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Abstract: Inorganic nanomaterials exhibit superior friction-reduction and anti-wear properties in oils. In this 

study, 2D layered -zirconium phosphate (-ZrP) nanosheets intercalated with different amines have been 

synthesized to study their dispersion stabilities in lubricating oil and tribological applications. The intercalated 

amines should be sufficiently long and lipophilic to provide stabilization to -ZrP nanosheets in mineral oil. 

The results of tribological tests illustrate that with the addition of well-dispersed nanosheets, the coefficient of 

friction (COF) and pin volume loss reduce by ~47% and 75%, respectively. The excellent dispersion stability 

enables the nanosheets to flow into the contact area at the beginning, and thereby protect the rubbing surface.  

A reduction in the van der Waals forces between the adjacent layers induced by the intercalated amines 

transforms the friction between adjacent layers from pin disk to sliding, leading to a decrease in the COF under 

hydrodynamic lubrication. The study provides a new method to enhance the tribological properties via tuning 

the dispersion stabilities of nanomaterials in oils. 
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1  Introduction 

Friction and wear in mechanical work generate heat 

and consume about 30% of the total energy, which are 

not favorable for the energy-saving and environmental 

protection endeavors being carried out [1, 2]. Lubricant 

additives are commonly added to lubricating oils to 

enhance the tribological properties and protect the 

rubbing surfaces [3–13]. Recently developed nano-

material additives have received extensive interest in 

the lubrication field because of their superior physical 

properties, size and shape effects, and unique 

lubrication mechanisms [10, 14–16]. However, the 

tendency to aggregate due to the mutual attraction 

caused by the high surface energies of nanomaterials 

hampers their stabilization in oils. Usually, electrostatic 

stabilization and steric stabilization are achieved by 

tuning the van der Waals attractive forces and electrical 

double layer repulsive forces, stabilizing the nano-

materials in oils [17, 18]. Therefore, lipophilic surfactants 

are normally used to disperse nanomaterials in oils 

[19, 20]. 

Among the various nanomaterials used in lubricating 

oils, layered -zirconium phosphate (Zr(HPO4)2·H2O, 

-ZrP) nanosheets (first synthesized by Clearfield 

and Stynes in 1964 [21] and widely used for multiple 

applications [22–27]) have received wide research 

interest for numerous lubrication applications because 

of their unique 2D layered structures, high purity, and 

facile surface modifications. For example, He et al. [4] 

reported that the addition of viscosity-modified 

-ZrP nanosheets into base oil led to friction reduction 

under hydrodynamic and mixed lubrication conditions, 

because the addition of nanomaterials led to a decrease 

in the viscosity of the test oil, and the interactions of 

the nanomaterials with the oil molecules facilitated  
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their entry into the contact area, preventing direct 

contact. In addition, Ma et al. [28] demonstrated that 

the anti-wear property and load-carrying capacity of 

lithium grease significantly improved with the addition 

of -ZrP nanosheets because of the formation of a 

tribofilm on the rubbing surface. However, unmodified 

-ZrP nanosheets exhibit poor dispersion in oils, 

resulting in negative effects on the tribological per-

formance. Although there are several reports on  

the functionalization of -ZrP nanosheets for various 

applications, the dispersion of modified -ZrP 

nanosheets in oils has not been well studied [29–31].  

In this study, we have investigated the dispersion 

stabilities of -ZrP nanosheets intercalated with 

amines of different chain lengths (i.e., hexylamine (HA), 

diglycolamine (DGA), and oleylamine (OA)) in mineral 

oil. In addition, pin-on-disk tests have been conducted 

to investigate the tribological performances of pristine 

and amine-intercalated -ZrP nanosheets in mineral 

oil. The effects of amine-intercalated -ZrP nano-

sheets on the coefficient of friction (COF) and pin 

volume loss values of the oil dispersions have been 

systematically studied. Moreover, we have optimized 

the concentration of the amine-intercalated -ZrP 

nanosheets added to mineral oil. The mechanism  

of enhancement of tribological properties has been 

discussed, as well. 

2 Experimental details 

2.1 Synthesis of pristine -ZrP nanosheets 

Phosphoric acid (AR reagent grade), zirconium 

oxychloride (98%), HA (99%), DGA (98%), and OA 

(80%–90%) were purchased from Aladdin and mineral 

oil (150 N with a viscosity of 30–34 mPa·s) was directly 

bought from the commercial market. All chemicals 

were used without further purification. Lamellar 

structured -ZrP nanosheets were synthesized by the 

method described by Sun et al. [32]. Briefly, 15 g 

ZrOCl2·8H2O was added to a Teflon-lined pressure 

vessel containing 150 mL of 9 mol/L phosphoric acid. 

The slurry was then heated in an oven at 200 °C for  

24 h. After the reaction, the sample was rinsed with 

deionized water and isolated by centrifugation three 

times. The final product was dried in an oven at 65 °C 

for 24 h and ground into a fine powder. This sample 

was designated as pristine -ZrP nanosheets. 

2.2 Preparation of amine-intercalated -ZrP 

nanosheets in mineral oil 

The intercalation of HA, DGA, and OA into -ZrP 

nanosheets was performed according to the procedure 

reported by Alberti and Costantino [33], with slight 

modification. Typically, 1 g -ZrP nanosheets was 

dispersed in 60 mL alcohol. Then, the amines were 

added to the -ZrP nanosheet dispersion, separately; 

the molar ratio of amine to -ZrP nanosheets was 

set as 2.5:1 to achieve complete intercalation. The 

resulting mixtures were stirred at room temperature 

at 600 rpm for 6 h. The obtained products were rinsed 

with petroleum ether three times and dried at 65 °C 

for 24 h. The as-prepared intercalated samples were 

designated as HA_-ZrP, DGA_-ZrP, and OA_-ZrP 

nanosheets.  

The obtained amine-intercalated -ZrP nanosheets 

were ground into fine powders and directly mixed 

with mineral oil to obtain samples with various 

concentrations. To obtain homogeneous dispersions, 

the oil mixtures were sonicated for about 30 min 

before use. 

2.3 Tribological tests 

The COF, wear scar diameter (WSD), and pin volume 

loss (derived from WSD) [34] were evaluated using 

a Bruker’s Universal Mechanical Tester (UMT-2, 

Germany) in the pin-on-disk mode. Specifically, the 

configuration consisted of a disk (E52 100 steel with a 

diameter of 70.00 mm) and a fixed pin (E52 100 steel 

with a diameter of 6.35 mm); the disk and ball were  

washed with petroleum ether before each test. The 

rotation speed was 200 rpm and the length from the 

center to the contact spot was 23 mm. Typically, 25 mL 

sample was added to completely immerse the ball 

before the friction test; each test was conducted three 

times for error minimization under a normal load of 

10 N for 6 h at an ambient environment. The schematic 

of the tribological test setup is presented in Fig. 1. 

2.4 Characterization 

Powder X-ray diffraction (XRD) patterns were collected 

on a Rigaku Smartlab instrument using the Cu K 
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radiation at 45 kV and 200 mA in the scanning angle 

range from 2° to 60° to evaluate the interspace of the 

intercalated -ZrP nanosheets containing different 

amines, as well as pristine -ZrP nanosheets. Field 

emission scanning electron microscope (FESEM, 

TESCAN Vega 3, the Czech Republic) was used to 

observe the morphologies of the synthesized -ZrP 

nanosheets and worn surfaces of the steel ball. The 

intercalation of amines and the amounts intercalated 

into the -ZrP nanosheets were investigated by Fourier- 

transform infrared spectroscopy (FT-IR Spectrum 

TWO, PerkinElmer Co., Ltd.) and thermogravimetric 

analysis (TGA, METTLER) at a heating rate of 10 °C 

per minute from 60 to 800 °C, respectively. 

3 Results and discussion 

3.1 Characterization of pristine and amine- 

intercalated -ZrP nanosheets 

The morphologies of pristine and modified -ZrP 

nanosheets were characterized by FESEM; the FESEM 

images are shown in Fig. 2. The pristine -ZrP 

nanosheets (Fig. 2(a)) are nearly hexagonal and lamellar 

structured, indicating high crystallinity. The average 

size and thickness values (Table 1) of the pristine and 

amine-intercalated -ZrP nanosheets were determined 

from numerous FESEM images by randomly examining 

100 individual nanosheets. As observed, the sizes   

 

Fig. 2 FESEM images of (a) pristine -ZrP, (b) HA_-ZrP,   
(c) DGA_-ZrP, and (d) OA_-ZrP nanosheets. 

Table 1 Average size and thicknesses of pristine and amine- 
intercalated -ZrP nanosheets. 

Sample Average size 
a / nm 

Average thickness 
h / nm 

Aspect 
ratio a/h

Pristine -ZrP 830 ± 203 111 ± 27  7.5 

HA_-ZrP 821 ± 155 182 ± 53  4.5 

DGA_-ZrP 792 ± 208 184 ± 40  4.3 

OA_-ZrP 847 ± 230 69 ± 10 12.3 

 

of amine-intercalated -ZrP nanosheets and pristine 

-ZrP nanosheets are nearly the same (~830 nm); 

however, their thicknesses are different. The average 

thicknesses of HA_-ZrP (~182 nm) and DGA_-ZrP 

 

Fig. 1 Tribological setup: (a) photograph of the testing apparatus and (b) schematic of the pin-on-disk tribological equipment. 
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(~184 nm) nanosheets are higher than that of pristine 

-ZrP nanosheets (~111 nm) because of the intercalation 

of amines into pristine nanosheets, leading to a 

decrease in the aspect ratio from ~7.5 (pristine -ZrP 

nanosheets) to 4.5 (HA_-ZrP) and 4.3 (DGA_-ZrP). 

However, the average thickness of OA_-ZrP nano-

sheets (~69 nm) is ~38% lower than that of pristine 

-ZrP nanosheets (~111 nm). This is possibly due to 

the fact that the intercalation of the relatively long OA 

molecules into pristine -ZrP nanosheets significantly 

increases the interspace, leading to a decrease in the 

van der Waals attractive forces between the adjacent 

layers and further exfoliation into thinner nanosheets 

as compared to pristine -ZrP nanosheets.  

The FT-IR spectra of pristine and amine-intercalated 

-ZrP nanosheets are displayed in Fig. 3, which confirm 

the intercalation of amines into the -ZrP layers.   

In the FT-IR spectra, the bands at 3,504 and 3,588 cm−1 

(region 1 in Fig. 3) are assigned to the stretching and 

vibration modes of O–H, indicating the presence of 

crystalline water in the pristine and amine-intercalated 

-ZrP nanosheets. However, a decrease in the relative 

transmittance in this region for amine-intercalated 

-ZrP nanosheets reveals that the intercalation of 

amine molecules into the -ZrP nanosheets reduces 

the amount of crystalline water in the interlayers. The 

band ranging from 900 to 1,200 cm−1, which is indicated 

in region 2 in Fig. 3, corresponds to the symmetric 

P–O stretching mode of -ZrP, demonstrating that 

the amine intercalation does not change the inner  

 

Fig. 3 FT-IR spectra of pristine and amine-intercalated -ZrP 
nanosheets. 

molecular scaffold of -ZrP nanoplatelets. Moreover, 

the amine-intercalated -ZrP nanosheet samples exhibit 

new bands at 1,450–1,550 and 2,800–2,900 cm−1 (region 

3 in Fig. 3), which are associated with the stretching 

modes of C–H and N–H. This demonstrates the 

successful intercalation of amine molecules into the 

-ZrP interlayers [35, 36]. 

TGA was conducted to determine the amounts of 

amines intercalated into the -ZrP nanosheets. Figure 4 

reveals the weight loss (percent) values of pristine 

and amine-intercalated -ZrP nanosheets. The weight 

loss curve of pristine -ZrP nanosheets shows two 

main weight-loss steps below 250 and 700 °C; the total 

weight loss for pristine -ZrP nanosheets is about 

9.5%. In the first stage, the weight loss is attributed to 

the removal of free water and crystalline water from 

the interlayers. In the second stage, the weight loss 

below 700 °C is attributed to the condensation of 

adjacent layers, illustrating the high thermal stability 

of -ZrP nanosheets [4]. The amine-intercalated -ZrP 

nanosheets: HA_-ZrP, DGA_-ZrP, and OA_-ZrP 

nanosheets exhibit different thermal stabilities because 

they contain different amines, and the respective total 

weight loss values (after 700 °C) are 43.5, 38.1, and 64.0, 

respectively. The intercalation amounts of amines for 

HA_-ZrP, DGA_-ZrP, and OA_-ZrP are determined 

to be 37.6%, 21.6%, and 60.2%, respectively. Considering 

the amounts of intercalated amine molecules and 

pristine -ZrP nanosheets used, it can be concluded 

that for the HA_-ZrP, DGA_-ZrP, and OA_-ZrP  

 

Fig. 4 TGA curves of pristine and amine-intercalated -ZrP 
nanosheets. 



Friction 8(4): 695–707 (2020) 699 

∣www.Springer.com/journal/40544 | Friction 
 

http://friction.tsinghuajournals.com

nanosheets, the molar ratios between amines and 

-ZrP are ~1.8, 1.5, and 1.7, respectively. 

The lattice spacings of pristine and amine-intercalated 

-ZrP nanosheets were determined by XRD; the XRD 

patterns are shown in Fig. 5. The diffraction peaks  

at 2θ of 11.66°, 19.80°, and 24.96° for pristine -ZrP 

nanosheets are assigned to the (002), (110), and (112) 

planes, respectively. In terms of pristine -ZrP nano-

sheets, the (002) plane reflects the lattice spacing 

between the adjacent layers. According to the Bragg 

equation, the lattice spacing d is 7.6 Å, which is 

consistent with Ref. [24]. Similarly, the lattice spacings 

of amine-intercalated -ZrP nanosheets were deter-

mined from the corresponding XRD peaks. According 

to the X-ray scattering theory by Saunders et al. [37], 

the intercalated lamellar structures should show   

a series of diffraction peaks, which indicate high 

structural integrity in the z direction. For DGA_-ZrP 

nanosheets, diffraction peaks are observed at 2θ of 

4.50°, 9.02°, and 13.58°, corresponding to d values of 

19.6, 9.8, and 6.5 Å, respectively. The ratio of the 

reciprocal d values (1/19.6:1/9.8:1/6.5) is approximately 

1:2:3, indicating that the lattice spacing for DGA_-ZrP 

nanosheets is 19.6 Å. The XRD pattern of HA_-ZrP 

nanosheets is similar to that of DGA_-ZrP 

nanosheets, and the ratio of the reciprocal d values 

(1/23.4:1/11.6:1/7.8) is approximately 1:2:3, indicating  

 

Fig. 5 XRD patterns of pristine -ZrP nanosheets and -ZrP 
nanosheets intercalated by diglycolamine, hexylamine, and 
oleylamine, respectively. Insets: schematics illustrating the 
intercalated structures and lattice spacings. 

that the interspacing for HA_-ZrP nanosheets is 

23.4 Å, which is larger than that for DGA_-ZrP 

nanosheets. For OA_-ZrP nanosheets, the d values 

corresponding to 2θ = 3.74°, 5.60°, 7.42°, and 9.22° are 

23.6, 15.8, 11.9, and 9.6 Å, respectively, and the ratio 

of the reciprocal d values (1/23.6:1/15.8:1/11.9:1/9.6) 

is approximately 2:3:4:5, which shows that the lattice 

spacing d is approximately 47.2 Å (twice of 23.6 Å). 

By comparing the XRD patterns of all the samples, 

we can conclude that the interlayer spacings of the 

amine-intercalated -ZrP nanosheets are strongly 

affected by the chain lengths of the amine molecules, 

and the longer the amine molecules, the larger the 

interspacing is. 

Intercalation of -ZrP nanosheets with different 

amines not only results in different interlayer spacings, 

but also leads to different dispersion stabilities in oils, 

which will be discussed in the following section. 

3.2 Dispersion tests 

Figure 6 presents the photographs of 1.0 wt% pristine 

and amine-intercalated -ZrP nanosheets in mineral 

oil. The pristine -ZrP nanosheets do not show any 

solubility in oil, as expected. As observed, the oil 

suspension containing -ZrP nanosheets intercalated 

by OA is more stable (with no visible sedimentation) 

than HA_-ZrP and DGA_-ZrP nanosheet suspen-

sions after one week. DGA_-ZrP nanosheets exhibit 

extremely low dispersibility in mineral oil and settle 

down at the bottom immediately after mixing. 

HA_-ZrP nanosheets exhibit relatively good dispersion 

at first; however, they start to delaminate after a few 

hours.  

The difference in dispersion stabilities of various 

-ZrP nanosheets is mainly attributed to the inter-

calated amine molecules. The schematics showing 

the proposed mechanisms illustrating the different 

dispersion stabilities of pristine and amine-intercalated 

-ZrP nanosheets in mineral oil are presented in Fig. 7. 

Specifically, because pristine -ZrP nanosheets are 

purely inorganic, they are immiscible with the organic 

oil molecules, as illustrated in Fig. 7(a). OA has a C-18 

alkyl chain with an amine group at the end and    

a double bond in the middle. The long alkyl OA 

molecules exhibit strong attraction to mineral oil 

molecules, and they significantly increase the interlayer  
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Fig. 7 Schematics of dispersion of (a) pristine -ZrP,  
(b) HA_-ZrP, (c) DGA_-ZrP, and (d) OA_-ZrP nanosheets in 
mineral oil. 

spacing of pristine -ZrP nanosheets by interaction. 

Because of the large interspacing, the oil molecules 

enter the interlayers, thus further improving the 

dispersion stability of OA_-ZrP nanosheets in mineral 

oil, as illustrated in Fig. 7(d). On the other hand, 

DGA is a polar molecule, which is immiscible with 

mineral oil molecules, resulting in an extremely  

low dispersion stability, as illustrated in Fig. 7(c). In 

addition, the interspace of HA_-ZrP nanosheets is 

not sufficiently large for the entry of several mineral 

oil molecules into the interlayers, eventually leading 

to phase separation, as illustrated in Fig. 7(b). Therefore, 

the two criteria for choosing a suitable dispersant to 

stabilize -ZrP nanosheets in oil are: (1) the dispersant 

should be amphiphilic, e.g., alkylamine, and (2) the  

amine chain should be longer than the oil molecules 

for large interspace creation to permit the oil molecules 

to enter the interlayers.  

3.3 Tribological tests  

Tribological tests were carried out on pure mineral 

oil and oil dispersions containing pristine -ZrP, 

HA_-ZrP, DGA_-ZrP, and OA_-ZrP nanosheets 

at 0.5, 1.0, 1.5, and 2.0 wt% under a normal load of  

10 N at 200 rpm and room temperature for 6 h. The 

COF vs. concentration plots are displayed in Fig. 8.    

 

Fig. 8 Coefficient of friction as a function of concentration for 
pristine -ZrP, HA_-ZrP, DGA_-ZrP, and OA_-ZrP nanosheets 
in mineral oil. The dotted line represents the value for the pure 
mineral oil. 

 

Fig. 6 Dispersion test results: photographs of 1.0 wt% (a) pristine -ZrP, (b) HA_-ZrP, (c) DGA_-ZrP, and (d) OA_-ZrP nanosheets
in mineral oil. 
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As shown in Fig. 8, all the oils containing pristine 

-ZrP nanosheets exhibit higher COFs than the pure 

mineral oil. With increase in the concentration of 

pristine -ZrP nanosheets in mineral oil from 0 to 

2.0 wt%, the COF gradually increases from ~0.09 to 

0.11, indicating that the unmodified -ZrP nanosheets 

are unsuitable for friction reduction in the oil medium, 

which is likely due to their poor dispersion. For 

HA_-ZrP nanosheets, the COF ranges ~0.08 to ~0.09 

as a function of the concentration; the values are slightly 

lower than that for pure mineral oil, indicating that 

the COF of mineral oil does not significantly reduce 

in the presence of HA_-ZrP nanosheets. The COF of 

the DGA_-ZrP nanosheets in mineral oil at 0.5 wt% 

is slightly higher than that of pure mineral oil, and then 

it drops to ~0.08 at 1.0 wt%. When the concentration 

of DGA_-ZrP nanosheets in mineral oil reaches   

2.0 wt%, the COF increases to ~0.11, which is higher 

than that of pure mineral oil. This indicates that 

DGA_-ZrP nanosheets do not function well as a 

lubricant additive in mineral oil because of their severe 

aggregation and poor dispersion. On the other hand, 

when OA_-ZrP nanosheets are added to mineral oil, 

the COF significantly reduces. With increase in the 

concentration of OA_-ZrP nanosheets in mineral oil 

from 0 to 1.0 wt%, the COF gradually decreases from 

~0.09 to ~0.05, corresponding to a significant friction 

reduction of ~47%. Subsequently, with increase in 

the OA_-ZrP concentration to > 1.0 wt%, the COF 

increases to ~0.07, which is lower than that of pure 

mineral oil. It should be noted that all amine- 

intercalated -ZrP nanosheets in mineral oil exhibit 

minimum COFs at 1.0 wt%, which is determined  

to be the optimized concentration of modified -ZrP 

nanosheets for friction-reduction applications. However, 

further increase in the concentrations of amine- 

intercalated -ZrP nanosheets in mineral oil leads to 

an increase in the COFs, which is attributed to the 

concentration-induced flocculation and aggregation 

of nanosheets. 

The WSD and pin volume loss values for pure 

mineral oil and mineral oils containing different 

concentrations of amine-intercalated -ZrP nanosheets 

are presented in Table 2. To compare the tribological 

performances of pristine and amine-intercalated 

-ZrP nanosheets, the pin volume loss was plotted as 

a function of concentration, as displayed in Fig. 9. 

Pure mineral oil shows an average pin volume loss  

of ~4.8 × 10−11 m3 under our testing condition. The pin 

volume loss for the oil dispersion with 0.5 wt% of 

pristine -ZrP nanosheets is ~7.3 × 10−11 m3, which is 

~52% higher than that for pure mineral oil; the value   

Table 2 WSD and pin volume loss values for pure mineral oil 
and mineral oil dispersions containing different concentrations of 
pristine and amine-intercalated -ZrP nanosheets. 

Sample WSD  
(μm) 

Pin volume loss 
(×10−11 m3) 

Pure mineral oil 1323 ± 34 4.8 ± 0.6 

0.5 wt% pristine α-ZrP 1469 ± 22 7.3 ± 0.4 

0.5 wt% HA_α-ZrP 1371 ± 31 5.5 ± 0.5 

0.5 wt% DGA_α-ZrP 1640 ± 11 11.4 ± 0.3 

0.5 wt% OA_α-ZrP 1382 ± 24 5.7 ± 0.4 

1.0 wt% pristine α-ZrP 1584 ± 37 9.9 ± 0.9 

1.0 wt% HA_α-ZrP 1172 ± 37 2.9 ± 0.3 

1.0 wt% DGA_α-ZrP 1834 ± 17 18.0 ± 0.7 

1.0 wt% OA_α-ZrP 948 ± 13 1.2 ± 0.1 

1.5 wt% pristine α-ZrP 1564 ± 42 9.4 ± 1.1 

1.5 wt% HA_α-ZrP 1189 ± 39 3.1 ± 0.4 

1.5 wt% DGA_α-ZrP 1828 ± 21 17.8 ± 0.9 

1.5 wt% OA_α-ZrP 1158 ± 33 2.8 ± 0.5 

2.0 wt% pristine α-ZrP 1578 ± 76 9.8 ± 1.8 

2.0 wt% HA_α-ZrP 1376 ± 56 5.6 ± 1.1 

2.0 wt% DGA_α-ZrP 1780 ± 33 15.9 ± 1.2 

2.0 wt% OA_α-ZrP 1399 ± 78 6.0 ± 1.3 

 

Fig. 9 Pin volume loss as a function of concentration for pristine 
-ZrP, HA_-ZrP, DGA_-ZrP, and OA_-ZrP nanosheets in 
mineral oil. 
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fluctuates at ~9.5 × 10−11 m3 as the concentration 

increases from 1.0 to 2.0 wt%, which is ~98% higher 

than that for pure mineral oil. Similarly, the pin 

volume loss values for the oil dispersions containing 

DGA_-ZrP nanosheets are larger than that for pure 

mineral oil. The maximum value of pin volume loss 

for the oil dispersion containing 1.0 wt% DGA_-ZrP 

nanosheet is ~17.9 × 10−11 m3, which is ~274% higher 

than that for pure mineral oil. Thus, pristine and 

DGA_-ZrP nanosheets exhibit very poor anti-wear 

properties in mineral oil, which are attributed to their 

poor dispersibilities in mineral oil, as illustrated in 

Fig. 6. Both pristine and DGA_-ZrP nanosheets form 

large aggregates in mineral oil because of their strong 

intralayer interactions and poor miscibilities with oil 

molecules, resulting in large-scale damages of the 

worn surfaces. On the other hand, the pin volume loss 

values for 1.0 and 1.5 wt% of HA_-ZrP nanosheets 

in mineral oil are ~2.9 × 10−11 and ~3.1 × 10−11 m3, 

respectively, which are ~38% smaller than that for 

pure mineral oil. When the concentration of the 

HA_-ZrP nanosheets is relatively low (0.5 wt%), or 

high (2.0 wt%), the oil dispersion shows a pin volume 

loss very similar to that for the pure mineral oil.  

The oil dispersion containing 0.5 wt% of OA_-ZrP 

nanosheets shows a pin volume loss slightly higher 

than that of the pure mineral oil. However, with 

increase in the concentration to 1.0 wt%, the pin 

volume loss considerably decreases to ~1.2 × 10−11 m3, 

which is the highest reduction (~75%) in pin volume 

loss among that observed for all oil dispersion samples. 

As the concentration of OA_-ZrP nanosheets in 

mineral oil further increases, the pin volume loss 

gradually increases, indicating that OA_-ZrP at 

significantly high concentration in mineral oil can lead 

to surface damages. 

The tribological studies show that HA_-ZrP and 

OA_-ZrP nanosheets, which are highly dispersible 

in mineral oil, can efficiently reduce the pin volume 

loss and COF than pristine and DGA_-ZrP nano-

sheets, which have low dispersibilities, demonstrating 

the importance of dispersion stability on the tribological 

performances of lubricating oils containing inorganic 

nanomaterials. It should also be noted that the 

highest reduction in the COF and pin volume loss  

is observed for the dispersion containing 1.0 wt% of 

OA_-ZrP nanosheets. Moreover, the oil dispersion 

containing OA_-ZrP nanosheets exhibits smaller 

data fluctuations (errors) in COF values than the 

mineral oil, indicating that the as-prepared -ZrP 

nanosheets can improve the operational stabilities 

and performances of lubricating oils for practical 

applications. 

To investigate the detailed tribological performances 

of pristine and amine-intercalated -ZrP nanosheets 

in mineral oil, COFs for pure mineral oil and oil 

dispersions containing pristine and amine-intercalated 

-ZrP nanosheets were plotted as a function of time 

for a 6 h test, as presented in Fig. 10. The COF for 

pure mineral oil significantly fluctuates at a relatively 

high value of ~0.15 within the first 5,000 s of the test. 

This is attributed to the fact that at the beginning of 

the friction process, the contact area between the 

friction pairs is small to support the load, resulting in 

a relatively high contact pressure. In the next stage, 

from 5,000 to 15,000 s, the COF for pure mineral oil 

gradually decreases from ~0.15 to ~0.09 and remains 

at ~0.09 until the end of the test. This is because during 

the friction process, the wear scar becomes sufficiently 

large to support the load, and the friction is mostly 

the internal friction of the fluid [38]. However, until 

5,000 s, the COF for the oil dispersion with pristine 

-ZrP nanosheets is found to be ~13% higher than 

that for pure mineral oil, which indicates the formation 

of large aggregates of poorly dispersed pristine 

-ZrP nanosheets, leading to an increase in friction 

between the rubbing surfaces. For dispersions with  

 

Fig. 10 Coefficient of friction as a function of time for pure 
mineral oil and mineral oil dispersions with 1.0 wt% pristine 
-ZrP, HA_-ZrP, DGA_-ZrP, and OA_-ZrP nanosheets. 
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HA_-ZrP and DGA_-ZrP nanosheets, no significant 

improvement in friction reduction is observed within 

5,000 s compared to that for pure mineral oil, which is 

attributed to their poor dispersibilities. Subsequently, 

the COF values for HA_-ZrP and DGA_-ZrP nano-

sheets gradually drop to ~0.07 and ~0.08 respectively, 

which are ~22% and ~11% lower than that of pure 

mineral oil, indicating that both HA_-ZrP and 

DGA_-ZrP nanosheets show minor improvement in 

COF reduction. On the other hand, the COF for the 

mineral oil containing OA_-ZrP nanosheets rapidly 

decreases from ~0.14 to ~0.05 within 5,000 s, which 

can be attributed to their excellent miscibilities with 

mineral oil molecules. After 5,000 s of friction, the 

COF stabilizes at ~0.05 until the end of the test, which 

is ~47% smaller than that for pure mineral oil, 

indicating that high lubrication can be achieved by the 

addition of OA_-ZrP nanosheets to pure mineral oil. 

The wear scars on the steel ball after tribological 

tests were investigated by SEM; the SEM images are 

shown in Fig. 11. The wear scars formed in the 

presence of pure mineral oil (Fig. 11(a)) reveal that 

the mating surfaces are severely damaged in the friction 

process, indicating strong interaction between the 

friction pairs for pure mineral oil. The SEM images of 

the WSD and wear scars on the steel ball for mineral 

oil dispersions with 1.0 wt% pristine and DGA_-ZrP 

nanosheets are presented in Figs. 11(b) and 11(d). 

The WSDs for the samples are ~20% (pristine -ZrP 

nanosheets) and ~39% (DGA_-ZrP nanosheets) higher 

than that for pure mineral oil, which are possibly due 

to their poor dispersion stabilities in mineral oil. For 

DGA_-ZrP nanosheets, the steel ball surface is more 

worn than that for pristine -ZrP nanosheets because 

of the presence of intercalated amine molecules. 

DGA is a polar molecule, which can aggravate crack 

expansion, resulting in an increase in the wear loss 

amount [38]. Unlike those for the poorly dispersed 

samples, the WSDs for the well-dispersed oils with 

HA_-ZrP nanosheets (Fig. 11(c)) and OA_-ZrP 

nanosheets (Fig. 11(e)) are ~11% and ~28% lower than 

that for pure mineral oil, respectively. Moreover, the 

wear scars for the well-dispersed -ZrP nanosheets 

are smoother than those for the poorly dispersed 

samples. This is due to the high miscibility of the 

well-dispersed nanosheets with mineral oil molecules,  

 

Fig. 11 SEM images of the steel ball after the tribological tests: 
(a) pure mineral oil and mineral oil containing 1.0 wt%, (b) pristine 
-ZrP nanosheets, (c) HA_-ZrP nanosheets, (d) DGA_-ZrP 
nanosheets, and (e) OA_-ZrP nanosheets. Left: low-magnification 
images (for WSD comparison), and right: high-magnification 
images (for surface topological analysis). 

which allows them to enter the contact area and 

deposit on the surface valleys, leading to asperity 

and WSD reduction. 

3.4 Friction-reduction and anti-wear mechanisms 

The proposed friction-reduction and anti-wear 
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mechanisms for pristine and amine-intercalated -ZrP 

nanosheets dispersed in mineral oil are as follows.  

Firstly, the tribological performances of the prepared 

lubricating oils are mainly determined by the dispersion 

state of nanosheets in mineral oil (Fig. 6), which is 

illustrated in Fig. 12(a). The well-dispersed nanosheets 

can readily flow into the contact area because of their 

strong interaction with the mineral oil molecules and 

nanoscale sizes, preventing the direct contact of friction 

pairs and moderately smoothening the metal asperities, 

which leads to the formation of a smooth surface and 

decreased wear damages [16, 39, 40]. On the other 

hand, it is difficult for aggregated nanosheets to enter 

the friction area because of their large sizes and poor 

dispersion. Besides, large aggregates may act as grits, 

which can severely damage the friction pairs and 

lead to wear damage increase. Secondly, the COF for 

the mineral oil with OA_-ZrP nanosheets (Fig. 10) is 

consistently lower than that for pure mineral oil. This 

is attributed to the fact that OA_-ZrP nanosheets  

dispersed in mineral oil can be easily exfoliated under 

shear stress owing to their large interlayer spacing, 

leading to a considerable reduction in the COF. Similar 

lubricating behaviors have also been observed for 

graphite and its derivatives [41, 42]; the corresponding 

mechanism is presented in Fig. 12(b). Lastly, our 

previous nano-lubrication study shows that zirconium 

phosphate nanoplatelets in oils do not form protective 

layers on rubbing surfaces during friction under our 

testing conditions [43], and the mechanisms involved 

are polishing, sliding, and exfoliation, as illustrated 

in Fig. 12. 

4 Conclusions 

In conclusion, 2D layered -ZrP nanosheets modified 

with various amines were successfully synthesized to 

investigate their dispersion stabilities and tribological 

performances in mineral oil. The important results 

can be summarized as follows: 

(1) The suitable dispersant for stabilization of 

-ZrP nanosheets in oil should be amphiphilic and 

have a reasonably long chain to allow the oil molecules 

to enter the interlayers. 

(2) The COF and pin volume loss for the dispersion 

containing an optimized concentration (1.0 wt%) of 

OA_-ZrP nanosheets with relatively large aspect 

ratios are 47% and 75%, lower than that for pure 

mineral oil, respectively; on the other hand, the addition 

of poorly dispersed nanosheets leads to minor decrease 

or even increase in friction and wear. 

(3) The high dispersion state of nanosheets in 

mineral oil is responsible for the improvement of 

their tribological performances, which opens a new 

horizon to enhance the tribological properties via 

tuning the dispersion stabilities of nanomaterials in 

oils. 

Our results show that the utilization of amphiphilic 

intercalating molecules with relatively long chains 

for 2D layered nanomaterials in oil dispersions can 

lead to high-efficiency and stable lubricating oils 

for practical applications. The detailed dispersion- 

tribological property relationship based on nanomaterial 

size and structural effects will be systematically 

investigated and reported in the near future. 

 

Fig. 12 Schematics showing (a) the effect of dispersion state on lubrication performance and (b) the exfoliation mechanism for the 
well-dispersed nanosheets. 
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