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Abstract
As an emerging class of the two-dimensional (2D) materials, MXenes exhibit excellent antifriction and wear resistance poten-
tial in lubrication systems. However, as a lubricant additive, their stable dispersion in base oils remains a great challenge. 
Optimizing the microstructure has previously been demonstrated to be an effective strategy to improve the dispersibility 
of inorganic materials in oil-based lubricants. In this work, the structural modulation of MXene through in-situ growth of 
hydroxysalts (HS) to form a heterostructure was achieved. Compared with pristine MXene and HS, the dispersion stability 
of MXene/HS composite in poly-α-olefin-10 (PAO-10) base oil was significantly improved due to the self-dispersion and 
restacking-resistant properties of the heterostructure. Additionally, the lubrication performance of the obtained composite 
as an additive in PAO-10 was investigated. The results showed that the coefficient of friction of the oil sample containing 
the MXene/HS composite was steadily maintained at approximately 0.12 under four different loads of 200, 250, 300, and 
350 N (corresponding to maximum Hertz contact pressures of 2.72, 2.9, 3.12, and 3.28 GPa, respectively). Moreover, the 
wear track width, wear scar diameter, and wear volume were reduced by 49.1%, 49.4%, and 82.0%, respectively. This study 
introduces a viable pathway to transform non-lipophilic Ti3C2Tx MXene into an attractive lubricant additive with excellent 
self-dispersing ability through structural regulation.
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1  Introduction

The ubiquity of friction and wear phenomena presents an 
adverse impact on normal mechanical operation, causing 
inevitable challenges including energy crises and environ-
mental emission issues [1, 2]. In this dilemma, exploring 
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novel lubrication materials has become a top priority. Cur-
rent oil-based lubrication is far from perfect as the working 
conditions become more complicated. For achieving ideal 
lubricating performance, introducing appropriate additives 
is an effective measure. A certain amount of additives not 
only improves the anti-wear and extreme pressure proper-
ties of base oils, but also plays a vital role in the corrosion 
and oxidation resistance of the base oil [3]. Currently, two-
dimensional (2D) materials as lubricant additives have been 
extensively explored in tribology [4–7]. The layered struc-
ture and high specific surface area [8] enable them to exert 
an interlayer shear mechanism and easy adsorption on the 
friction pair surface. Compared to traditional organic lubri-
cant additives such as zinc dialkyldithophosphate (ZDDP) 
and molybdenum dithiocarbamate (MoDTC), 2D materials 
with good chemical stability ensure low toxicity and mini-
mal harmful emissions, in line with the requirement of sus-
tainable development. Typically, graphene, h-BN, layered 
double hydroxide (LDH), MXene, and other 2D nanoma-
terials exhibit excellent lubrication properties in terms of 
friction reduction and wear resistance [9–14].

MXene is an emerging class of layered 2D nanomaterial 
and has attracted tremendous attention since its discovery 
in 2011. Owing to superior thermal stability, electromag-
netic properties, and mechanical performance [15], it has 
been commonly employed in the field of biomedicine [16], 
energy storage [17, 18], catalysis [19], and lubrication [20, 
21]. Compared to most of other 2D materials, MXene is easy 
to meet the required performance through modification due 
to abundant functional groups (–OH, =O, –F) exist on the 
surface. Moreover, merits of chemical and structural diver-
sity, easy-to-shear ability, and enhanced bonding character-
istics make MXene as a promising candidate for tribological 
applications. For instance, Grützmacher et al. [22] fabricated 
a 100 nm-thick homogeneous multilayer Ti3C2Tx MXene 
coating as a solid lubricant and emphasized that the wear 
life of Ti3C2Tx MXene outperforms other 2D nanomaterials. 
In addition, Marian et al. [23] deposited MXene coating on 
the bearing washer raceways by drop-casting method and 
confirmed that the general performance of MXene is supe-
rior to state-of-the-art solid lubricants (diamond-like carbon 
and MoS2). Overall, MXene holds great potential in lubrica-
tion and shows unique tribological advantages over other 2D 
materials [24, 25]. Similarly, reports of MXene as additives 
have been gradually excavated in recent years. Nevertheless, 
the poor dispersion stability of MXene in oil-based lubri-
cants has often been emphasized in previous works. Thus, 
numerous efforts are required to optimize the dispersibility 
for achieving desired tribological purposes. For example, 
some chemical reagents containing polar groups and long 
alkyl chains, such as dialkyl dithiophosphate (DDP) [26] 
and tetradecylphosphonic acid (TDPA) [27], were usually 
used to chemically modify MXene surfaces to make them be 

uniformly dispersed in the base oils. These organic modifiers 
can act as a bridge for the affiliation of additives and lubri-
cants, but the introduced chemical modifiers may destroy 
the initial structure of additives and deteriorate their natural 
characteristics, thereby affecting the tribological properties 
[28]. In addition to chemical modification, physical means 
such as ultrasound [29, 30] can also achieve homogeneous 
dispersion of additives in oil. Although physical means are 
convenient to operate under laboratory conditions, second-
ary agglomeration is still an unsolvable problem for large-
scale applications. In contrast, self-dispersed methods [28] 
not only eliminate the disadvantages of physical and chemi-
cal methods, but also can form a homogeneous and stable 
suspension. Therefore, converting non-lipophilic MXenes 
into self-dispersed additives is highly desirable.

Structural regulation is an effective method for prepar-
ing self-dispersing materials. For example, inspired by the 
crumpled paper, Dou et al. [31] prepared crumpled graphene 
ball as high-performance oil-based additive. In contrast to 
graphite nanosheets, reduced graphene oxide (rGO) sheets, 
and carbon black, the crumpled graphene balls present 
unrivaled aggregation-resistant property in PAO-4 oil after 
structural regulation. Wang et al. [32] fabricated silver/rGO 
composites via one-step laser irradiation. They found that 
the removal of oxygen and the decoration of nanoparticles 
can improve the dispersion stability significantly. Inspired by 
above achievements, it is logical to develop nanostructured 
MXene-based lubricant additives for potential tribological 
applications by regulating their structures. Owing to the rich 
negative charge on the surface, MXene nanosheets are prone 
to absorb the positive group to fabricate the corresponding 
composite material. Hydroxysalts (HS) are inorganic com-
pounds, composing of metal ions, -OH, and other anions 
(Cl−, NO3

−, SO4
2−, and CO3

2−) [33]. Because of the easy 
control of structure and composition, it has a wide range 
of applications, including adsorption [34], catalysis [35], 
and electrochemistry [36]. However, to the best of our 
knowledge, there have been no reports of HS in tribological 
applications.

In this work, we designed and prepared MXene/HS nano-
composites as self-dispersed lubricant additives through 
structural regulation with HS. The formation of HS on 
MXene not only enlarges the interlayer spacing of MXene 
but also creates a barrier between the MXene layers to avoid 
their restacking. Meanwhile, the strong active sites on the 
surface of MXene prevent aggregation of HS nanosheets. 
As a result, agglomeration of MXene and HS in the disper-
sion system is significantly avoided by forming structurally 
regulated composites. Furthermore, the tribological perfor-
mance of the mixed oil sample was investigated in detail. 
The results showed that the MXene/HS composite has effi-
cient friction reduction and anti-wear properties in PAO-10 
base oil. This work provides a reference for the design and 
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synthesis MXene-based composites with self-dispersing 
properties and enriches the research of MXene as additives 
for liquid lubricants.

2 � Experimental

2.1 � Materials

Ti3AlC2 powder (MAX, 200 mesh, 98%) was purchased 
from Beijing Forsman Technology Co., Ltd. Cobalt nitrate 
hexahydrate (Co(NO3)2·6H2O) was acquired from Rhawn 
Reagent. Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), 
hydrochloric acid, and citric acid were provided by Sinop-
harm Reagent Co., Ltd. Lithium fluoride (LiF) was supplied 
from Macklin. Urea (CH4N2O) was obtained from Tianjin 
Damao Chemical Reagent. PAO-10 oil was supplied from 
Beijing Sunright Trade Co., Ltd. All chemical reagents were 
used without further purification.

2.2 � Fabrication of Ti3C2Tx MXene Aqueous 
Dispersion

To avoid the hazardous and toxic impact of HF, MILD 
method was used to prepare MXene [37, 38]. LiF (2 g) was 
dissolved in a polytetrafluoroethylene (PTFE) liner contain-
ing 40 mL HCl (9 M) aqueous solution, followed by the slow 
addition of 2 g Ti3AlC2. The mixture solution was trans-
ferred into a water bath and maintained at 35 °C for 24 h 
with magnetic stirring. After the reaction was completed, the 
black muddy precipitate was washed with ultrapure water for 
several times until the pH was close to neutral. Subsequently, 
the collected paste was dried in a vacuum freeze dryer for at 
least 48 h to obtain MXene powder. Then, 1 g MXene was 
dispersed in 250 mL ultrapure water and sonicated for 1 h. 
The final supernatant (2.8 mg/mL) was obtained by cen-
trifugation at 3500 rpm and stored at 4 °C for the following 
experiments.

2.3 � Fabrication of MXene/HS Composite

Ni(NO3)2·6H2O (0.29 g), Co(NO3)2·6H2O (0.582 g) and urea 
(0.8 g) were completely dissolved in a beaker containing 
16 mL ultrapure water. 44 mL of the synthesized MXene 
aqueous solution was poured into it. Thereafter, 0.05 g of 
citric acid was added to facilitate the anchoring of metal 
ions on the MXene surface [39], and the whole mixture was 
magnetically stirred at room temperature for 1 h. Subse-
quently, the above mixture was transferred into a 100 mL 
autoclave and heated to 120 °C for 10 h. After centrifuga-
tion and washing, the final product was obtained by freeze-
drying. For preparing pure HS, the synthesis procedure was 

the same as MXene/HS composite except for the absence 
of MXene.

2.4 � Characterizations

The crystal structures of the as-synthesized samples were 
characterized by X-ray diffraction (XRD, Bruker D8 
Advance diffractometer, Cu-Kα radiation, λ = 1.5406 Å) at 
a scanning rate of 5° min−1 and 5–80° angular range. The 
uneven XRD background of HS was subtracted using Jade 
6.0 software. The morphological structures were observed 
by scanning electron microscopy (SEM, JEOL JSM-7610F, 
Japan) and transmission electron microscopy (TEM, JEOL 
JEM-2100, Japan) connected to energy dispersive spec-
troscopy (EDS). Size distributions of the prepared MXene 
nanosheets were determined by dynamic light scattering 
using a potential analyzer (Malvern Zetasizer Nano ZS90, 
UK). Fourier-transform infrared (FT-IR, Bruker Tensor 
27, Germany) spectra were utilized to confirm the surface 
groups of the materials over a wavenumber range from 
4000 to 400 cm−1. X-ray photoelectron spectroscopy (XPS, 
Thermo ESCALab 250Xi, USA) was carried out using a 
monochromatic Al-Kα source (10 mA, 14.6 kV). The cham-
ber pressure was about 3 × 10–8 Torr under testing condition. 
For peak fitting of the high-resolution spectra, Shirley back-
ground was chosen over a linear background. The spectra 
were fitted with a Gaussian–Lorentzian peak model.

2.5 � Tribological Tests

Tribological experiments of PAO-10 containing different 
samples were conducted on an SRV-V tribometer (Opti-
mol) in reciprocating mode. The applied loads were 200, 
250, 300, and 350 N (which correspond to maximum Hertz 
contact pressures of 2.72, 2.93, 3.12, and 3.28 GPa, respec-
tively), and the other test conditions were set to 25 Hz, 
1 mm, and 30 min. The extreme pressure property of the 
PAO-10 oil was evaluated from 50 to 800 N along with the 
increase of 50 N every 2 min. The steel ball (AISI 52,100 
steel, HRC = 60 ± 2, D = 10 mm) and the steel disk (AISI 
52,100 steel, HRC = 60 ± 2, 24 mm × 7.9 mm) were selected 
as friction pairs. Both of them were ultrasonically cleaned 
with petroleum ether and water before the experiment. The 
wear track width on the steel disk and wear scar diameter on 
the steel ball were photographed and measured using an opti-
cal microscope (Axiocam 208 color). Noncontact 3D optical 
surface profiler (KLA-Tencor, USA) was used to measure 
the wear volume, depth of the wear track, and the rough-
ness of wear tracks on the steel disk. The tribological tests 
were performed at least three times under each condition. 
According to the Hamrock-Dowson theory, the calculated 
minimum film thickness under load of 300 N is ~ 32 nm. 
The test condition was in the boundary lubrication regime 
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(see in Supplementary Materials). The chemical composi-
tion of the worn surface was analyzed by XPS (ULVAC-PHI 
PHI5000 Versaprobe III), which performed at a monochro-
mated Al-Kα 1486.6 eV, voltage of 15 kV, beam of 4.5 mA, 
and CAE analyzer scan mode. Survey spectra were taken at 
a 224 eV pass energy with energy step of 1.0 eV, and high-
resolution spectra were studied at 69 eV pass energy with 
energy step of 0.1 eV. The background subtraction method 
and fitting technique are the same as described in Sect. 2.4.

3 � Results and Discussion

Figure 1 illustrates the process for the preparation of the 
MXene/HS composites, including the formation of MXene, 
delamination, and in-situ growth of hydroxysalts. Typi-
cally, the multilayer MXene was synthesized by a top-down 
method by etching the Al layers with LiF-HCl etchant. 
And then, multilayered MXene was exfoliated in water 
by ultrasonication treatment. After centrifugation, exfoli-
ated MXene (e-MXene) suspension containing few-layer 
MXenes was obtained. As a negatively charged material, 
MXene nanosheets can firmly absorb Ni2+ and Co2+. Later, 
the decomposition of urea provided an alkaline environment 
for the formation of HS nanosheets (Supplementary Materi-
als), resulting in MXene/HS nanocomposite.

As presented in Fig. 2 and Fig. S1, the morphology 
and structural features of the MXene, HS, and MXene/HS 
composites were identified. It is evident that the obtained 
multilayered MXene possesses a typical accordion-like 
structure, indicating that the Al atomic layers have been 
etched away [40] (Fig. 2a). After ultrasonication in water, 
thin-delaminated MXene nanosheet was obtained (Fig. 2b). 
The average size characterized by dynamic light scattering 

was 344.6 nm (Fig. S2). Remarkably, due to the abundant 
negatively charged group of MXene, HS nanosheets can be 
formed on both sides of the sheets. As shown in Fig. 2c, d, 
HS nanosheets were uniformly anchored on the surface of 
MXene resulting in rougher surfaces, as well as good separa-
tion of MXene nanosheets. Notably, the original sheet-like 
structure was transformed into a MXene/HS heterostructure 
by this in-situ crystallization process. In contrast, as shown 
in Fig. S1, serious agglomeration of HS nanoparticles was 
observed. In the absence of MXene, numerous nanoparti-
cles stacked disorderly to form a sphere with a diameter of 
approximately 8–10 μm.

TEM images intuitively reflect the successful prepara-
tion of HS nanosheets on MXene. As shown in Fig. 3a, b, 
ultrathin MXene nanosheets were almost transparent and 
displayed typical smooth structure. Moreover, many nano-
structures crawled on the surface of MXenes after growth 
of HS as shown in Fig. 3c, d. Undoubtedly, negatively 
charged MXene can provide abundant sites for anchoring 
Co2+ and Ni2+ to facilitate the nucleation and growth of HS 
nanosheets. The EDS mapping results (Fig. S3) proved this 
inference and illustrated the uniform distribution of C, O, F, 
Ti, Co, and Ni elements in MXene/HS composite.

To confirm the crystal structure of HS, MXene, and 
MXene/HS composites, XRD measurements were carried 
out and the results are presented in Fig. 4. For the HS, dif-
fraction peaks at 10.0°, 17.5°, 26.7°, 33.8°, 39.5°, and 47.3° 
are assigned to the (100), (020), (220), (221), (231), and 
(340) planes, which are consistent well with those of its 
analog (Co(CO3)0.5(OH)1.0·0.11H2O, JCPDS No. 48-0083). 
This indicates the successfully preparation of HS. Moreover, 
the typical sharp (002) peak located at 6.5° of MXene indi-
cates that the Al atomic layers were etched away by LiF-HCl 
etchant, consistent with the SEM observation (Fig. 2a). The 

Fig. 1   Schematic diagram of preparation process of MXene/HS composites
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XRD pattern of MXene/HS composites displays the typical 
peaks of HS, demonstrating that HS nanosheets were suc-
cessfully assembled on the surface of MXene. Moreover, 
it is noteworthy that the diffraction peak of (002) plane for 
MXene disappears in the composites, which can be attrib-
uted the good separation of MXene nanosheets by anchoring 
HS nanosheets. In other words, the aggregation of MXene 

nanosheets was highly prevented by HS nanosheets, which 
is consistent with SEM and TEM results. Undoubtedly, the 
introduction of HS plays a vital role in the stabilization of 
MXene, which will facilitate stable dispersion of the com-
posite in oil.

The surface groups of MXene, HS, and MXene/HS were 
investigated by FT-IR. As depicted in Fig. 5, the stretching 

Fig. 2   SEM images of a as-
synthesized Ti3C2Tx MXene, 
b delaminated MXene, c and d 
MXene/HS composites

Fig. 3   TEM images of a, b 
exfoliated MXene and c, d 
MXene/HS composite
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vibrations of O–H at 3455 cm−1 are present in all sam-
ples. In addition, the characteristic peaks at 1659  cm−1, 
1075 cm−1, and 590 cm−1 are ascribed to the stretching of 
C=O, C–F, and Ti–O, which further confirmed the existence 
of MXene in the composite [40]. Besides, the peaks centered 
at 1500 cm−1 and 832 cm−1 correspond to the stretching 
vibration of CO3

2−, which appeared in both HS and MXene/
HS [34].

The survey XPS spectrum revealed peaks belonging to 
C, O, Ti, Co and Ni (Fig. 6a). As shown in Fig. 6b, the 
C 1  s spectrum can be fitted with four peaks at 289.0, 
286.27, 284.75, and 281.48 eV, corresponding to O–C=O, 
C–O, C–C, and C–Ti, respectively [41]. In particular, the 
O–C=O can be distributed to CO3

2− in the HS. The fitted 
peaks located at 532.45, 531.8, 531.2, and 529.97 eV can be 
assigned to metal oxygen bonds (M–O–M), hydroxyl oxygen 

(–OH), C–Ti–Ox, and Ti–O, respectively [42]. In the Ti 2p 
spectrum, the deconvoluted peaks mainly correspond to 
Ti2+, Ti3+, Ti–C, and Ti–O [43]. In addition, there are three 
peak pairs in the spectrum of Ni 2p (Fig. 6e). Among them, 
the first doublet centered at 873.46 eV and 855.81 eV and 
the second centered at 875.16 eV and 857.2 eV are attributed 
to Ni2+ and Ni3+ [44], respectively. As for the third pair at 
880.45 eV and 861.98 eV, it is related to shakeup satellite 
peaks. In addition, splitting peaks similar to the Ni 2p orbital 
can be observed in the spectrum of Co 2p. The Co 2p3/2 and 
Co 2p1/2 orbitals arise at 781.1 eV and 797.0 eV, respec-
tively. Meanwhile, the peaks at 802.75 eV and 786.34 eV 
correspond to the two shakeup satellites. All relevant data 
analysis confirmed the successful preparation of MXene/
HS composites.

As an additive, homogeneous and stable dispersion in oil 
needs to be taken into consideration for its practical appli-
cation. Herein, MXene, HS, and MXene/HS powders were 
dispersed in PAO-10 base oil by sonication without any 
organic reagent modification (Fig. 7a). All samples showed 
a uniform mixture after sonication. However, obvious sedi-
mentation appeared in the suspension of MXene and HS 
after 10 days. In contrast, the MXene/HS composite was 
still stably dispersed in the base oil. For the composite, the 
presence of HS not only helps avoid MXene restacking due 
to electrostatic repulsion [45], but also the HS nanosheets 
can act as nanosteric hindrance between MXene nanosheets 
to alleviate their restacking. Therefore, the composite exhib-
ited better dispersibility than the individual components. 
The above results implied that compounding is an effective 
method to create additives with outstanding self-dispersed 
ability.

The friction and wear behavior of MXene, HS, and 
MXene/HS as PAO-10 additives were investigated with a 
ball-on-disk configuration under different normal forces. To 
determine the optimal concentration of MXene/HS, friction 
tests with different mass concentrations from 0.1 to 2.0 wt% 
were operated under 200 N. It is noteworthy that a certain 
concentration of 1.0 wt% showed better friction-reduction 
performance (Fig. S4). Subsequently, in view of the limited 
lubrication performance of PAO-10 oil at high pressure (Fig. 
S5), the load applied in the experiments was set to 200 N, 
250 N, 300 N, and 350 N. Figure 7b–e shows the friction 
test curves of different samples. In the initial stage, the COF 
of PAO-10 rose to a high value of 0.6 and then decreased 
to lower and relatively steady values around 0.16. The high 
value stage could be attributed to the severe contact pres-
sure of the point contact during the initial running-in con-
ditions. This COF changing tendency of PAO-10 oil is in 
accordance with the reported results [46, 47]. After adding 
1.0 wt% MXene/HS, the lubrication performance was dra-
matically improved. The COF was steady at approximately 
0.12 and running-in period was not observed as the load 

Fig. 4   XRD patterns of MXene, HS, and MXene/HS

Fig. 5   FT-IR of MXene, HS, and MXene/HS
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changes. Moreover, there was no obvious fluctuation in the 
friction system lubricated by MXene/HS until the end of 
sliding. On the other hand, the addition of MXene had a 
weak effect on the tribological behavior of PAO-10, which 
was manifested as a slight decrease in COF. Meanwhile, 
the results also revealed the poor lubrication performance 
of HS under different loads, which might be caused by the 
severe agglomeration of HS in the oil (Fig. 7a), causing 
great difficulty for entering the contact surface of the fric-
tion pairs. To intuitively compare the tribological properties 
of the four samples under different loads, the histograms of 
average coefficient of friction (ACF) are shown in Fig. 7f. 
The ACF of the oil sample containing 1 wt% MXene/HS 
shows a low value and stable tendency, greatly optimizing 
the friction-reduction property of the base oil. Based on the 
above analyses, it can be speculated that the self-dispersion 
ability and anti-aggregation property derived from the for-
mation of composite may be responsible for the improved 
tribological performance.

To further understand the anti-wear performance of 
MXene/HS additive, the wear track on the steel disk and 
wear scar on the steel ball after the friction test are compared 
in Fig. 8. The width of the worn area lubricated by pure oil 
was the largest among all samples, with an average width of 
949 μm (Fig. 8a1). Moreover, some scratches were beyond 
the set stroke when lubricated by pure oil, HS, and MXene 
(Fig. 8a1–a3), indicating the limited tribological properties 
of these three oil samples and they cannot provide timely 
feedback in response to sudden sliding [48]. In contrast, the 

severe wear was not observed for the MXene/HS additive 
and only narrow (483 μm) wear track was generated, indicat-
ing that the substrate was protected by the oil with MXene/
HS additive (Fig. 8a4). It can be speculated that MXene/HS 
could fill the worn defect to decrease the surface roughness 
and construct a protective film with high strength and great 
endurance in the friction stage [49, 50]. Wear scars on the 
steel ball showed the same trend, the scar diameter using 
pure oil estimated to be approximately 957 μm (Fig. 8b1). 
However, the oil sample with 1.0 wt% MXene/HS presents 
the smallest wear scar diameter (Fig. 8b4). The addition of 
MXene/HS reduces the wear scar diameter by 49.4% com-
pared to that of pure oil (Fig. 8b1–b4). Among these addi-
tives, the good compatibility of the composite material with 
the base oil enables this system to exert the optimum lubri-
cating performance.

3D optical surface measurements were conducted to fur-
ther evaluate the wear reduction property of the additives. 
After the friction tests at 300 N, the wear tracks images and 
corresponding roughness of wear tracks on the steel disk are 
presented in Fig. 9 and Table S1. After sliding in base oil 
and oils with MXene and HS additives, many abrasive wear 
marks were found at contact area of the rubbing steel disk 
due to the failure of tribofilm (Fig. 9a–c). Compared with 
the base oil, the worn degree of the contact area with MXene 
additive was reduced, indicating that MXene can improve 
the anti-wear performance of the base oil. Evidently, some 
asperity and deformation appeared at both ends of the tracks, 
indicating the terrible lubrication conditions in this region 

Fig. 6   a XPS survey spectrum of MXene/HS composite; high-resolution spectra of b C 1 s, c O 1 s, d Ti 2p, e Ni 2p, and f Co 2p of MXene/HS 
composite
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[51]. The severe deformation phenomenon indicated that a 
large number of wear particles generated during the slid-
ing process are not conducive to lubrication. As mentioned 
above, pure base oil and oils with MXene or HS additive 
cannot effectively resist strong external force extrusion with-
out the aid of proper additives. In contrast, Fig. 9d displays 
shallow and negligible wear damage in MXene/HS compos-
ite lubrication system. When 1.0 wt% MXene/HS was added 
to oil, the overall wear profile was relatively small and had 
a regular shape. In addition, there is no serious deformation 
before and after the wear area, which corresponds to the 
disappearance of the running-in period in the COF curve. 
In other words, the lubricating performance of MXene/HS 
is remarkable, even at the end of the stroke where the lubri-
cation environment is the worst [52]. Besides, the depth of 
the wear track with MXene/HS additive is approximately 
1/5 of the pure base oil (Fig. 9a, d). The calculated wear 
volume loss after oil formulating with various additives is 
summarized in Fig. 9e. The corresponding wear volume loss 

of the steel disk under lubrication of PAO-10 is as high as 
2.35 × 106 μm3 (corresponding to a wear rate of 0.087 μm3/
(N mm), Fig. S6), while the values for that of HS and MXene 
can be reduced by 16.2% and 23.3%, respectively. When 1.0 
wt% MXene/HS composite is added to PAO-10 oil, the wear 
scar exhibits the smallest wear volume loss of 4.23 × 105 
μm3 (corresponding to a wear rate of 0.016 μm3/(N mm), 
Fig. S6; 82.0% reduction). A reasonable explanation for such 
phenomenon is that the as-synthesized composite additive 
with self-dispersing ability could more readily penetrate the 
rubbing contact interface to produce synergistic lubrication 
with oil during the tribological test.

SEM and EDS analyses of the worn surface were also 
performed. It can be seen that the rubbed surface lubricated 
by MXene/HS is relatively smooth as shown in Fig. 10a, b. 
Meanwhile, some nanoadditives filled in grooves and fur-
rows can be observed as indicated in Fig. 10c, suggesting 
that MXene/HS composites could play a vital role in lubrica-
tion between friction pairs. Furthermore, EDS/EDS mapping 

Fig. 7   a Photographs of the 
MXene, HS, and MXene/HS 
dispersed in PAO-10 base oil 
at a concentration of 1.0 wt%, 
taken immediately after sonica-
tion and 10 days after sonica-
tion, respectively. b–e Friction 
curves and f ACF using PAO-10 
and PAO-10 containing 1.0 wt% 
MXene, HS, and MXene/HS 
at different loads of b 200 N, c 
250 N, d 300 N, and e 350 N, 
respectively
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results (Figs. 10d and S7) further confirmed the existence 
of Ti, F, Ni, and Co elements for the composite additive in 
this region. These results suggest that MXene/HS compos-
ites could be involved in contact interface during the sliding 
process, leading to the contribution to the antifriction and 
wear resistance.

To explore the lubrication mechanism, XPS was car-
ried out to determine whether the tribochemical reactions 
occurred on the worn surface to contribute to the formation 
of tribofilm. Figure 11 shows the curve-fitted XPS spectra 
of C 1s, O 1s, Fe 2p, and Ti 2p on the worn steel surfaces 
lubricated by MXene/HS and MXene. Much stronger XPS 
signals of C, O, and Ti were detected on the worn sur-
faces lubricated by MXene/HS than those of lubricated by 
MXene, indicating that MXene/HS composites were more 
easily absorbed on the surface of substrate. Under lubrica-
tion containing MXene/HS composite additive, the high-
resolution XPS spectrum of C 1s (Fig. 11a) can be fitted 
into three main peaks corresponding to the C–C (284.4 eV), 
C–O (285.2 eV), and O–C=O (288.4 eV), respectively. 
The peaks at 529.9, 531.5 and 532.5 eV in the O 1 s spec-
trum can be assigned to M–O, –OH, and M–O–M, respec-
tively [42]. Besides, two characteristic peaks observed at 
529.3 eV and 530.7 eV can be assigned to FeOOH. Similar 
fitted peaks were observed in the worn surface lubricated 
by MXene additive, but the peak intensity is significantly 

Fig. 8   Optical images of the wear track and wear scar tested with a1, 
b1 base oil, a2, b2 1.0 wt% HS, a3, b3 1.0 wt% MXene, and a4, b4 
1.0 wt% MXene/HS at 300 N

Fig. 9   3D topography and wear depth of the wear tracks lubricated with a PAO-10 oil, b HS, c MXene, and d MXene/HS under 300 N. e Wear 
volumes of the different wear tracks
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decreased. The stronger signal of O element in the former 
system indicated that abundant oxidation reactions occurred 
on the contact surfaces, suggesting that the introduction of 
HS in composites triggered additional oxidation reactions 
for promoting the formation of tribofilm. In addition, as 

presented in Fig. 11c, fitted peaks located at 710.1, 711.6, 
713.7, and 724.3 eV are ascribed to a series of oxide spe-
cies such as FeO, Fe3O4, Fe2O3, and FeOOH. [51, 53, 54] 
(detailed assignment is summarized in Table S2), which are 
similar as the spectrum lubricated by MXene. Notably, for 

Fig. 10   a–c SEM images of 
worn surface lubricated with oil 
containing MXene/HS compos-
ites at different magnification. 
d EDS analysis results of worn 
surface lubricated with oil con-
taining MXene/HS composites

Fig. 11   XPS spectra of a C 1s, 
b O 1s, c Fe 2p, and d Ti 2p 
of worn track lubricated by (1) 
MXene/HS composite and (2) 
MXene
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the high-resolution XPS spectrum of Ti 2p (Fig. 11d), it 
only appeared in the spectrum lubricated by MXene/HS. 
This demonstrates that the MXene/HS additive participated 
in the rubbing process and a series of oxidation reaction 
occurred at the worn surfaces. In contrast, MXene additive 
cannot provide a constant supply of lubrication during slid-
ing due to limited dispersibility. In other words, it is difficult 
for the stacking MXenes to enter into the contact area to 
generate sufficient lubrication effect. Based on the above 
results, it is reasonable to assume that MXene/HS with better 
dispersion stability could enter the rubbing area to form a 
surface protective and lubricating film composed of iron and 
titanium oxides through a series of complex tribochemical 
reactions. Based on the tribological behavior and XPS data 
analysis, the composition of the tribofilm formed by MXene/
HS is more diverse, and the protection ability for substrate 
is enhanced compared to the MXene additive.

Based on the surface analyses of wear track, the fric-
tion reduction and anti-wear effect can be deduced into 
following aspects (Fig. 12). First, complete dispersion of 
MXene/HS composites in PAO-10 base oil can guarantee 
continuous supply and entry into contact area, which is 
the primary condition to fully exert their lubrication abil-
ity. In contrast, non-functionalized MXenes exhibit short-
term stability which also makes them less accessible to 
the contact area. Second, the interlayer space of MXene 
nanosheets of the composites was enlarged by the nuclea-
tion and growth of HS, leading to the further weakened 
shear strength and counteracting part of friction force dur-
ing mechanical movements. Third, the composite additives 
can embed on the grooves of the rubbing surface spontane-
ously to decrease roughness. Specifically, HS nanosheets 
with small size are exfoliated from the composite during 
the sliding, playing the dual role of sharing the force and 
filling the grooves. On the other hand, the high tempera-
ture generated from friction sliding promotes the adsorp-
tion and deposition of additives, forming a dense tribofilm 
on the worn surface. In this work, the protective tribofilm 
is not only related to physical adsorption and deposition, 
but also depends on complex chemical reactions. All in 

all, the introduction of MXene/HS seems to be a barrier 
between the friction pairs and prevents the collision of 
asperities effectively and finally achieving the improve-
ment of the tribological properties.

4 � Conclusions

In this paper, self-dispersed MXene/HS composite as addi-
tive in PAO-10 was successfully constructed by a facile 
hydrothermal method. Thanks to the modification with 
hydroxysalts, the MXene nanosheets are well separated 
from each other and the resultant composite remains sta-
ble in oil. As a lubricant additive, the MXene/HS com-
posite exhibits remarkable antifriction and wear resist-
ance properties. The stable dispersion of the composite 
ensures the continuous supply during sliding process and 
facilitates the penetration of lubricating material into the 
contact area. Moreover, the ideal combination of MXene 
nanosheets and hydroxysalts creates synergistic lubrica-
tion effect via physical interactions and tribochemical 
reactions. This work enriches the potential application of 
MXene nanosheets as green additives in tribology and pro-
vides inspiration for preparing lubricating materials with 
outstanding self-dispersing ability.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11249-​022-​01605-3.
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