantly reduce the 

wear of the steel–steel sliding pair. However, the 

relatively thick composite tribofilm increases the 

roughness of the metal surface, resulting in an increased 

COF. From these, we can see that the antiwear 

performance and COF are two different physical 

properties; they are somewhat related but not identical. 

The relationship depends on the factors such as the 

chemical composition, structure, and surface treatment 

of the material. For example, a common lubricating 

additive molybdenum dialkyldithiocarbamate (MoDTC) 

exhibits a low and stable COF in the PAO base oil, 

due to the formation of a MoS2 nanocrystal film with 

low shear strength; its antiwear performance under the 

same conditions, however, is relatively poor [40, 41]. 

Contrary to the former, zinc dialkydithiophosphate 

(ZDDP) (a traditional lubricant additive), lanthanum 

borate nanosheets, and CeO2 nanoparticles have 

excellent antiwear performance but relatively high 

COFs, due to their rapid formation of thick tribofilms 

[42, 43]. Therefore, it is necessary to comprehensively 

consider these factors and select appropriate additives 

to meet specific practical application requirements. 

The worn surface of the steel ball lubricated by 

RO with 0.3% Ni nanoparticles is also characterized 

 

Fig. 14 TEM and EDS images of wear scar cross sections of lower steel ball lubricated by rapeseed oil containing 0.3% nickel 
nanoparticles: (a) TEM image of cross-sectional tribofilm, (b) HRTEM image of tribofilm, (c) line scan of major elements inside the 
tribofilm, (d) surface scans of elements inside the tribofilm, and (e) atomic distributions of elements across the tribofilm (the sliding 
conditions are the same as those of Fig. 8). 
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by the high-resolution XPS spectroscopy in order to 

analyze the tribomechanism of Ni nanoparticles in 

the RO base oil. Figure 15 depicts the XPS spectra of 

typical elements on the worn steel surface. In Fig. 15(a), 

the C 1s peaks at 284.10, 284.80, 286.51, and 288.85 eV 

correspond to the C=C bond, C–C bond, C–O bond, 

and C=O bond, respectively [44]. In Fig. 15(b), the O 1s 

peaks at 529.90, 531.75, and 533.88 eV correspond to 

the metal oxides, carbonyl compounds, and carbon 

oxides, respectively [45]. The XPS data reveal that the 

polar fatty acid molecules of the RO are adsorbed on 

the rubbed steel surface to form an adsorbed film [46]. 

The Fe 2p peaks at 706.83 eV (Fe 2p3/2) and 719.63 eV 

(Fe 2p1/2) are assigned to zero-valent Fe coming from 

the steel ball (Fig. 15(c)), the Fe 2p peaks at 709.64 eV 

(Fe 2p3/2) and 722.17 eV (Fe 2p1/2) are attributed to 

FeO [47], and those Fe 2p peaks at 711.10 eV (Fe 2p3/2) 

and 723.44 eV (Fe 2p1/2) are assigned to Fe2O3 [43, 47, 48]. 

These XPS data indicate that the steel substrate and 

atmospheric O participate in tribochemical reactions 

under the friction-induced local high temperatures 

and high contact stress [49, 50]. The Ni 2p peaks   

at 852.69 eV (Ni 2p3/2) and 869.94 eV (Ni 2p1/2)    

are ascribed to zero-valent Ni (Fig. 15(d)), which 

indicates that the in-situ synthesized Ni nanoparticles 

are adsorbed on the rubbed steel surface, thereby 

filling up the micro-pits or grooves thereon. In 

addition, the Ni 2p peaks at 855.57 eV (Ni 2p3/2) and 

873.05 eV (Ni 2p1/2) are ascribed to Ni2O3 [51, 52], 

which indicates that a part of Ni nanoparticles 

participate in tribochemical reactions with atmospheric 

oxygen to form a tribochemical reaction film. On the 

one hand, nickel nanoparticles can be deposited on 

the steel surface to self-heal the worn surface. On the 

other hand, they take part in tribochemical reactions 

with atmospheric O and substrate Fe to form a 

tribofilm mainly composed of iron and nickel oxides 

as well as adsorbed polar species of RO. This could 

well explain why Ni nanoparticles in-situ synthesized 

in RO with a proper dosage can reduce the friction 

and wear of the steel–steel sliding contact at a certain 

degree. 

As mentioned in Section 3.3, the tribomechanism   

of the as-synthesized nickel nanoparticles in RO    

is schematically illustrated in Fig. 16. The nickel 

nanoparticles in-situ synthesized in the RO exhibit 

good dispersion stability as well as uniformity, thanks 

to the encapsulation by the free polar fatty acid  

molecules of RO. During the friction test, a part of  

Ni nanoparticles and the polar organic species of RO 

2 3

 

Fig. 15 XPS spectra of typical elements on worn surface of lower steel ball under lubrication of rapeseed oil with 0.3% Ni nanoparticles
(the sliding conditions are the same as those of Fig. 8). 
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are deposited and adsorbed in the contact area of  

the sliding pair, which contributes to preventing  

the direct contact between the sliding surfaces and 

self-healing the micro-pits thereon with the assistance 

of magnetic attraction. At the same time, some nickel 

nanoparticles participate in tribochemical reactions 

with atmospheric O and steel substrate under high- 

speed sliding to form a tribofilm composed of C, O, Ni, 

and Fe elements. Furthermore, an amorphous carbon 

film is formed via the carbonization of base oil under 

the catalysis of Ni nanoparticles. Due to the formation 

of thick tribofilm and rough friction surface, the 

COF increases, however, the adsorption layer, the 

tribochemical reaction film, and carbon layer jointly 

function to greatly enhance the antiwear performance 

of the RO for the steel–steel contact. 

4 Conclusions 

Ni nanoparticles are in-situ synthesized in RO through 

the reduction of nickel acetylacetonate therein. Using 

RO as the surface modifier, reducing agent, and solvent, 

the present approach is facile and environmentally 

acceptable, and it can afford Ni nanoparticles 

possessing good compatibility with vegetable oil.  

The Ni nanoparticles in-situ synthesized under the 

optimized reaction condition (200 °C and 30 min) 

have a uniform particle size distribution as well as 

good monodispersity, oil solubility, and dispersion 

stability. Besides, the RO with 0.3% in-situ synthesized 

Ni nanoparticles exhibits good antiwear performance 

for the steel–steel contact. This is because the Ni 

nanoparticles can be deposited on the rubbed steel 

surface to fill up and/or repair the micro-pits and 

grooves. In the meantime, they also participate in 

tribochemical reactions with atmospheric O and 

substrate Fe under the boundary lubrication condition 

to form a tribochemical reaction film composed of 

fatty acids as well as the oxides of iron and nickel. 

In addition, under the catalysis of Ni nanoparticles, 

the base oil on the contact surface is carbonized to 

form an amorphous carbon film. The adsorbed layer, 

the tribochemical reaction film, and the amorphous 

carbon layer comprise the composite tribofilm to keep 

off the rubbed steel surfaces and reduce their friction 

and wear. 
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