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A B S T R A C T   

MXenes (MXs), as an emerging 2D family of transition metal carbides and nitrides, have been considered as new 
candidates for solid lubrication/lubricant additives due to their mono-layered graphene-like structure with 
similar mechanical properties, abundant surface terminations (i.e., -O, -OH, -F), relatively low shear strength and 
inherent self-lubrication ability. In this review, we introduced MXs’ synthesis and their lubrication performance 
and mechanisms. Typically, pure MXs and MXs-based composites like MXs/polymers, MXs/graphene (MoS2) or 
MXs/metals (metal oxide) were used as reinforcement materials to form protective coatings with excellent 
mechanical properties and solid lubrication performance. As liquid lubricant additives, MXs can be used as 
water-/oil-based lubricant additives, and exhibit improved friction and wear. At the same time, chemically 
functionalized MXs with better dispersibility and compatibility were introduced as the improved oil-based 
lubricant additives. Some parameters (such as MXs’ structural effects and working conditions) affecting MXs’ 
lubrication performance, and the lubrication mechanisms (such as the formation of tribofilm, the hydrophilic-
ity-/interlayer-dependent lubrication mechanism and adsorption effect) were all discussed. Finally, some future 
perspectives for MXs’ lubrication were proposed at the end of this review.   

1. Introduction 

As one of the youngest and fastest growing classes of two- 
dimensional (2D) materials in the world, MXenes (MXs) are broad 2D 
transition metal nitrides and carbides, which are derived from MAX 
phase (i.e., Mn+1AXn), where M represents the early transition metal 
(such as Sc, Ti, V, Cr, Zr, Hf, Nb, Mo, Ta, and W), A is the element from 
IIIA or IVA groups (such as Al and Ga) and X refers to carbon (C) and/or 
nitrogen (N) (or their combination in some cases) with n ranging from 1 
to 3 [1,2]. MAX phases can be exfoliated into 2D-layer metal nitrides 
and/or carbides in the presence of hydrofluoric acid (HF) by selective 
etching of A elements from MAX’s originators [3]. It is suggested that 
M-X contains higher bonding strength than that of M-A due to the mixing 
nature of covalent/metallic/ionic M-X compared to the single metallic 
nature of M-A, which leads to the possibility of chemomechanically 
selective etching of A elements without the rupture of M-X [4]. Upon the 
meticulous etching of M-A, functional terminations such as -F, -OH, -O, 
-Cl or -F/-OH/-O are presented to create the chemical formulation of 
Mn+1XnTX, where M embodies the transition metal, X donates to C or N 

with n varying from 1 to 3, and TX is assigned to the terminated group 
with X number [5,6]. 

Ever since the advent of Ti3C2TX (the first MX in 2011), over 30 
different kinds of MXs have been developed, such as Ti2CTX, V2CTX, 
Nb2CTX, Ti3CNTX, (Ti0.5, Nb0.5)2CTX, Nb4C3TX, Ta4C3TX, etc. [4]. In 
some cases, there are more than one transition metals in MXs con-
struction, and the chemical formulation is expressed as (M1, 
M2)n+1XnTX, where M1 and M2 are two different transition metals, such 
as M1

4M2C4TX, M1
2M2

2C3TX, or M1
2M2C2TX. In cases of two different metals 

with in-plane arranging and rotating molecular chains formed inside the 
similar metal layers, i-MXs with a general formulation of (M1

4/3M2
2/3)XTX 

can be synthesized. In cases of M1 and M2 are positioned in distinct 
atomic planes with an out-of-plane arrangement, which are assigned as 
o-MXs, such as (M1

2M2)X2TX and (M1
2M2

2)X3TX. Additionally, other forms 
of MXs like delaminated nomolayer (d-MXs) and many layers flakes 
(m-MXs) were also prepared in some studies [1,7–9]. 

Graphene, due to its superior mechanical properties, easy-shearing 
ability and atomically smooth surface, has been widely applied in 
tribology [10]. Among all 2D MXs nanomaterials, Ti3C2TX MX 
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monolayers contain the similar mechanical property with graphene (e. 
g., Young’s modulus, ⁓ 330 N/m for Ti3C2TX and ⁓ 340 N/m for gra-
phene) [11]. Besides, owing to its layered graphene-like structure, 
characteristic surface terminations (i.e., -O, -OH, -F), relatively low 
shear strength, and inherent self-lubrication ability, Ti3C2TX MX exhibits 
the great potential in tribology [12–14]. Basically, through DFT calcu-
lations, Zhang et al. found that the interlayer distance, functionalization, 
and stacking type of MXs would affect their lubrication performance, 
and MXs with larger interlayer distance, more oxygen-functionalized 
terminations, and mirror stack would contain better tribological per-
formance [15]. Through MD simulations and DPT calculations, the 
adjacent friction of Tin+1Cn (n = 1, 2, 3) showed that under load of 1.2 
GPa, Tin+1CnO2 (n = 1, 2, 3) showed the COF of 0.24–0.26, and the 
surface modification with -OH and -OCH3 further reduced the COF to 
0.10–0.14, revealing the superior lubrication performance of function-
alized titanium carbide MXs (i.e., Ti3C2TX) [16]. Marquis et al. also 
revealed the important role of surface terminations on tribological 
performance of titanium carbide MXs via DFT calculation [17]. 
Furthermore, Serles et al. not only found the nanoscale lubricity of 2D 
Ti3C2TX MX governed by termination species, but also confirmed its 
sustainable lubricity, which makes it uniquely positioned among other 
titanium carbide MXs in tribology [18]. So far, Ti3C2TX MX has been 
increasingly applied in the field of lubrication due to their lamellar 
structures and low-interlayered Weak Van Waals forces (which make the 
MXs shear easily over an external force), high specific surface area 
(making MXs easy to form a lubricating film or transfer film to reduce 
friction and wear), superior dispersibility (the same as traditional 2D 
materials like graphene and MoS2 [19,20]), and excellent mechanical 
performance [12,13,21]. Additionally, for the tribological application, 
the formation of tribofilm with superior mechanical properties during 
friction is significantly crucial for wear protection [22–24], and it has 
been proved that the Ti3C2TX film with high orientation shows the 
tensile strength as high as 568 MPa [25]. Hence, massive studies have 
used Ti3C2TX MX in tribology to improve the anti-friction and anti-wear 
performance of friction surface. On the other hand, MXs-polymer com-
posites (abundant terminations and low shear strength between adjacent 
MXs make them easy to interact with polymeric matrix) can exhibit the 
enhanced lubrication properties due to the superior mechanical of MXs 
and crosslinking interactions between MXs and polymer matrix [26,27]. 
The heterostructure of MXs derived materials was also exploited, which 
also exhibited low sliding energy barrier and improved friction, thermal, 
mechanical, anti-corrosion behaviors [28]. 

There are so many reviews on MXs in the fields of electrocatalysis 
[29], remediation of aqueous environmental pollutants [30], flame 
retardant polymer materials [31], supercapacitors [32,33], recharge-
able batteries [34], water/air purification [35,36], sensors [37], etc., 
while few literature focuses on the recent progress of MXs on their 
lubrication. In this review, we summarized the lubrication performance 
and mechanisms of MXs-based materials as solid lubricants and 

functional lubricant additives with outstanding self-lubrication and 
anti-wear performance (Fig. 1). 

2. Synthesis of MXs 

Since the first report on MX (i.e., Ti3C2TX) in 2011, various synthesis 
methods have been explored. Due to the dominance of Ti3C2TX among 
all MXs, we take it as a typical example to introduce the synthesis 
method in recent years. 

2.1. Hydrofluoric acid (HF) etching 

Traditionally, HF have been widely used as etchant in A selective 
etching to produce MXs. The HF etching method was firstly reported in 
2011 to treat Ti3AlC2 with high concentration HF solution (50%) ac-
cording to the following simplified reactions (i.e., Eqs. 1–3) [3]. 

Ti3AlC2 + 3HF = Ti3C2 +AlF3 + 1.5H2 (1)  

Ti3C2 + 2H2O = Ti3C2(OH)2 +H2 (2)  

Ti3C2 + 2HF = Ti3C2F2 +H2 (3) 

For instance, after Al etching, a new 2D material (so-called “MXene”) 
with graphene-like morphology and surface functional terminations like 
-OH, -O, and -F on its exfoliated layers can be obtained with the pro-
duction of H2 via the reaction between the deionized water and HF so-
lution. It is suggested that the obtained Ti3C2 layers exfoliation leads to 
the loss of metallic bonding between them after Al atom’s extraction, 
which will present exposed Ti atoms satisfied by hydroxyl and fluorine 
ligands to form Ti3C2(OH)2 and Ti3C2F2. The quality of MXs prepared 
during HF etching is related to etching time, etching temperature and HF 
concentration. Khatun et al. investigated the optimization of etching 
time (from 2 to 48 h) to prepare Ti3C2TX MX. Results showed that lower 
etching durations were not sufficient for Al extraction and 24 h etching 
was most suitable time for Ti3C2TX MX preparation, while 48 h etching 
lead to the breaking of MXs (Fig. 2a) [38]. The investigation on the effect 
of etching temperature on Ti3C2TX MX formation showed that the higher 
temperature, the faster transformation from Ti3AlC2 MAX phase to Ti3C2 
MX phase (Fig. 2b) [39]. Etching reactions with lower HF concentrations 
would require longer etching durations to complete Al etching [40]. 
Additionally, Sang et al. found that HF concentration used for Al 
extraction was important for atomic defect formation via controlling Ti 
vacancy concentration, which could influence the surface morphology 
and termination [41]. 

2.2. Modified acid etching 

So far, HF etching method has still been used for synthesizing MXs 
nanomaterials, but higher concentrations of HF used may lead to more 
surface defects and lower MXs yields [41]. What’s more, the major 
disadvantage of traditional HF etching method (with high HF solution 
concentration from 10% to 50%) is the toxicity and corrosion [42]. The 
Al element in Ti3AlC2 can be removed by only using a low concentration 
of HF (e.g., 5%) [40]. Therefore, some efficient HF-free etching methods 
using HF-free etchants have been explored by using some fluoride salts 
(e.g., NaHF2 [43], NH4HF2 [43], KHF2 [43], LiF [44], FeF3 [45], etc.) 
accompanied with hydrochloric acid to produce low concentrations of 
HF (3–5%), which is known as in-situ HF etching method. MXs syn-
thesized from these methods have larger interlayered spaces and lower 
interlayered forces due to the intercalation of cations (NH4

+ or Li+) [46], 
water [47], or organic molecules (e.g., using TMAOH (tetramethy-
lammonium hydroxide), DMSO (dimethyl sulfoxide), and/or TBAOH 
(n-butylamine, tetrabutylammonium hydroxide) [42,48]). Furthermore, 
the subsequent utilization of ultrasound can improve the material 
stratification with no further embolism [49]. This in-situ HF etching 
method is milder compared to the direct utilization of HF solution to Fig. 1. Schematic diagram of MXs’ applications in tribology.  
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prepare MXs, and is commonly used (especially for LiF/HCl mixed so-
lution) for removing Al elements from MAX phase due to the least 
reduction potential of Al holding among all A elements. 

2.3. Molten salt etching and other methods 

Due to the great safety risks of HF etching (including direct HF and 
in-situ HF etching methods), it is highly required to find some new 
methods for preparing MXs (e.g., Lewis acid molten salt methods). Some 
studies have focused on the investigation of new MAX and MX phases, 
such as MAX (Ti3ZnC2, Ti2ZnC, Ti2ZnN and V2ZnC) and MXs (Ti3C2Cl2 
and Ti2CCl2) prepared in ZnCl2 molten salt, or other MAX (such as M =
Al, Zn, Si, Ga, etc.) and their MXs phases using various molten salts (such 
as ZnCl2, FeCl2, CuCl2, AgCl, etc.) via element replacement [50,51]. 
Taking the preparation of single and multi-layer Ti3C2TX MXs using 
Lewis molten salt as example, the utilized content of Lewis acid (such as 
ZnCl2 or CuCl2) is critical for the final product formation. When the 
molar ratio of Al-MAX to ZnCl2 = 1/1.5, the Zn-MAX would be formed 
as main product, while the molar ratio = 1/6 would lead to the gener-
ation of Cl-MX as main product [52]. After reactions, some impurities 
remaining can be removed by washing with dilute hydrochloric acid, 
and the surface terminations (like -Cl and -O) would be formed [50]. On 
the other hand, in addition to Tin+1Cn (carbide MXs), Tin+1Nn (nitride 
MXs) with lower binding energy (which means lower structural stabil-
ity) have also been explored. The higher formation energy of Tin+1Nn 
indicates the stronger bonding of Al atoms in Tin+1AlNn, and thus more 
energy is required for Al etching [53,54]. For example, the first 2D 
nitride MX Ti4N3 was synthesized by Urbankowsk et al. over 550 ◦C for 
30 min in an argon atmosphere by using mixing fluoride salt (KF:LiF: 
NaF = 59:29:12, with the same mass ratio to Ti4AlN3 powder) [55]. 
Lewis acid molten salt method was also used for synthesizing MXs by 
controlling their surface terminations (such as -O, -NH, -S, -Cl, -Se, -Br, 
and -Te) via substitution and elimination reactions, which can give MX 
more different structures and properties [56]. 

2.4. Other methods 

Other fluoride-free preparation methods such as alkali etching, 

electrochemical etching, and bottom-up methods (e.g., chemical vapor 
deposition etching, and atomic layer deposition) have been reported. 
For alkali etching method, inorganic alkalis (e.g., NaOH) are used for 
etching Al from the initial MAX phase instead of organic alkalis due to 
the inferior performance of TMAOH in Al etching [57]. For example, 
Ti3C2TX MXs with the purity of 92 wt% was produced in alkali assisted 
hydrothermal etching method via treating Ti3C2TX MAX phase in NaOH 
aqueous solution under argon atmosphere for avoiding oxidation [58]. 
According to Bayer process, the higher temperature and alkali concen-
tration are beneficial for dissolving Al oxides and its hydroxides, thus 
removing Al phases. Electrochemical etching method is used for MXs 
preparation via selective extraction of nanolaminate contents (e.g., 
carbide-derived carbon, carbon/sulfur) with the high efficiency of 
optimization of etching parameters, which makes MXs synthesis less 
dependent on etchants, thus reduce their undesirable effect on etching 
results (the exfoliated MXs do not contain F due to the low concentration 
or even no presence of F based etchants) [59–61]. The bottom-up 
methods include chemical vapor deposition etching (CVD) and atomic 
layer deposition (ALD), which are all fluorine-free etching methods 
featuring in tenability of layer number with transition metal carbides to 
prepare 2D nanosheets/crystals with the properties of bulk carbides, 
such as α-MoC2 [62,63], which also has the promising application in 
Mo2C MXs preparation as a green etching method [64]. 

2.5. Quality, surface termination and performance of as-prepared MXs 

Through different preparation methods, MXs’ quality, surface 
termination and performance would be changed (taking the most 
representative Ti3C2TX as an example, Fig. 3). Among them, the HF (or 
in-situ HF) etching is suitable for MXs preparation with abundant sur-
face terminations, accordion-like morphology, hydrophilicity, and 
multilayered intercalation/delamination, which are all significantly 
important for MXs’ lubrication performance. 

For HF etching, Ti3C2 layers would be formed with surface termi-
nations (i.e., -F, -OH, -O) owing to the instable surface properties of 
Ti3C2 after Al etching in acid solution, then reacting with H2O and HF 
[65]. MXs prepared by the etching of HF solution contain an 
accordion-like morphology, where van der Waals and hydrogen bonds 

Fig. 2. (a) FESEM (field emission scanning electron microscopy) images of Ti3AlC2, HF etched Ti3C2TX samples prepared at 2, 24 and 48 h [38], and (b) XRD patterns 
of HF etched Ti3C2TX samples prepared at 6, 35 and 60 ◦C [39]. 
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bind their 2D layers. With increasing the concentration of HF used for Al 
etching, this accordion-like multilayer structure would be expanded, 
attributed to the exothermic reaction and H2 escape [3]. In addition, the 
higher concentration of HF solution would result in smaller lateral di-
mensions, more defects, and higher percentages of -F terminations 
during etching process, which can retard the degradation of MXs in 
water [66,67]. The utilization of diluted HF is beneficial for enlarging 
the interlayer space (which would be further irreversibly reduced by the 
later HF removing step washing by water, so-called the shrinkage pro-
cess [68]) and accelerating ion mobility via stabilizing the interlayer 
water molecules from H3O+ (obtained from the etching agent) interca-
lation, which is further conductive for etching reactions [41,69]. Addi-
tionally, intercalation coupled with ultra-sonication to make the 
delamination of MXs multilayer are also commonly applied using DMSO 
[42], TMAOH [70], and TBAOH [48], wherein DMSO can only be used 
for Ti3C2TX MXs separation, while TMAOH and TBAOH have wider 
applications for other MXs. Intercalating TBA+ leads to an excessive 
interlaminar distance while inserting alkali cations (e.g., Na+, K+, NH4

+, 
etc.) only hinder the delamination of MXs into few-layer structures 
(which needs longer time). 

For in-situ HF etching, firstly, the safety of MXs preparation process 
can be improved and the concentration of in-situ HF solution can be 
generally controlled below 5 wt% [71]. The difference from the method 
using diluted HF solution is that, when Al element is removed, the metal 
cations from fluoride salt are intercalated between MXs nanosheets 
(which can provide a larger layer spacing [72]), and then MXs multi-
layer is directly delaminated. On the other hand, the content of -F ter-
minations obtained from in-situ HF etching (e.g., LiF/HCl method) is 
significantly lower than those from diluted HF etching [68], which may 
be due to the lower concentration of HF used. However, the Clˉ ions 
remained would be readily adsorbed on the edges of MXs nanosheets, 
accelerating the access of water and synergistic intercalation of metal 
cations [73]. Certain oxidation (e.g., FeF3/HCl method) can be observed 
to oxidize Ti species to create TiO on MXs nanosheets surface, which can 
be controlled by etching time [74]. By changing the amount of fluoride 
salt (e.g., CoF3/CoF2 in CoFX/HCl), the intensity of -F can be controlled 
during etching process, and the high purity of MXs nanosheets can be 
obtained by inhibiting the impurity of AlF3-3 H2O [75]. In conclusion, 
in-situ HF etching can produce MXs with less detects, larger size, and less 
-F terminations. As for LiF/HCl etching, Li+ ions can be directly used for 
MXs delamination, but the MXs yield is low due to the low etching ef-
ficiency for grain boundaries of the initial MAX phase [76]. Similar to 
the pure HF etching method, the remaining F-containing solution would 
cause a serious environmental issue, and the presence of -F terminations 
on MXs nanosheets surface would deteriorate its corresponding 

performance, e.g., capacitance. 
Molten salt etching methods are improved approaches for avoiding 

the difficulties happening in HF etching. Molten salt etching provides a 
predicable synthesis route based on the Gibbs free energy and the 
electrochemical potential redox of the reaction, significantly reducing 
the loss caused by the trial-and-error during MXs synthesis. MXs pre-
pared from this method using the Lewis acid chloride salt contain pure 
-Cl terminations, and the bonding energy of TI-Cl is much lower than 
that of Ti-F, which provides more potential for MXs surface modifica-
tions. Other terminations (e.g., Br, S, Se, and Te) on Ti3C2TX surface or 
even bare Ti3C2 can also be produced using molten salt etching [56]. The 
surface hydrophilicity of MXs prepared from this method is deficient (e. 
g., the deficiency of -OH) compared to other wet chemical methods. 
Besides, the delamination of as-prepared MXs would be difficult. Due to 
the high energy of the carbide MXs formation, this method is basically 
used for the synthesis of nitride MXs. For alkali etching, the prepared 
MXs have the improved interlayer spacing and reducing -F terminations 
[58,77]. The electrochemical etching can be combined with other 
etching methods to enhance the reaction efficiency, and expand the 
range of precursor options and can also tailor them into specific surface 
terminations. For bottom-up method, they are still in developing for 
synthesizing MXs, and further investigations on the preparation of 
monolayer MXs with high crystallinity and uniformity can be 
considered. 

3. Lubrication performance of MXs 

3.1. MXs-based coatings for solid lubrication 

3.1.1. Pure MXs 
Recently, MXs have been reported as novel reinforcement materials 

(e.g., the fabrication of MXs based coating on the surface of steel sub-
strates [78,79], copper disk [80], Si substrates [81], Si3N4 ball [82], and 
SiC ball [83]) for improving lubrication performance due to their low 
shear strength, high mechanical strength, self-lubrication ability and the 
presence of functional groups on its surface. Marian et al. found that MX 
nanosheets with weak-bonding multilayered structure had 
self-lubricating capacity making them a promising candidate for 
self-lubrication surface coatings, which showed a 2.3-fold friction 
reduction and a 2.7-fold wear reduction compared to those of the un-
coated reference [84]. Yi et al. suggested that a dense tribofilm 
comprising Ti3C2TX MXs via in-situ formation during friction was ad-
vantageous for anti-wear performance, triggering superlubrication at 
macroscale [82]. This idea was supported by density functional theory 
(DFT) calculation and molecular dynamics (MD) simulation, indicative 

Fig. 3. MXs’ synthesis and characteristics.  
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of the important role of the low interlayer friction of Ti3C2TX MXs on 
lubrication performance [85]. During the friction process, three main 
forms of MXs can be observed, such as as-synthesized, as deposited and 
as-worn [86]. Lian et al. presented that MX reinforced coating possesses 
typical 2D material features with semi-transparent and wrinkled struc-
tures via top-surface SEM image, and layer-by-layer texture with a 
certain thickness and monolayer’s number [80]. The wear rate and 
frictional coefficient of MXs coated samples are about 10 and 4 times 
lower than those of uncoated ones, respectively. The mechanism of 
friction improvement and wear resistance is mainly owing to the pro-
tective and hindering effect, which effectively prevents the direct con-
tact of two sliding substrates via forming tribofilm (Table 1). 

Guan et al. exploited the using of 2D Ti3C2TX to reinforce wear 
resistance of the chemically bonded silicate ceramic coatings (i.e., the 
preparation of MX reinforced ceramic coatings, Fig. 4a). The results 
indicate that the frictional coefficient of coatings is majorly dependent 
on the MXs content due to the different micro-hardness of these rein-
forced coatings, wherein the higher micro-hardness, the better anti-wear 
performance [78]. Hu et al. prepared a MXs based aluminum matrix 
composites (i.e., Ti3C2TX/Al composites) by using MXs as a reinforced 
component to improve the mechanical and frictional properties of Al 
matrix composites [87]. The prepared composites exhibited homoge-
neous distribution of MXs, excellent mechanical properties (including 
the hardness and tensile strength increased to 0.52 GPa and 148 MPa at 
3 wt% MXs introduction), and improved frictional properties as 
compared to pure Al (e.g., the COF of 3 wt% MXs based Al composite is 
0.2, twice lower than that of pure Al). Yin et al. used 2D MXs as rein-
forced materials for nanodiamond to prepare a ultra-wear-resistance 
MXs-based composite coating [88]. During the sliding friction, a nano-
structured tribofilm with unprecedented bonding features was in situ 
formed, endowing the composite coating with no wear as rubbing with a 
PTFE ball, which is mainly attributed to the combined effects of 
shielding and sellf-lubrication of PTFE, layer shearing of MXs, and 
self-rolling of nanodiamond. The potential of MXs for nanoscale lubri-
cation was further investigated by Rodriguez et al. through friction force 
microscopy (FFM) [89]. The results show a reduction on friction of MX 
coated SiO2 compared to the bare one (Fig. 4b), and the line profile 
(Fig. 4c) presents a quantitative measurement, where the friction 
recorded on MX modified one is about 35% of that recorded on the bare 
substrate [90,91]. Load-dependent friction evaluation (Fig. 4d) on an 
area containing MXs was also performed to present an overall increase in 
friction force of MXs with the increasing applied load, showing the 
promising application of using MXs as nanoscale lubricants [92,93]. Li 
et al. revealed MXs as tunable lubricants at the nanoscale by comparing 
the friction force of MXs against MXs/graphene/MoS2 via AFM [81]. 
Friction results of MX coated SiO2 exhibit lower friction against all other 
2D materials compared to those of the bare one. On the other hand, the 
COFs of MXs to MXs are higher than those for MXs to other materials (e. 
g., graphene and MoS2), possible owing to hydrogen bonding mediated 
by -O- and -OH surface terminations in MXs. Furthermore, the 
number-of-monolayers effect is less significant on the friction of 
MXs/MXs due to their thicker monolayers as compared to other 2D 
materials. Therefore, MXs are promisingly used as a kind of tunable 
lubricant for homo- and hetero-structured 2D materials, and has used as 
a kind of protective coating inside contact interfaces for improve energy 
efficiency and prolong service life of bearings even under high loaded 
conditions [86]. 

3.1.2. MXs/polymer composites 
MXs have been reported as the reinforcement phase in polymers 

composites, for significantly improving the resulting mechanical and 
lubrication performance (Table 1) [94]. In cases of MXs/polymer com-
posites, MXs phase can be released into the wear track during friction to 
form a durable tribofilm on the worn surface, which can promote the 
composites’ service life [95–97]. 

Typically, the lubrication of MXs in the form of sprayed or casted 

films (or coatings, where MXs acted as a reinforced phase) was 
commonly reported [80,84,98]. However, the lack of bottom-up tech-
niques and novel ideas for the in-situ formation of MX transfer layers 
leads to the loose tribofilm with poor adhesiveness and weak 
wear-resistance performance. On the other hand, the tribofilm formed 
on the substrate surface was broken and adhered poorly due to the 
intrinsic rigid and brittle structure of MXs. Epoxy resins can be added to 
improving coatings performance due to their high chemical stability, 
excellent mechanical properties and good adhesiveness [99]. However, 
the fragileness of epoxy coatings limits their applications in the area of 
lubrication (Fig. 5a) [100]. Utilizing MXs as not only resin reinforce-
ment phase but also the polymeric filler to prepare MXs/epoxy com-
posites is an efficient pathway for improving the lubrication 
performance and extending service life of moving parts. For example, 
many studies have focused on the preparation of MXs/epoxy coatings 
with a small amount of MXs (0.5 wt%) to obtain a better performance on 
lubrication and anti-corrosion [101,102]. Due to the dominant propor-
tion of epoxy resin, the adhesion wear and fatigue wear would also be 
observed after friction experiments, which is due to the severe plastics 
deformation, fatigue deformation and partial exfoliation of epoxy 
coatings during friction process. The incorporation of MXs can enhance 
the stiffness of epoxy matrix (with higher storage modulus), thus 
limiting coatings deformation. On the other hand, a thin tribofilm con-
sisting of MXs would be formed and enter in the worn surface to decrease 
the shearing stress and reduce the direct contact with ball counterpart 
[103]. 

MXs/epoxy composites with higher contents of MXs (the content of 
MXs was up to 30, 50, 70, and 90 wt%) were fabricated by Du et al. with 
dramatically reduced COF (especially for 70 wt% MXs/epoxy coatings, 
34% lower than that of bare epoxy coating) [104]. During fraction, 
enough epoxy resins are still important for transfer film generation 
(which can act as a gap filler) with good adhesiveness and lubricating 
performance, while the excess amount of MXs (which can act as a sliding 
medium) can block the direct contact of ball-to-plate to reduce the 
interlaminar/intermolecular shearing (Fig. 5a). For achieving the 
stronger interfacial interaction between MXs and epoxy resins, some 
amino-functionalized MXs were fabricated resulting in increased inter-
facial interactions with epoxy matrix and improved internal arrange-
ment structure. Their epoxy composites exhibited higher storage 
modulus, which brought about resisting plastic deformation and 
micro-cracking of amino-functionalized MXs/epoxy coatings. On the 
other hand, the formed functionalized MXs have good dispersibility 
which can reduce agglomeration and stress concentration, thus 
improving anti-friction and anti-wear performance [102,105]. 

Expect for epoxy resins, MXs can be combined with other polymeric 
matrix to enhance their lubrication properties, such as MXs/Brij30 
(nonionic surfactant polyoxyethylene lauryl ether)/H2O [106], PTFE 
(polytetrafluoroethylene)/Al3+-MX [107], MXs@UIO-66-NH2 
solvent-free ionic NFs (nanofluids) [108], MXs/UHMWPE (a 
high-performance engineering thermoplastic, ultra-high molecular 
weight polyethylene) [27], Si-MX/PDA (polydopamine)-HOAC (hexa-
fluoropropylene oxide oligomer acid chloride) [109], and 
MXene-PDA-KH550 (MPK)-nitrile butadiene rubber (NBR) [110] 
(Table 1). 

Typically, due to the unique layered structure in lamellar liquid 
crystal (LLCS), which can slide on each other under an external force, 
and be adsorbed on the friction surface to form a tribofilm, LLCS has 
been considered as a promising kind of lubricant [111,112]. However, 
the lubricating properties of LLCS is limited by their soft nature. 
Blending MXs with LLCS with good dispersibility can enhance the me-
chanical properties of LLCS, and then improve the lubrication perfor-
mance of LLCS composite system. For example, Song et al. prepared a 
triple-component MXs/Brij30/H2O composite LLCS, and investigated 
the composite lubrication performance [106]. Results showed that good 
MXs dispersibility in LLCS and excellent lubrication performance of 
composite (COF: ⁓ 0.115, wear depth: ⁓ 12 µm, and wear volume: ⁓ 
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Table 1 
Lubrication performance and mechanisms of MXs.  

Solid lubrication- 
pure MXs 

MXs synthesis Coating 
Preparation 

Testing conditions Lubrication performance Lubrication mechanism Refs. 

Friction Wear 

Ti3C2TX 40% HF etching Drop casting Ball(Al2O3)-on-disk(304 
stainless steel) tribometer, dry 
sliding, with stroke length, 
maximum sliding speed, 
normal load, cycle number at 
0.6 mm, 1 mm/s, 100 mN, 
1000, respectively. 

3-fold decrease / Low interfacial bonding, 
strength, shear strength, and 
frictional force 

[98] 

Ti3C2TX / Drop casting FFM, SiO2 substrate, dry 
sliding, with normal load 
ranging from a few tenths of 
nN to tens of nN. 

35% decrease / Weak van der Waals forces [159] 

Ti3C2TX 40% HF etching Drop casting Ball(100Cr6 steel)-on-disk 
(100Cr6 steel) tribometer, dry 
siding, with wear radius, 
sliding speed, normal load, 
maximum sliding distance at 
10 mm, 0.08 m/s, 5 N, 
1000 m. PHertz = 1.47/ 
0.80 GPa, T = 25 ± 2 ◦C, 
humidity = 20/80 ± 5%, 
respectively. 

2.3-fold 
decrease 

2.7-fold decrease Dense Ti3C2TX-containing 
tribofilm 

[160] 

Ti3C2TX 40% HF etching Drop casting Ball(51201 bearing)-on-disk 
(shaft washer) tribometer, dry 
sliding, with rotating speed, 
applied axial force, T, 
humidity, PHertz in the ball/ 
raceway-contact at 
1000 min− 1, 130 N, 20 ◦C, 
50%, 800 MPa, respectively. 

3.2-fold 
decrease 

2.9-fold decrease Ti3C2TX-based solid 
lubricant with friction- 
reducing and wear- 
protecting properties 

[12] 

Ti3C2TX 40% HF etching Drop casting Ball(100Cr6 steel)-on-disk 
(100Cr6 steel) tribometer, dry 
sliding, with rotating speed, 
normal force, PHertz, frequency 
at 1000 min− 1, 130 N, 
800 MPa, 10 Hz, respectively. 

Friction 
torque: 
0.13–0.15 Nm 

94% decrease The transfer of lubricious 
nanosheets to secondary 
tribo-contacts of bearing 

[161] 

Ti3C2TX 40% HF etching Spinneret pumping Ball(Si3N4)-on-disk(304 
stainless steel) tribometer, dry 
sliding, with stroke length, 
sliding speed, normal load, 
PHertz, T, humidity, cycle 
number at 0.6 mm, 1 mm/s, 
100mN, 306.5 MPa, 22 
± 2 ◦C, 4 ± 1%, 100 000, 
respectively. 

6-fold decrease 4 × 10− 9 mm3/ 
N/m 

Tribo-transfer layer formed 
on the counterbody 

[21] 

Solid 
lubrication- 
MXs/polymer 

Synthesis Coating 
preparation 

Testing conditions Lubrication performance Lubrication mechanism Refs. 
Friction Wear 

PTFE/Al3+-MX Pre-friction Ball(PTFE)-on-disk(Si wafers 
coated by Al3+-MX) 
reciprocating friction and wear 
tester, dry sliding, with normal 
load, frequency, stroke length, 
T, humidity at 1 N, 4 Hz, 
4 mm, 27 ± 2 ◦C, 24 ± 2◦, 
respectively. 

COF: 0.1–0.2 / Synergistic effect of PTFE 
and Al3+-MX to form 
secondary transfer film 

[107] 

Ti3C2TX-EP Physical mixing Spray coating Ball(GCr15 steel)-on-plate 
(MAO coated by Ti3C2TX-EP) 
reciprocating tribometer, dry 
sliding, with normal load, 
frequency, stroke length, 
testing time at 5/15 N, 2 Hz, 
4 mm, 60 min, respectively. 

COF: 0.50 3.69 × 10− 5 

mm3/(N m) 
Tribofilm with enhanced 
mechanical properties 

[162] 

f+-Ti3C2TX-EP Surface positive 
charge 

Electrodeposition Ball(GCr15 steel)-on-plate (f+- 
Ti3C2TX-EP coating) 
reciprocating tribometer, dry 
sliding, with normal load, 
frequency, stroke length, 
testing time at 5 N, 2 Hz, 
4 mm, 60 min, respectively. 

COF: 0.6 6.61 × 10− 5 

mm3/(N m) 
Epoxy coating with 
directionally-arrayed f+- 
Ti3C2TX to form a lubrication 
film with enhanced 
mechanical properties 

[105] 

pMXene@PTFE- 
EP 

Freeze-drying Drop casting Ball(GCr15 steel)-on-plate 
(pMXene@PTFE-EP composite 
coating) reciprocating 
tribometer, dry sliding, with 

COF: 0.05 (air, 
RH = 20%); 
COF: 0.07 (air, 
RH = 80%); 

20%RT: 
0.203 × 10− 5 

mm3/(N m); 
80%RT: 

Transfer film, lubricating 
synergistic effect of MXene 
sheets and PTFE with core- 
shell structure and their good 

[163] 

(continued on next page) 
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Table 1 (continued ) 

Solid lubrication- 
pure MXs 

MXs synthesis Coating 
Preparation 

Testing conditions Lubrication performance Lubrication mechanism Refs. 

Friction Wear 

normal load, stroke length, 
sliding velocity, testing time at 
5 N, 6 mm, 2 m/s, 60 min, 
respectively. 

COF: 0.10 
(Vacuum) 

0.350 × 10− 5 

mm3/(N m); 
Vacuum: 
0.290 × 10− 5 

mm3/(N m) 

dispersibiliity and adhension 
in EP matrix 

Ti3C2TX-EP Drop Casting Ball(GCr15 steel)-on-plate 
(Ti3C2TX-EP composite 
coating) reciprocating 
tribometer, dry sliding, with 
normal load, stroke length, 
sliding velocity, testing time, 
T, humidity at 1/5 N, 6 mm, 
2 m/s, 30 min, 25 ◦C, 30%, 
respectively. 

34% decrease / The formation of a stably 
transferred tribofilm with 
good adhesion and 
lubricating performance 

[104] 

Ti3C2/UHMWPE Hot-press Pin(steel)-on-disk(steel coated 
by Ti3C2/UHMWPE 
composite) tribometer, dry 
rotating, with normal load, 
speed, testing time, T, 
humidity at 200 N, 200 rpm, 
60 min, 25 ◦C, 30%, 
respectively. 

COF: 0.128 / Tribofilm with smooth 
surface 

[27] 

Si-MX/PDA- 
HOAC 

Self-polymerization Ball(GCr15 steel)-on-plate (Si 
wafers coated by Si-MX/PDA- 
HOAC composite) tribometer, 
dry sliding, with normal load, 
stroke length, sliding velocity, 
testing time, T, humidity at 
0.2–0.6 N, 5 mm, 10 mm/s, 
60 min, respectively. 

COF: 
0.164–0.222 

/ Transferring film and a 
lubricating protection film 
containing FeF2 via 
tribochemical reactions 

[109] 

MX@UiO-66- 
NH2-NFs 

Condensation 
reaction 

Heating curing Pin(steel)-on-disk(steel coated 
by MX@UiO-66-NH2-NFs 
composite) tester, dry rotating. 

35.8% 
decrease 

1.75 × 10− 14 m3/ 
(N m) 

A robust tribofilm with 
improved lubrication 
performance and load- 
bearing capacity 

[108] 

Ti3C2-PDA- 
KH550-NBR 

Surface 
treatment 

Hot-press Ball(GCr15 steel)-On-Disk 
(Ti3C2-PDA-KH550-NBR 
composite) tribometer, dry 
sliding, with normal load, 
stroke length, sliding velocity, 
testing time, T, humidity at 
3 N, 6 mm, 10 mm/s, 60 min, 
respectively. 

COF: 0.543 76% decrease NBR composite with 
improved hardness, damping 
and lubrication performance 
via MX filling 

[110] 

Solid 
lubrication- 
MXs/graphene 
(MoS2) 

Synthesis Coating 
preparation 

Testing conditions Lubrication performance Lubrication mechanism Refs. 
Friction Wear 

Ti3C2/GO Electrophoretic deposition Ball(Si3N4)-on-disk(Si wafers 
coated by Ti3C2/GO hybrid) 
friction and wear tester, dry 
sliding, with normal load, 
frequency, sliding distance at 
1–4 N, 3–6 Hz, 2 mm, 
respectively. 

76% decrease 94% decrease Tribofilm and synergetic 
effects of Ti3C2/GO 

[129] 

Ti3C2/GO Modified 
Hummer’s 
method 

Spray coating Ball(52100 bearing steel)-on- 
disk(copper coated by Ti3C2/ 
GO hybrid) friction and wear 
tester, dry sliding, with normal 
load, rotating speed, sliding 
distance at 1 N, 200 rpm, 
2 mm, respectively. 

4-fold decrease 100-fold decrease Synergistic effect of Ti3C2/ 
GO and carbon-rich 
transferred film with 
continuous, uniform, and 
stable tribolayer 

[164] 

Ti3C2/graphene- 
EP 

Sonication and 
stirring 

Spray coating Ball(Al2O3/Si3N4)-on-plate 
(Ti3C2/graphene-EP 
composite) friction and wear 
tester, dry sliding, with normal 
load, frequency, sliding 
distance, testing time at 5 N, 
2 Hz, 4 mm, 30 min, 
respectively. 

Al2O3: 9.78% 
decrease; 
Si3N4: 11.71% 
decrease 

Al2O3: 88.83% 
decrease; 
Si3N4: 81.85% 
decrease 

Synergistic effect of Ti3C2/ 
graphene hybrid with 
wrapping structure and the 
formation of protective film 
on the dual surface 

[26] 

Ti3C2/graphene Blending and 
bath sonication 

Spray coating Ball(stainless steel)-on-disk(Si 
substrate coated by Ti3C2/ 
graphene hybrid) friction and 
wear tester, dry sliding, with 
normal load, rotating speed, 

COF: 0.0042 Wear rate: 
4.5 × 10− 9 mm3/ 
N/m 

Synergistic effect of Ti3C2/ 
graphene and superlubricity 

[165] 

(continued on next page) 

X. Lu et al.                                                                                                                                                                                                                                       



Tribology International 179 (2023) 108170

8

Table 1 (continued ) 

Solid lubrication- 
pure MXs 

MXs synthesis Coating 
Preparation 

Testing conditions Lubrication performance Lubrication mechanism Refs. 

Friction Wear 

testing time at 2 N, 0.1 m/s, 
1 h, respectively. 

Ti3C2TX/MoS2 Hydrothermal Spray coating Ball(GCr15 steel)-on-disk(SiC 
substrate coated by Ti3C2TX/ 
MoS2 hybrid) friction and wear 
tester, dry sliding, with normal 
load, frequency, sliding 
distance, testing time at 10 N, 
2 Hz, 4 mm, 1800 s, 
respectively. 

/ 50% decrease Synergistic effect of Ti3C2TX/ 
MoS2 and the 2D hierarchical 
structure of nanocomposite 

[132] 

Ni-P-Ti3C2TX/ 
MoS2 

Hydrothermal 
and annealing 

Electroplating Ball(Si3N4)-on-disk(Ni-P- 
Ti3C2TX/MoS2 composite) 
friction and wear tester, dry 
sliding, with normal load, 
circle radius, testing time, 
cycle number at 2 N, 1 cm, 
5 min, 305, respectively. 

COF: 0.65 Wear loss: 
0.10 mg 

Protective hybrid coating 
with high microhardness 

[131] 

Solid 
lubrication- 
MXs/metal or 
metal oxide 

Synthesis Coating 
preparation 

Testing conditions Lubrication performance Lubrication mechanism Refs. 
Friction Wear 

Ag/Ti3C2TX-EP In-situ 
reduction 

Heating curing Ball(304 stainless steel)-on- 
disk(Ag/Ti3C2TX-EP 
composite) friction and wear 
tester, dry rotating, with 
normal load, rotating speed, at 
10 N, 200 rpm, respectively. 

14.3% 
decrease 

87.5% decrease Synergistic reinforcing 
effects of MXs and Ag NPs 
and a uniform tribofilm 

[166] 

Ti3C2TX-Al2O3-EP Mixture Heating curing Plate(coated by Ti3C2TX- 
Al2O3-EP composite)-on-ring 
(GCr15 steel) tribometer, dry 
rotating, with normal load, 
speed at 100 N, 0.03–0.8 m/s, 
respectively. 

Superlubricity 97% decrease Tribofilm consisting of EP, 
2D MXs, rigid metal 
nanoparticles and graphitic 
crystals 

[136] 

ZrO2/Ti3C2-EP Hydrothermal Heating curing Disk coated by ZrO2/Ti3C2-EP 
composite and polished by 
1200 mesh SiC abrasive paper, 
dry rotating, with normal load, 
rotating speed, testing time at 
8 N, 780 rpm, 1 h, 
respectively. 

COF: 0.77 79.3% decrease The formation of transferred 
layer with improved 
thermomechanical and 
lubrication properties 

[167] 

TiO2/Ti3C2-EP Hydrothermal Heating curing Disk coated by TiO2/Ti3C2-EP 
composite and polished by 
1200 mesh SiC abrasive paper, 
dry rotating, with normal load, 
rotating speed, testing time at 
4/8 N, 780 rpm, 1 h, 
respectively. 

COF: 0.66 2.67 × 10− 14 m3/ 
(N m) 

The formation of transferred 
layer with improved 
thermomechanical and 
lubrication properties 

[168] 

Ni-P-TiO2/ 
Ti3C2TX 

In-situ growth Electrodeposition Ball(Si3N4)-on-disk(Ni-P- 
TiO2/Ti3C2TX composite) 
friction and wear tester, dry 
rotating, with normal load, 
circle radius, testing time, at 
2 N, 1 cm, 300 s, respectively. 

0.40 Wear loss: 
0.16 mg 

The improved microhardness 
of composite coating 

[138] 

Cu/Ti3C2 Electrodeposition Ball(GCr15 steel)-on-disc(Cu/ 
Ti3C2 composite) tribometer, 
dry rotating, with normal load, 
PHertz, speed, testing time, 
radius at 1 N, ⁓ 0.5 GPa, 
200 rpm, 12.5 min, 5 mm, 
respectively. 

46% decrease 19-fold decrease MX-rich tribofilm formed on 
worn surface 

[137] 

Al/Ti3C2TX Ball milling Pressureless 
sintering, hot 
extrusion 
technique 

Ball(GCr15 steel)-on-plate(Al/ 
Ti3C2TX composite) 
tribometer, dry rotating, with 
normal load, speed, running 
distance at 5 N, 800 rpm, 
125 m, respectively. 

COF: 0.2 / Protective coating with 
enhanced hardness 

[87] 

Sn-Ag-Cu-Ti3C2 Electrical discharge machining Ball(Si3N4)-on-disk(Sn-Ag-Cu- 
Ti3C2 composite), dry rotating, 
with normal load, speed, 
radius, testing time, T at 20 N, 
0.1 m/s, 2 mm, 30 min, 
20–25 ◦C, respectively. 

62.4% 
decrease 
(25 ◦C); 
33.2% 
decrease 
(250 ◦C); 
13.7% 

Wear width: 
26.2% decrease 
(450 ◦C); wear 
rate: 76.0% 
decrease 

Excellent bearing capacity 
and wear resistance of Sn-Ag- 
Cu-Ti3C2 composite and the 
synergistic effect of Sn-Ag- 
Cu-Ti3C2 and grooves at high 
temperatures 

[139] 

(continued on next page) 
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Table 1 (continued ) 

Solid lubrication- 
pure MXs 

MXs synthesis Coating 
Preparation 

Testing conditions Lubrication performance Lubrication mechanism Refs. 

Friction Wear 

decrease 
(450 ◦C) 

Lubricant 
additives-pure 
MXs 

Matrix Optimal content Testing conditions Lubrication performance Lubrication mechanism Refs. 
Friction Wear 

Ti3C2 Water 5.0 wt% Ball(Martensitic SS)-on-disk 
(Austenitic SS) tribometer, 
water-based lubricant, with a 
specimen radius, sliding 
distance, rotating speed, linear 
sliding speed, normal force, 
contact pressure, T, humidity, 
cycle number at 10 mm, 
0.063 m, 120 rpm, 0.126 m/s, 
3–10 N, 0.91–1.36 GPa, 
24–26 ◦C, 37–46%, 7 000, 
respectively. 

20% decrease 48% decrease Tribofilm [141] 

Ti3C2TX Water 0.08 wt% Ball(SiC)-on-flat(316 steel) 
friction test, water-based 
lubricant, with normal load, 
frequency, testing time, and 
wear track length at 5 N, 2 Hz, 
20 min, 5 mm, respectively. 

34.74% 
decrease 

45.58% decrease Tribofilm [83] 

Ti3C2TX Water/glycerol 1.0 wt% Ball(Si3N4)-on-disk(sapphire) 
tribometer, water-based 
lubricant, with normal load, 
contact pressure, rotating 
speed, sliding speed, T, 
humidity at 1–4 N, 
283.6–450.1 MPa, 
10–900 rpm, 0.004–0.326 m/ 
s, 25 ◦C, 15%, respectively. 

96.90% 
decrease 

97.87% decrease Tribofilm [82] 

Ti3C2 Paraffin base 
oil 

1.0 wt% Ball(440-C stainless steel)-on- 
plate(45# steel) friction and 
wear test, oil-based lubricant. 

49.6% / A self-laminating tribofilm [142] 

Ti3C2(OH)2 100SN base oil 1.0 wt% Ball(440 C stainless steel)-on- 
disk(45# steel) friction and 
wear test, oil-based lubricant 

COF: 0.08 Wear width: 
< 0.2 mm 

Tribofilm [144] 

Ti3C2TX PAO8 base oil 0.8% Ball(32100 steel)-on-disk 
(32100 steel) tribometer, oil- 
based lubricant, with normal 
load, rotating speed, testing 
time at 10 N, 240 rpm, 90 min, 
respectively. 

9.5% decrease 7.7% decrease Tribofilm [143] 

KTO-Ti3C2TX PAO8 base oil 1.0 wt% Ball(440 C stainless steel)-on- 
disk(31200 steel) tribometer, 
oil-based lubricant, with 
normal load, rotating speed, 
testing time at 5 N, 200 rpm, 
25 min, respectively. 

30.6% 
decrease 

/ Tribofilm [140] 

Lubricant 
additives- 
modified MXs 

Matrix Optimal content Testing conditions Lubrication performance Lubrication mechanism Refs. 
Friction Wear 

TDPA-Ti3C2 Castor oil 0.1 wt% Ball(steel)-on-plate(steel) 
friction and wear tester, oil- 
based lubricant, with normal 
load, frequency, sliding 
distance, testing time at 10 N, 
2 Hz, 5 mm, 30 min, 
respectively. 

27.9% 55.1% A physical transfer tribofilm [154] 

PPFMA-g-Ti3C2TX PFPE 0.3 wt% Ball(GCr15 steel)-on-plate 
(GCr15 steel) friction and wear 
tester, oil-based lubricant, 
with normal load, frequency, 
sliding distance, T at 300 N, 
25 Hz, 1 mm, 50 ◦C 
respectively. 

COF: 0.12 75.3% decrease The physical adsorption film 
and the tribo-reaction film 

[157] 

DDP-Ti3C2TX 500SN base oil 0.3 wt% Ball-on-disk friction and wear 
tester, oil-based lubricant, 
with normal load, frequency, T 
at 200 N, 25 Hz, 50 ◦C 
respectively. 

COF: 0.11 87% decrease A continuous chemical 
protective film (containing 
FeS, FePO4) 

[169]  
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6 × 103 mm3) can be obtained when MXs concentration was 6 mg/mL. 
The lubrication mechanism showed that due to the graphene-similar 2D 
layered structure of MXs, the improvement of friction reduction and 
anti-wear performance of composite can be attributed to the interlay-
ered interaction, compression, sliding, and shearing. Furthermore, the 
frictional grooves of worn surface would be filled out by MXs, and a 
robust tribofilm consisting of iron oxides and MXs nanosheets formed on 
the frictional surface played a key role on anti-friction. In addition, the 
lubrication performance of polytetrafluoroethylene (PTFE) transfer film 
has been reported due to the shear-induced crystallization during the 
friction process [113,114], while the lubricating properties is closely 
related to its load capacity [115]. Introducing MXs into PTFE can 
significantly increase its load capacity, adhesive strength and service life 
via constructing a dense and tough protective coating to improve 
lubrication properties. For example, Yang et al. prepared a composite 
coating (i.e., PTFE/Al3+-MXs) via two steps: (1) the self-assembly of MXs 
coating induced by Al3+, and (2) in-situ construction of PTFE/Al3+-MX 
composite coating through friction force and heat [107]. MD simulation 
suggested that PTFE chains were anchored at MXs oxidation sites via 
friction-induced “molecular welding” during pre-friction between PTFE 
ball and Al3+-MXs coating. During the real friction test, a GCr15 ball was 
used as frictional counterpart, and results showed that the formed 
PTFE/Al3+-MXs composite coating from 1 h pre-friction exhibited the 
longer service life (close to 2000 cycles, 9 times longer than that of pure 
PTFE). The improved wear mechanism is mainly attributed to the 
effectively secondary transfer film only formed by PTFE/Al3+-MXs 
bi-layer composite with the combination of MXs strength and PTFE 
toughness, thus exerting the lubricaton properties and service life 
(Fig. 5b). 

NFs is a distinctive organic/inorganic hybrid nanomaterial, 
composing of soft long-chain corona-canopy species and NPs core, 
which behaves a liquid at around room temperature without solvent 

[116]. What’s more, NFs exhibits excellent dispersibility in both polar 
and nonpolar solvents owing to its tailored layer structure. Significantly, 
NFs shows promising application in tribology as a kind of functional 
additive, such as in polymer and base oil [117,118]. On the other hand, 
fabric composites (FC) composing of high-performance fibers and resin 
adhesives show promising application in tribology due to their excellent 
mechanical and lubrication properties [119]. However, heat-induced 
degradation of resin and the weak adhesion between the formed trans-
fer film and substrate deteriorates their lubrication performance. Liu 
et al. designed a long-chain NFs via covalent reaction based on 
MXs@UiO-66-NH2 and KH560-M2070 organic long-chain molecules, 
which significantly improve the dispersibility of both MXs and 
UiO-66-NH2 as additives in resin matrix [108]. Through mixing 
MXs@UiO-66-NH2 with fabric composite (consisting of PI/PTFE fiber 
and phenolic resin), a transfer film with high quality and thermal sta-
bility can be obtained after curing reaction (at 184 ◦C for 2 h). The 
friction and wear of fabric composite exhibits an excellent lubrication 
performance after MXs@UiO-66-NH2 NFs addition (i.e., at 1.0 wt% 
addition, the average COF < 0.055 and wear rate < 1.75 × 10− 14 

m3/N/m), which is owing to (1) the improved dispersibility of MXs and 
UIO-66-NH2, the presence of MXs nanosheets (easy to slide under 
external force), the transformation of UIO-66-NH2 to ZrO2 (exerting a 
ball-bearing effect to suppress external load), and the high quality tri-
bofilm with high thermal stability formed after MXs@UiO-66-NH2 NFs 
introduction (Fig. 5c). 

Zhang et al. prepared MXs/UHMWPE composites via hot-press due to 
UHMWPE’s properties of high impact resistance, self-lubrication, 
chemical inertness, high wear resistance, hardness, fatigue strength 
and creep resistance [27]. Some certain mechanical properties and 
hardness were improved after MXs addition, thus leading to the decrease 
of plastic deformation, the reduce of lowing, and the better lubrication 
performance (where the lowest COF = ⁓ 0.125 is obtained at 2.0 wt% 

Fig. 4. (a) COF, an average of COF, and wear trace with 3D topography of coatings reinforced by MXs, and corresponding friction and anti-wear system [78], (b) SEM 
images of bare and MXs coated SiO2 spherical probes, (c) liner profile extracted from the friction map, and (d) mean friction as a function of the applied load 
measured on a tribofilm composed of multiple MXs nanosheets [89]. 
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addition). Chen et al. synthesized various MXs-based composites (i.e., 
MXs/PDA-HOAC) and investigated their lubrication properties [109]. 
Initial modification of MXs by PDA could enhance lubrication perfor-
mance and load capacity, and the final composite (i.e., 
MXs/PDA-HOAC) showed the best load-carrying capacity up to 600 mN 

and durability. The lubrication mechanism was owing to the synergistic 
effect of MXs, PDA, and HOAC that three films adsorbed on the steel 
surface and then the transferring tribofilm was generated between the 
friction interface, preventing the direct contact between steel ball and 
silicon wafers. Furthermore, FeF2 formed on the friction surface [120] 

Fig. 5. Schematic illustrations of (a) protection mechanism of epoxy resin, small-addition MXs-epoxy and large-addition MXs-epoxy composites [101,104], and (b) 
lubricating and wear-resistance mechanisms of PTFE/Al3+-MX-1 h coating [107], (c) tribological mechanism of MX@UiO-66-NH2 NFs [108], and (d) lubrication 
mechanism of MX/PDA-HOAC composite films [109]. 
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owing to the tribochemical reaction between the steel ball surface and 
the lubricating film, further enhancing the lubrication performance of 
Si-MXs/PDA-HOAC films (Fig. 5d). Additionally, for improving the 
wear-resistance performance of nitrile butadiene rubber (NBR), a 
modified MXs called MXene-PDA-KH550 (MPK) was fabricated by Qu 
et al. using polydopamine and amino silane though solution blending 
and hot pressing method [110]. Results showed that this prepared MXs 
improves both tribological and damping properties of NBR due to the 
introduction of a lot of amino and hydroxyl groups on the surface of 
MXene after grafting polydopamine and amino silane. Wear mechanisms 
showed that the tribological properties of NBR are improved after the 
incorporation of modified MXs due to the formation of lubricating film 

from MXene. Surface modification can improve the surface activity of 
MXene, thus to increase interfacial strength between NBR matrix and 
MXene, which can improve the wear-resistance performance of NBR 
composites. 

3.1.3. MXs/graphene (MoS2) hybrids 
Graphene/graphene oxide [121,122] and MoS2 [123], as 2D layered 

materials, have been widely used as efficient lubricant additives due to 
their excellent lubrication performance, superior mechanical properties 
and environmental benignancy. On the other hand, as organic and 
inorganic nanofillers, they can be also applied in epoxy resins to form 
reinforced epoxy coatings for enhancing anti-friction/wear and/or 

Fig. 6. (a) Preparation of Ti3C2, graphene and Ti3C2-graphene nanocomposite films, (b) average COF and wear volume of Ti3C2, graphene, and Ti3C2-graphene 
deposited films, (c) schematic diagrams on lubrication mechanism of Ti3C2 and graphene films, and Ti3C2-graphene nanocomposite film, and (d) Raman spectra of 
Ti3C2, graphene and Ti3C2-graphene films and wear track [129]. 
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anti-corrosion properties [124–126]. Furthermore, due to its excellent 
thermal, mechanical, anticorrosive, lubrication, and structural proper-
ties (e.g., layered structure with high specific surface area, low shear 
strength, and surface adhesion), graphene has gained much attention in 
the preparation of reinforced graphene/epoxy coatings. However, its 
high filler loading and poor dispersibility in epoxy matrix inhibit its 
lubrication performance, and require hybrid graphene with other 
nanofillers, such as MXs. Yan et al. prepared a Ti3C2/graphene hybrid 
with wrapping structure and applied it in epoxy matrix to obtain 
Ti3C2/graphene hybrid epoxy coating (MG-EP) [26]. The lubrication 
performance of as-prepared MG-EP against frictional counterpart balls 
(Al2O3 and Si3N4) was evaluated under dry sliding, and results showed 
that the synergistic effect of Ti3C2/graphene hybrid benefited the 
anti-wear (for Al2O3/Si3N4 ball, 63.84/53.92%, 76.76/62.08%, and 
88.83/81.85% decrease in wear rate of M-EP, G-EP, and MG-EP, 
respectively, as compared to that of pure EP) and anti-corrosion of 
epoxy coating. The anti-wear mechanism was attributed to the special 
performance of graphene (easy-shearing) and Ti3C2 (high load-bearing), 
and their synergistic effect (the formation of tribo-transfer film). 

Due to the negative charge on MXs surface and negative zeta po-
tential in aqueous graphene solution, they can be prepared as MXs/ 
graphene hybrids driven by a constant electric field [127,128]. For 
example, Miao et al. prepared a MXs/graphene nanocomposite film 
using electrophoretic deposition (EPD) method (Fig. 6a), showing strong 
adhesion to silicon substrate and better lubrication performance 
compared to pure MXs and graphene films [129]. The lubrication per-
formance in Fig. 6b shows that pure MXs or graphene film was easier 
destroyed to perform worse lubrication performance, which can be 
improved by MXs/graphene combination via forming a dense and 
continuous lubrication film with self-recovering (or in-situ formation) 
ability on the friction surface (Fig. 6c). For pure MXs and graphene films, 
no identifiable peak was observed exhibiting the worn-out film. For 
MXs/graphene nanocomposite film, peak located at 1354 cm− 1 (D peak) 
and 1597 cm− 1 (G peak) indicated the in-situ formation of lubricating 
film on worn surface, which is the main reason for the excellent lubri-
cating performance (Fig. 6d) [96]. 

According to the previous literature, MoS2 was used as the hard or 
self-lubrication particle for improving the lubrication of protective 
coatings [130]. Through electroplating technology, a composite coating 
named Ni-P-Ti3C2TX/MoS2 was fabricated, which showed the superior 
microhardness of 1200 kg/mm2, and then the reduced COF (⁓ 0.65) 
and wear mass loss (0.10 mg) during dry grinding [131]. In addition, 
MXs@MoS2 hybrid was also fabricated to enhance the anti-corrosion 
and anti-wear of epoxy coating [132]. The interaction between MXs 
and MoS2 was elaborately investigated by the first-principles calcula-
tions based on density functional theory (DFT), demonstrating the 
dominance of van der Waals forces. The synthesized MXs/MoS2 hybrid 
containing stable heterostructure was applied in the preparation of 
composite epoxy coating, which obtained its optimal anti-corrosion 
property and anti-wear performance at 0.1% addition. It was sug-
gested that the superior anti-wear performance was derived from the 
specific function of MoS2 (weak van der Waals forces between layers 
[133,134]) and MXs (layered structure, low shear strength and 
self-lubrication ability [85]), and their structural benefit (i.e., hetero-
structure with weak interaction between Ti3C2TX and MoS2 in Ti3C2TX 
@MoS2) and synergistic effect (both repairing worn surface and forming 
lubricant film). 

3.1.4. MXs/metals (metal oxides) composites 
MXs have also been used as reinforced phases in metal matrix to 

synthesize MXs/metal or MXs/metal oxide composite to improve the 
thermomechanical and lubrication properties (Table 1). For example, 
Zhou et al. prepared a MXene@Ag hybrid via in-situ reduction, 
improving thermal, mechanical and lubrication properties for epoxy 
coating. The average wear rate and friction coefficient of MXene@Ag-EP 
composite coating decreased by 87.5% and 14.3%, and the specific 

reasons can be attributed to (1) the excellent lubrication properties and 
stiffness of MXs; (2) the formation of continuous tribofilm facilitated by 
Ag nanoparticles; (3) space blocking of EP matrix; (4) friction heat 
dissipating of EP matrix; (5) degradation inhibition of EP matrix [135]. 
Guo et al. physically mixed Al2O3 and MXs in EP matrix for realizing 
superlubricity and outstanding anti-wear property, where a low COF 
was obtained at ⁓ 0.025 after 5 h sliding due to the equilibrium of the 
formation of tribofilm with hybrid nanostructure (MXs@Al2O3). The 
addition of MXs can avoid tribo-oxidation reactions via forming a robust 
tribofilm, and Al2O3 can improve its load-carrying capacity, while MXs 
and C crystal formed by Al2O3 grinding featuring easy-shearing can 
reduce friction damage caused by oxidation effectively [136]. 
MXs/copper composite coatings (Ti3C2/Cu) with self-lubrication ca-
pacity were fabricated by Mai et al. by a facile electrodeposition tech-
nique, which can exhibit better anti-friction and anti-wear properties 
(46% reduction of COF, and 19 times lower wear rate) compared to 
MX-free counterparts [137]. Du et al. fabricated TiO2/Ti3C2TX nano-
particles via in situ growth, which were applied in Ni-P composite 
coating via electrodeposition, improving the anti-corrosion capacity and 
lubrication performance (which was mainly due to the increasing 
microhardness of Ni-P-TiO2/Ti3C2TX composite coating after the addi-
tion of TiO2/Ti3C2TX nanoparticles), and showing the potential appli-
cation as the protective coating for equipment surface [138]. 
Sn-Ag-Cu-Ti3C2 textured surfaces (TSs-SACT) were prepared by Xue 
et al. by vacuum infiltration technology, where TSs-SACT exhibits 
excellent lubrication properties at high temperatures due to the forma-
tion of enamel layers promoted by the improved crystallinity, micro-
hardness, residual strain and grain size on TSs-SACT [139]. Ti3C2TX/Al 
composites were prepared by Hu et al. by pressureless sintering followed 
by hot extrusion technique, which exhibited the enhanced mechanical 
and frictional properties, where a low COF at 0.2, 2 times lower than 
that of pure Al, can be obtained at 3 wt% addition of Ti3C2TX/Al com-
posite, and the abrasive wear can be reduced obviously [87]. 

3.2. MX nanosheets for lubricant additives 

3.2.1. Pure MXs 
MXs like Ti3C2TX nanosheets are easy to be exfoliated, showing weak 

interactions between MXs layers, which is beneficial for improving their 
lubrication performance due to the formation of uniform and continuous 
tribofilm on the friction surface [103,140]. As water-based lubricant 
additives (Table 1), Ti3C2 was investigated at its concentration of 5% to 
reduce the COF and wear rate of 20% and 48%, respectively [141]. 
Through alternate pressure (AP) assisted method, Chen et al. used 
Ti3C2TX as water lubricant additive with good dispersibility and stabil-
ity, which can reduce the COF and wear rate of 34.74% and 45.58%, 
respectively [83]. It was also reported that the addition of MXs as oil 
based lubricant additives (Table 1) is beneficial for enhancing lubrica-
tion properties of base oils [142–144]. Some studies verified that the 
addition amount of MXs greatly affects the lubrication, where the suit-
able MXs concentration of around 1% can lead to significant improve-
ments in the COF and wear volume/rate, while lower or higher 
concentrations would induce a worse lubrication performance 
[144–147]. On the other hand, the inherent hydrophilicity derived from 
MXs’ surface terminations also deteriorates their performance on oil 
based lubricant additives, because phase separation would be observed 
caused by the incompatibility between hydrophobic base oils and hy-
drophilic MXs (the increasing possibility of agglomeration would also 
lead to the inferior lubrication performance) [95]. Evidently, the ho-
mogeneous phase with timely stable MXs dispersibility can improve 
friction and wear. To overcome the inherent incompatibility between 
MXs and base oils, chemical modifications have been widely used as 
efficient methods to adjust MXs hydrophobicity. Both as water based 
and oil base lubricant additives, the excellent lubrication performance of 
MXs is mainly derived from the formation of tribofilm on the friction 
surface. 
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3.2.2. Chemically functionalized MXs 
Typically, the surface modification/functionalization is an efficient 

method to improve the dispersibility/compatibility of nanomaterials. 
For example, graphene and/or graphene oxide can be modified with 
many functional materials (such as octadecylamine [122], octadecyl 
alcohol [148], 3-aminopropyl-oxidized h-BN (hexagonal boron nitride) 
[149], aminated-SiO2 [150], MA(maleic anhydride)-POA(poly 
(oxyalkylene)amines) [151],) to improve their oil/water dispersibility, 
due to the abundant functional groups (such as -COOH, -OH, and epoxy) 
on the surface. On the other hand, F grafted to graphene (FG) via fluo-
rination increases distance and lowers surface energy of graphene in-
terlayers, endowing FG with excellent lubrication performance [152, 
153]. As nanomaterials with abundant surface functional groups, MXs 
nanosheets also have the potential for surface modification/function-
alization to improve their self-lubrication performance (as solid lubri-
cants) via increasing dispersibility/compatibility in certain matrix 
(Table 1). 

It is shown in Fig. 7a that MXs nanosheets were modified by tetra-
decylphosphonic acid (TDPA) via the reaction mechanism of Ti3C2- 
OH+R-P-OH→Ti3C2-O-P + H2O to prepare modified TDPA-Ti3C2 
nanomaterials with improved oil dispersibility performance (Fig. 7b) 
[154]. COF and wear reduction results (Fig. 7c) showed that Ti3C2 
nanosheets and modified TDPA-Ti3C2 nanomaterials significantly 
decreased the COF of the running-in stage due to the synergistic effect 
between nanomaterials and castor oil. As compared to Ti3C2/castor oil, 
TDPA-Ti3C2/castor oil showed an obviously lower average COF and 
wear rate, showing the better friction reduction effect of TDPA-Ti3C2, 

which is due to the better oil dispersibility and wider interlayer space 
caused by the insertion of TDPA, thus further improving the dis-
persibility of oil molecules and achieving better fusion between oil 
molecules and nanomaterials [155]. The best addition amount of 
nanomaterials was 0.1 wt%, because higher additions would accumu-
late and deposit to deteriorate their dispersibility in oil, thus exacer-
bating the friction protection and increasing wear rate. An optimal 
addition of nanomaterials can achieve the best lubrication performance 
[156], thus obtaining lighter wear. Guo et al. used a kind of fluoropol-
ymer, namely poly[2-(Perfluorooctyl) ethyl methacrylate] (PPFMA), to 
modify MXs nanosheets as high-performance lubricating additives with 
enhanced dispersibility in perfluoropolyether (PFPE, a high-end lubri-
cating oil) due to its long fluorinated alkyl chains on the surface [157]. 
To avoid the accumulation of nanomaterials, 0.8 wt% was the optimal 
addition for PFPE, which exhibited the best anti-friction and anti-wear 
performance, illustrating the exceptional tribological properties of 
PPFMA-Ti3C2TX, particularly at broader loads (50–450 N) and fre-
quencies (5–50 Hz) compared to those of pure PFPE and 0.8 wt% 
Ti3C2TX/PFPE. The improved lubrication mechanism is mainly derived 
from two parts to avoiding the direct contact of friction pairs: (1) the 
reduced friction from Ti3C2 nanosheets due to their weak van der Waals 
force; (2) the improved formation of uniform tribofilms due to the 
enhanced dispersibility of modified Ti3C2 nanosheets. However, when 
the pure Ti3C2 nanosheets were used as lubricating additives, they 
would accumulate or deposit in oil due to their worse dispersibility 
resulting in poor lubricating performance [154,157]. Besides, Gao et al. 
prepared modified Ti3C2TX additives via a tannic acid (TA)/FeCl3 

Fig. 7. (a) Schematic diagram of TDPA-Ti3C2, (b) oil dispersibility of TDPA-Ti3C2 for 7 days, and (c) COF and wear rate of castor oil with 0.1 wt% TDPA-Ti3C2 [154].  
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complex (TA-Ti3C2TX) and then a commercial lubricating additive 
(dialkyl dithiophosphate-DDP, assigned as DDP-Ti3C2TX) [158]. After 
modification, the dispersibility of functionalized MXs additives in 
500SN base oil was improved significantly (for more than 7 days). 
Furthermore, the tribological properties of DDP-Ti3C2TX exhibited sig-
nificant anti-friction and anti-wear capacities (i.e., COF = ⁓ 0.10, wear 
volume = ⁓ 5 ×104 μm3), much lower those of raw 500SN, Ti3C2TX 
incorporated 500SN, TA-Ti3C2TX incorporated 500SN [158]. After 
modification, the as-prepared MXs nanosheets can be dispersed better in 
base oil to form a uniform and continuous friction film (a protective film 
formed with oxides of Fe, ferrous sulfide, and iron phosphate, and 
promoted by DDP modification), which can prevent the direct contact of 
friction pair, instead of forming unmodified MXs agglomeration to 
destroy the continuous oil film, which makes the direct contact of as-
perities of the interface and acute adhesive wear. 

4. Influencing factors of MXs’ lubrication 

4.1. Structure effects 

The contributions of surface terminations and intercalated water 
affect the binding/adhesion energy and interlayer/interfacial proper-
ties, which will modify the shear strength and therefore frictional force 
[14,85,98,170]. MD and DFT simulations have been used for demon-
strating the importance of oxygen groups as “exceptionally low barrier 
for interlayer sliding” for MXs, and the lower COF (0.17–0.21) of 
-O/-OH/-F containing MXs compared to the O-terminated ones 
(0.24–0.27) predicts the significance of -F group [85]. Hu et al. also used 
DFT simulation to confirm that surface terminations tend to reduce the 
interlay coupling [14], hence to weaken shear strength and friction force 
[171]. On the other hand, relative humidity (such as highly mobile 
intercalated water) extremely affects frictional performance [172,173], 
and the higher concentration of HF solution favors water intercalation 
[174,175]. It is advantageous for the friction response of MXs coatings 
under dry sliding by reducing intercalated water, as well as manipu-
lating the terminations appropriately. However, as for liquid-solid 
composite coating, such as MXene-ethylene glycol (MX-EG), the func-
tionalized -OH derived from the addition of EG is beneficial for forming 
Ti-OH terminal resulting in the enhanced binding force of MX/metal 
interfaces [79]. The addition of ethylene glycol functionalizes MX with 
-OH reduces the shear strength and forms frictional transferred film, 
weakening contact between interfaces and lowering COF. 

4.2. Working conditions 

Working conditions, such as friction testing conditions and envi-
ronmental factors, should also be considered, and several testing pa-
rameters such as applied load, sliding velocity, frictional pairs, 
temperature, humidity, atmosphere, and humidity (dry/wet friction) all 
affect MXs’ lubrication behaviors. For solid lubrication, the higher 
applied load commonly increases friction force to cause higher wear and 
shorten lubricant’s service life [80]. For liquid lubrication, the higher 
applied loads also cause higher friction and wear rate [144,146]. Sliding 
velocity significantly affects service time of solid lubricants (as sliding 
velocity increases, service time decreases), while has less influence on 
solid lubrication [129]. For liquid lubrication, an optimal sliding ve-
locity can be obtained, such as 0.075 m/s for MX-glycerol system [82]. 
Additionally, frictional pairs are vital components in friction tests, and 
different combinations result in distinct experimental results, such as 
friction balls (steel, Al2O3, Si3N4, SiC, and PTFE) to disks (steel and 
silicon). Selecting appropriate frictional pairs can gain an improved 
solid/liquid lubrication performance. On the other hand, such envi-
ronmental factors like temperature, humidity and atmosphere greatly 
influence the friction performance. MXs show low adhesion and friction 
force at high temperatures, mainly attributed to their structural evolu-
tions [176]. Low humidity is beneficial for MXs’ lubrication 

performance, including COF and wear rate [84]. Three dry atmospheres 
(i.e., air, nitrogen, and vacuum) were applied on MXs’ friction tests, 
where MXs can all exhibit excellent solid lubrication, even at high hu-
midity (80%) in air [163,164]. 

5. Lubrication mechanisms of MXs 

5.1. Tribochemical reactions 

The tribochemical reactions during friction have been investigated 
for figuring out lubrication mechanisms. From Fig. 8a, on worn-out 
surface of Si3N4 lubricated by bare glycerol, peaks at 284.6 eV, 
288.1 eV, and 289.6 eV are assigned to C-C/C-H, C-O, and OH-C––O 
bonds, respectively, wherein the peak area of C-C bond occupies the 
dominant proportion (with around 85%). The characteristic peak of C-Ti 
located at 281 eV can be observed as MX or MX-glycerol lubrication 
[177], indicative of the MX nanosheets adsorbed on the substrate sur-
face. Moreover, the lower peak of C-Ti is found after MX-glycerol 
lubrication compared to pure MX, which is attributed to the tri-
bochemical reactions between MX nanosheets and friction pairs, leading 
to C-Ti bond displaying in tiny proportion [82]. Tian et al. confirmed 
that Ti- in MX can bond to functionalized -OH (e.g., ethylene glycol) to 
form a solid-liquid composite coating for enhancing the binding force 
between MX and metal interfaces, thus to improve lubricating perfor-
mance [79]. Additionally, different tribochemical reactions would 
happen upon different friction substrates. For Si2p spectra, two common 
peaks located at 103.4 eV and 104.7 eV are assigned to Si-N and Si-O, 
respectively. After the lubrication of MXs, Si-N peak decreases while 
Si-O increases, which are due to oxidation happening on Si3N4 surface to 
form a colloidal silicon oxide film via tribochemical reactions [178, 
179]. Ti2p spectra also find the peak of Ti-C (at 452.2 eV and 461.5 eV), 
Ti-N (at 465.1 eV) and Ti-O-N bonds (at 459.1 eV), attributing to the 
tribochemical reactions between MX and friction pairs, and the gener-
ation of Ti-O bond (at 454.5 eV) illustrates the formation of titanium 
oxide on Si3N4 surface [180]. Raman spectra of worn-out zone of Si3N4 
ball and sapphire substrate (Fig. 8b, c) consist of an amorphous carbon 
peak from 500 cm− 1 to 1000 cm− 1 and D (at 1356 cm− 1)/G peaks (at 
1593 cm− 1) [181], which are different in comparison with the original 
MX nanosheets, further illustrating the tribochemical reactions between 
MXs and Si3N4 surface. This tribochemical reaction also happens on 
other substrates, such as SiC and steel, as shown in Fig. 8d, e, indicative 
the formation of tribofilm adsorbed on the frictional surface, thus 
achieving excellent lubrication and anti-wear performance [83]. Fig. 8d, 
e also shows that most MX nanosheets are adsorbed in the sapphire or 
steel surface, and still maintain their original state [82,84]. 

5.2. Hydrophilicity-/interlayer-dependent lubrication mechanism and 
adsorption effect 

As-prepared Ti3C2TX MX nanosheets contain abundant surface ter-
minations, such as -OH, -F, and -O, which can greatly determine its 
hydrophilicity, thus affecting its tribological performance, so-called 
hydrophilicity-dependent lubrication mechanism (e.g., with the con-
tent of -OH decreasing after annealing, the friction of annealed samples 
reduced by 16–57% as compared to raw material) [18,182]. Although 
the layer-dependent mechanism (commonly happening in 2D materials 
with layered structure, and the friction was based on the number of 
layers) has been investigated recently, the conclusion of DFT verified 
that the binding terminations is much higher than interlayer interactions 
of Ti3C2TX MX nanosheets, thus Ti3C2TX MX nanosheets prefer 
hydrophilicity-dependent lubrication mechanism rather than 
layer-dependent one [81]. On the other hand, MXs with the large surface 
area, chemical activity and good mechanical properties can adsorb on 
the frictional surface readily to form a physical adsorption film (or a 
chemical reaction film) and transfer layers between frictional pairs for 
avoiding their direct contact. The formed physical adsorption film can 
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repair the worn surface and the in-situ formation of chemical tribofilm 
via tribochemical reactions can provide a protective film (at high tem-
perature and pressure) to reduce friction and prolong wear life [82,169]. 
Additionally, with the incorporation of MXs in polymers, graphene, 
MoS2 or other metals/metal oxides matrix, some enhanced composite 
tribofilms would be formed with the improved adhesion, thermo-
mechanical, and tribological properties due to their synergistic effects. 

6. Conclusions and perspectives 

This review focuses on the synthesis and lubrication performance 
and mechanisms of MXs-based nanomaterials. Different preparation 
methods (such as HF etching, in-situ HF etching, molten salt etching, 
alkali etching, electrochemical etching, chemical vapor deposition 
etching, and atomic layer deposition) have been used for synthesis 
functional MXs materials. Among them, HF/in-situ HF etching methods 
are beneficial for the preparation of MXs with abundant surface termi-
nations, accordion-like morphology, hydrophilicity, and multilayered 
intercalation/delamination, which are important for MXs’ lubrication 
performance. On the other hand, many studies have been conducted to 
investigate the lubrication performance of MXs-based nanomaterials 
including pure MXs, MXs/polymer composites, MXs/graphene (MoS2) 
hybrids and MXs/metals (metal oxides) nanocomposites for solid 
lubrication, and modified MXs for water-/oil-based lubricant additives. 
These functional MXs-based nanomaterials show not only good dis-
persibility/compatibility, but also enhanced adhesion and mechanical 

properties to generate dense and robust lubrication tribofilms with 
excellent anti-friction/wear performance. 

Although the excellent lubrication or even superlubricity can be 
achieved on MXs-based lubricating materials, there are still some chal-
lenges that require further research in the future.  

(1) Most studies were performed at low temperatures, low load, and 
short friction time to fit their optimal lubrication performance, 
while more severe testing conditions and longer service life of 
coatings with stable lubrication property should be further 
considered and investigated.  

(2) Wet etching methods (HF) are commonly used to fabricate MX 
nanosheets, and more efforts should be made to prepare high- 
performance MXs from other green methods (to almost replace 
HF etching).  

(3) Many studies have investigated the synergistic effects of 0D (such 
as Al2O3 nanoparticle) or 2D materials (such as graphene and 
MoS2) and 2D MXs on the lubrication performance, while more 
studies should be performed on the lubrication performance of 
MXs with some 1D materials.  

(4) The lubrication mechanism for MXs is mainly according to those 
of graphene and MoS2, and the synergistic effect of MXs- 
containing composites should be further explained via the 
perspective of the specific internal reasons and the interactions. 
Calculations or simulations would be efficient methods for 
figuring out the internal mechanisms. 

Fig. 8. (a) XP spectra of C1s, Si2p, and Ti2p on the worn-out zone of the Si3N4 surface after the lubrication of glycerol (including insert image of the XPS test area and 
selected worn-out zone), Ti3C2TX MX aqueous solution, and MX-glycerol mixed solution, and Raman spectra of the worn zone on (b) sapphire surface, (c) Si3N4 
surface, (d) SiC surface, and (e) steel (100Cr6) surface [82–84]. 
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(5) Many studies have applied surface functionalization to improve 
lubrication performance of MXs, while the effect of surface ter-
minations on MXs lubrication should be further investigated in 
both theoretically and experimentally.  

(6) Superlubricity of MXs is just in the beginning stage, and more 
efforts should be made for figuring out the internal mechanism 
and realizing fast superlubricity (like graphene oxide), which is 
essential for their industrial application. 

Statement of originality 

In this review, we summarized the lubrication properties of MXs- 
based materials for solid lubrication/lubricant additives with 
outstanding self-lubricating and anti-wear performance. At the same 
time, some influencing factors on lubrication performance, their lubri-
cation mechanisms and future perspectives were all proposed. 
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