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Abstract: The emerging use of two-dimensional (2D) nanomaterials as boundary lubricants in water offers 

numerous benefits over oil-based lubricants; whereas the friction reduction varies significantly with nanomaterial 

type, size, loading, morphology, etc. Graphene oxide (GO) and Ti3C2Tx MXene, a relatively new 2D material, are 

investigated as boundary lubricants in water in this study. The contact pair mainly includes Si3N4 balls and Si 

wafer. The results found (1) monodispersed GO offers better lubricity than monodispersed MXene under identical 

concentration and testing conditions; and (2) the mixed dispersion of GO and MXene (0.1 mg/ml: 0.1 mg/ml) 

produced the lowest friction coefficient of ~ 0.021, a value 4× and 10× lower than that produced by comparable 

mono-dispersions of GO or MXene, respectively. Wear track analysis, focused ion beam microscopy, in-situ 

contact observation, and atomic force microscopy (AFM) characterization suggest (1) GO nanoflakes have higher 

adhesion than MXene and are more easily adsorbed on the tribopairs’ surfaces, and (2) GO/MXene tribofilm 

has a layered nanostructure constituting GO, MXene, amorphous carbon, and TiO2. We further hypothesized 

that the high lubricity of GO/MXene results from the synergy of GO’s high adhesiveness, MXene’s load support 

ability, and the low shear strength of both constituents. The present study highlights the key role of tribofilm 

stability in water-based boundary lubrication using state-of-the-art 2D nanomaterials. 
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1  Introduction 

Tribological behavior (i.e., friction and wear) is 

probably the least understood subject in surface 

engineering yet often plays a critical role in determining 

mechanical assemblies’ performance, longevity, and 

reliability. In industrial applications, fluid lubrication 

is often introduced to effectively reduce friction and 

wear of mechanical parts [1]. But the excessive use of 

oil lubricants poses a threat to the environment [2]. 

Water-based lubricants with two-dimensional (2D) 

nano-additives such as graphene or phosphorene are 

environment-friendly substitutes for oil lubricants 

due to their high lubricity and excellent mechanical/ 

thermal properties [3, 4]. However, many 2D nano- 

additives are hydrophobic in nature and difficult to 

incorporate/distribute homogeneously when applied 

in aqueous conditions [5–7].  

This disadvantage can potentially be overcome by 

introducing surface terminations during the synthesis 

of these 2D nano-additives [8]. A great example is 

graphene oxide (GO). To synthesize GO, the graphitic 

powder is oxidized to generate GO containing 

hydroxyl, epoxide, carbonyl, and carboxyl groups [9]. 

Subsequently, GO is exfoliated by sonication to mono-, 

bi-, or few-layer nanosheets. Due to its abundant surface 

functional groups, GO exhibits excellent dispersibility 

in water [10] and show excellent performance as 

lubricant additives in water even without any further 

pre-treatment (μ ≈ 0.05–0.1) [7, 11, 12]. The speculated 
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lubrication mechanism of GO mainly comprises the 

formation of a GO-adsorption film that prevents friction 

pairs from direct contact and leads to the alleviation 

of wear [13, 14]. 

Similar to GO synthesis, MXenes (early transition 

metal carbides/carbonitrides/nitrides), a relatively new 

class of 2D nanomaterials, are generally fabricated by 

exfoliating the layered MAX precursors in hydrofluoric 

acid or hydrochloric acid containing dissolved fluoride 

salts [15–17]. For example, Ti3C2Tx nanosheets, the most 

studied member of the MXenes, can be synthesized 

by etching the Al layers in Ti3AlC2 MAX precursor 

and replacing them with hydroxyl-, oxygen-, or 

fluorine-terminated groups [18, 19]. The produced 

Ti3C2Tx nanosheets are hydrophilic and can be well- 

dispersed in water. 

In the field of tribology, the low shear strength of 2D 

MXene has been confirmed by both experimental [20] 

and theoretical studies [21]. The tunable mechanical 

properties [22] and low shear strength of Ti3C2Tx 

nanosheets render them promising candidates for 

application in triboelectric nanogenerators [23], 

lubricant additives [24, 25], reinforcement phases   

in nanocomposites [26, 27], and matrix of solid 

lubricants [28–34]. Interestingly, literature reports on 

the effectiveness of Ti3C2Tx MXene as a water-based 

lubricant additive are inconsistent. Marian et al. [35] 

firstly revealed that the tribological performance of 

Ti3C2Tx MXene tends to worsen in high humid 

environments. Nguyen and Chung [36] reported a 

friction coefficient of ~ 0.3 using single-component 

Ti3C2 MXene water dispersion, which is higher than 

the previously reported GO-based system [7, 8]. 

Several recent publications found certain water-based 

dispersions containing MXene additives have excellent 

tribological performance [8, 12, 37] and can even trigger 

superlubricity at the macroscale [38]. A common 

feature among these studies is the use of a second 

additive other than the MXene. 

In short, our literature survey appears to suggest 

the lubricity of MXene is best harnessed when used 

alongside other additives. As an example, Lian et al. [39] 

fabricated a composite MXene/GO solid lubricant 

coating with significantly improved friction and wear 

environmental insensitivity as compared to GO coating, 

possibly due to improved tribofilm stability induced 

by MXene. Similar result is reported recently by Miao 

et al. [40]. However, in both studies, limited insight 

on the mechanistic synergy between MXene and GO 

was provided. The primary aim of this study, therefore, 

is to further elucidate the possible synergistic lubrication 

mechanism of MXene/GO. The secondary aim, is to 

test the potential of MXene/GO as a water-based 

boundary lubricant additive. Tribological experiments 

were designed to compare lubricity of water-based 

dispersions of Ti3C2Tx MXene, GO, and MXene/GO. 

Focused ion beam microscopy, in-situ contact observation 

and atomic force microscopy (AFM) based adhesion 

measurements were further conducted to study 

tribofilm stability and structure. A proposed synergistic 

lubrication mechanism was finally given based on new 

insights gained in this study. 

2 Experimental 

2.1 Preparation of Ti3C2Tx MXene 

Ti3C2Tx MXene was obtained by selective etching of 

the Al atomic layers from a Ti3AlC2 MAX precursor 

(1–40 μm particle size, XFNANO Materials Tech Co., 

Ltd.). The particle size distribution of Ti3AlC2 MAX 

precursor measured using a laser diffraction instrument 

(Malvern Mastersizer 2000, Malvern, UK) is shown in 

Fig. 1(a). 1 g of MAX precursor was slowly added to 

20 mL of hydrofluoric acid (HF, 10%, ACROS) while 

stirring with a Teflon magnetic stir bar. The reaction 

was allowed to proceed for 24 h at room temperature. 

Then, the solution was washed by repeated 

centrifugation (3,500 rpm for 5 min) to obtain Ti3C2Tx 

and decantated using deionized water until the   

pH > 6. To confirm the MXene’s mass fraction and 

structural characteristic, the resulting dispersion was 

filtered and vacuum dried for 36 h at 40 °C. 

2.2 Preparation of GO dispersions and MXene/GO 

dispersions 

GO was fabricated from graphite powder using a 

modified Hummer’s method [10, 41]. In an ice bath 

environment, graphite powder (0.65 g, ~ 40 μm, 

ACROS), and sodium nitrate (0.5 g) were added to 

sulfuric acid (50 mL, 98 wt%). The particle size 

distribution of graphite powder is shown in Fig. 1(b) 
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suggesting a slightly larger size than that of the 

Ti3AlC2 MAX precursor. Potassium permanganate  

(3 g) was slowly immersed into the solution and stirred 

at 36 °C for 12 h. Then, the solution was re-dispersed 

using deionized water (70 mL) and mixed with H2O2 

solution (3 mL, 30%) to produce a bright yellow 

suspension. The mixture was then centrifuged and 

washed with deionized water to remove the remnant 

salt and acid. The resulting dispersion was filtered 

under vacuum conditions and dried for 36 h under 

vacuum and at 40 °C. 

Figure 1(c) displays the fabrication processes of the 

MXene (1.0 mg/mL), GO (1.0 mg/mL), and MXene/GO 

dispersions (0.5/0.5 mg/mL) in this study. Their digital 

images were obtained after a three-week placement 

and showed good stability over the period. The images 

identified the Tyndall scattering effect in the colloidal 

solutions of MXene, GO, and MXene/GO by passing 

a green beam through the aqueous dispersions. 

2.3 Characterization 

As-synthesized MXene and GO were characterized 

by high-resolution transmission electron microscopy 

(HR-TEM, JEM-2100F, JEOL) using an acceleration 

voltage of 200 keV. Atomic force microscopy (AFM) 

and X-ray photoelectron spectroscopy (XPS; ESCALAB 

250Xi, Thermo Fisher Scientific, USA) were used  

to characterize the morphological and chemical 

characteristics of the samples. Phase analyses were 

performed using X-ray diffraction in a powder 

diffractometer (X-Pert PRO MPD, PANalytical) and 

Raman spectroscopy (HR-800, Horiba, 532 nm laser 

excitation). Sample specific surface areas were measured 

by nitrogen adsorption/desorption at –196 °C using 

a Quantachrome Autosorb-iQ3 automated gas 

adsorption system and calculated based on the 

Brunauer–Emmett–Teller (BET) method. Particle size 

measurements of the MXene and GO through dynamic 

light scattering (DLS) and the Zeta potentials were 

obtained using a Zeta potential analyzer with a 633 nm 

laser source (Zetasizer Nano ZS90, Malvern). Viscosities 

of DI-water and typical dispersion samples were 

measured using an NDJ-79 type rotational viscometer 

by measuring the torque required to rotate the bob in 

the tested fluid at a shear rate of 100 s-1. 

2.4 Experimental apparatus and measurements 

Tribological performances of lubricants were 

investigated using a customized surface force apparatus 

(SFA, Fig. 2) in reciprocating mode with a stroke length 

of 2 mm. Our previous reports provide detailed 

information on this SFA [42, 43]. A linear-motor stage 

(PI/V-408.132020) with a resolution of 20 nm provided 

the linear reciprocating motion of the bottom plate. 

The top quartz glass plate was mounted on a four-beam 

structured cantilever flexure. A 250 μm piezo-stage 

 

Fig. 1 Particle size distributions of (a) Ti3AlC2 MAX precursor and (b) graphite powder. (c) Schematic description of the fabrication
process for Ti3C2Tx (MXene), graphene oxide (GO), and MXene/GO dispersions. 
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(PI/P-622.1CD) provided vertical adjustment of the 

top assembly with a resolution of 0.7 nm. Vertical 

and lateral shifts of the cantilevers were measured 

with two high-resolution capacitance sensors (±1 nm, 

PI/E-E01.001) to quantify normal and lateral forces at 

the contact. 

The standard test condition was set with a linear 

sliding speed of 0.5 mm/s, a normal load of 5 mN 

(corresponding to a Hertzian contact pressure of 

~ 140 MPa), and a test duration of 2 h (total of      

720 cycles). The resolutions of friction (lateral force) 

and load (normal force) measurements are 0.01 mN 

at the applied force of 0.1–500 mN. Constant velocity 

tests were conducted at 0.5 mm/s with applied normal 

loads in the range of 0.1–500 mN (63–210 MPa). 

Constant load tests were conducted at 5 mN with 

varying velocities of 0.02–10 mm/s. Friction data 

within the middle 60% of the wear track was used to 

extract the average friction coefficient per cycle using 

the method proposed by Burris and Sawyer [44]. 

Each test was repeated at least five times. During 

the tests, the laboratory temperature and humidity 

are constantly controlled at ~ 25 °C and 40% RH, 

respectively. 

The tribopairs consist of 6 mm diameter silicon 

nitride (Si3N4) balls prepared by the high-temperature 

sintering method, and P-Si (111) single crystal silicon 

wafers (Si, 10 mm × 10 mm) produced via the 

Czochralski method. The elastic modulus of the Si3N4 

and Si samples are 320 and 190 GPa, respectively, and 

the Poisson’s ratios are 0.26 and 0.28, respectively. The 

Vickers hardness of the Si3N4 ball is ~ 35 GPa [45], 

which is higher than that of the Si countersample 

(~ 11 GPa) [46]. The root-mean-square (RMS) roughness 

of the plate and the ball samples were 10 and 50 nm, 

respectively. Prior to the tests, the tribopairs were 

ultrasonically cleaned in acetone and ethanol for   

15 min and dried at 80 °C. The silicon wafer was 

placed on a custom culture dish with a diameter of  

20 mm and immersed with 800 μl of lubricants. The 

volume of lubricant was selected to best limit any 

meniscus effect. To confirm the lubrication regime, 

Dowson–Hamrock’s minimum film thickness theory 

was used [47]. The maximum film thicknesses  

were calculated to be ~ 0.85 nm for all test groups 

corresponding the film thickness ratio of ~ 0.0139, 

which indicates that all test groups were under the 

boundary lubricating condition. 

2.5 Analysis of wear tracks 

After the tribological tests, tribopairs were washed 

using DI-water and vacuum dried for 2 h at 40 °C for 

better observation of the contact regime. Morphological 

and chemical characterization was performed using 

3D laser scanning confocal microscopy (VK-X100, 

Keyence), Raman spectroscopy (HR-800, Horiba, 

532 nm laser excitation), XPS (ESCALAB 250Xi, Thermo 

Fisher Scientific), focused ion beam microscopy (FIB, 

Helios NanoLab 600i, FEI) combined with scanning 

electron microscopy (SEM), and HR-TEM (HR-TEM, 

JEM-2100F, JEOL). 

2.6 Adhesion measurements 

AFM (Bruker Nano CaliberTM) was used to evaluate 

the difference between Ti3C2Tx MXene, GO, and 

 

Fig. 2 Digital image and schematic of SFA.  
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MXene/GO nanocomposite samples in their adhesive 

ability. A typical force versus displacement response 

for tip approach and withdrawal measured on the 

sample is shown in Fig. 3(a), including tip approaching 

(i), “jump-in” phenomenon (ii), pre-loading and 

withdrawing (iii), “jumps-off” phenomenon (iv), and 

separation (v). The adhesion energy was calculated 

from the measured “jump-off” (or maximum adhesion) 

force using the Maugis–Dugdale theory [48]: 

adh
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(2) 

where σsurf is the RMS roughness of the sample 

surface, σtip is the RMS value for the tip, and Z0 is the 

equilibrium separation of two surfaces, which was 

estimated to be 0.3 nm [49]. All adhesion energies  

in this work were calculated using Eq. (2). The Mica 

adhesion energy measured by this method is  

~ 225.78 mJ/m2, which is close to the reported values 

in previous studies [50]. Before the indentations, the 

morphology of the measured area was obtained to 

ensure that the RMS roughness of each indentation 

site are close. The highest applied loads were 20 nN. 

The load–hold–unload test cycle was 5.0–10.0–5.0 s for 

each test. The pull-off force was directly measured 

from the load–displacement plot, and each presented 

result is averaged from 5 independent measurements. 

In each measurement interval, the AFM probe was 

cleaned using acetone to remove potential surface 

contamination. Figure 3(b) shows that the AFM 

indentation experiment did not significantly change 

the curvature of the probe. Thus, the adhesion results 

measured with the same probe are comparable. 

During the tests, laboratory temperature and humidity 

are constantly controlled at 25 °C and 40% RH, 

respectively. 

4 Results and discussion 

3.1 MXene, GO, and MXene/GO nanostructures 

We first investigated the nanostructures of graphene 

oxide (GO), Ti3C2Tx (MXene), Ti3C2Tx MXene/GO 

(MXene/GO) as described before. TEM and selected 

area electron diffraction (SAED) revealed the 

polycrystalline nature of the Ti3C2Tx MXene as shown 

in Fig. 4(a). HR-TEM further verified the layered 

structure of MXene with an interlamellar spacing of 

~ 0.9 nm. Figure 4(b) illustrates the 2D characteristic 

and amorphous state of the GO with poor-defined 

 

Fig. 3 (a) Force versus displacement graphs: a typical approach and withdrawal curve and cartoons illustrating relative positions of the
tip and the sample during different key stages of the AFM indentation process. (b) SEM images of the AFM probe tip before and after 
the indentation tests. 
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diffraction rings, which suggests there are defects in 

the GO nanosheets. Diffraction rings in Fig. 4(c) inset 

reveal that the selected area contains both the Ti3C2Tx 

and GO nanosheets. The energy dispersive spectroscopy 

(EDS) elemental mappings suggest that the darker 

area in the TEM image is mainly Ti3C2Tx MXene,  

and the carbon-rich area contains GO nanosheets. 

Ti3C2Tx nanoflakes are possibly embedded on the GO 

surfaces in the mixed MXene/GO dispersions. AFM 

images of the Ti3C2Tx, GO, and MXene/GO samples 

after ultrasonication are shown in Figs. 4(f)–4(h), 

respectively. The average thicknesses of the Ti3C2Tx 

and GO flakes are approximately 6.4 and 1.6 nm. This 

suggests that the Ti3C2Tx MXene nanosheets are mainly 

few-layer [51], and GO nanosheets are mainly 

single-layer [11]. The typical size of the GO nanoflake 

is obviously larger than that of the Ti3C2Tx MXene, 

which is related to the different sizes of their precursors 

as shown in Figs. 1(a) and 1(b). The MXene/GO image 

shows a layered structure of the MXene flake on top of 

the GO, which is consistent with the TEM observations. 

XPS was used to analyze the functional groups of 

GO and MXene samples. Figure 5(a) indicates that 

there is existence of oxygen-containing functional 

groups in both nanosheets. Previous studies suggest 

that these oxygen-containing functional groups can 

enable MXene and GO to be readily dispersed in 

water [7, 52]. The oxygen contents of GO were due 

to the oxidation during the synthesis process, while 

the fluorine content in Ti3C2Tx MXene was mainly 

introduced from the HF-etching process [53, 54]. X-ray 

diffraction (XRD) identified nanosheets’ structures, as 

shown in Fig. 5(b). The XRD patterns of GO and 

MXene have strong diffraction peaks at 2θ = 6.9° and 

9.8° corresponding to lattice spacings of 1.28 and 

0.90 nm, respectively. This indicates that GO and 

Ti3C2Tx MXene sheets have been exfoliated from their 

precursors [55, 56]. Raman spectra also confirmed they 

were successfully fabricated (Fig. 5(c)) [38]. The region 

230−470 cm−1 represents in-plane vibrations of surface 

groups attached to titanium atoms responsible for 

the hydrophilicity of Ti3C2Tx MXene sheets [57]. 

 

Fig. 4 TEM images of (a) MXene, (b) GO, and (c) MXene/GO. The insets show their corresponding diffraction patterns. EDS 
elemental mappings of (d) carbon and (e) titanium corresponding to Fig. 4(c). AFM images of (f) MXene, (g) GO, and (h) MXene/GO 
nanocomposite samples laid onto the mica substrates. The bottom profile corresponds to the white line scan for each AFM image. 
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The average size of Ti3C2Tx is approximately 422 nm, 

which is relatively smaller than that of GO (~ 1,423 nm), 

as shown in Fig. 5(d). This is consistent with the  

AFM images. The Zeta potentials of MXene, GO, 

and MXene/GO dispersions were –35.3, –33.9, and 

–38.1 mV, respectively (Fig. 5(e)). This indicates that 

the additional use of MXene is unlikely to affect the 

GO’s stability in water. Viscosities of DI-water and 

typical GO, MXene, and MXene/GO dispersions 

were measured at a shearing rate of 100 s-1 (Fig. 5(f)). 

Although the viscosity of mono-dispersed MXene  

is slightly higher than that of GO with the same 

concentration, adding 0.1 mg/mL MXene in 0.1 mg/mL 

GO dispersion did not significantly increase the 

dispersion viscosity. 

3.2 Tribological performance 

Tribological performance of the MXene, GO, 

MXene/GO composite dispersions, and the reference 

DI-water was tested with an applied normal load   

of 5 mN and sliding velocity of 0.5 mm/s for 2 h. It 

can be observed that MXene partially enhances the 

friction-reducing ability of pure water. The friction 

coefficient reached a minimum of ~ 0.24 at 0.2 mg/mL 

(Fig. 6(a)), then increased with higher MXene 

concentrations. The lubricity of GO additives at a 

sufficient concentration (0.05–1.0 mg/mL) is better 

than that of the MXene. For example, the average 

friction coefficient of the 0.2 mg/mL GO is ~ 0.095 

(Fig. 6(b)), almost a third of the comparable MXene 

dispersion. This suggests that the hydrophilicity 

alone of 2D nanomaterials is insufficient to enable 

them as good water-based lubricant additives. GO 

nanoflakes are with certain characteristics enabling 

them to exhibit better friction-reducing performance 

than Ti3C2Tx MXene does. 

As expected, the synergistic use of MXene and GO 

in water demonstrates a more pronounced friction- 

reducing effect than that of single-component MXene 

or GO (Fig. 6(c)). This effect shares similarities with 

several studies using GO composites [14, 58, 59]. With 

the additional use of 0.1 mg/mL MXene additive, the 

GO dispersion (0.1 mg/mL) achieved a 4-fold enhanced 

lubricative performance, that is, the friction coefficient 

reduced from 0.090 to 0.021. However, the tribological 

performance of MXene/GO samples seems to worsen 

with further addition of MXene. This could be related 

to the greatly increased viscosities with the increased 

MXene concentration as shown in Fig. 5(f). At low 

 

Fig. 5 (a) XPS survey scan spectra, (b) XRD, (c) Raman spectra, and (d) size distribution of MXene and GO nanosheets. (e) Zeta 
potentials of the dispersions of MXene, GO, and MXene/GO. (f) Viscosities of DI-water and typical GO, MXene, and MXene/GO 
dispersions. 
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MXene concentration (< 0.5 mg/mL), the tribological 

performance of the MXene/GO dispersions confirmed 

our previous hypothesis: the use of MXene additives 

can additionally improve the lubricating functionality 

of aqueous GO dispersions through a synergistic 

effect. The underlying mechanisms will be investigated 

hereafter. 

To investigate the running-in behaviors of tested 

samples, temporal evolutions of the friction coefficients 

during the tests are plotted in Fig. 6(d). The friction 

coefficient evolution of the DI-water reference group 

has an obvious running-in behavior for lubricated 

contacts. The friction coefficient gradually decreased 

during the initial 30 min sliding likely due to the 

formation of a hydroxylated film on the Si3N4 surface 

[60]. After 30 min of sliding, the removal of silicon 

oxides, direct contact, and wear led to increased 

friction [58]. The running-in behavior of the aqueous 

MXene dispersion is similar to that of DI-water with 

a relatively lower friction coefficient indicating that 

MXene nanosheets can partially reduce the interfacial 

friction. The GO and MXene/GO samples demonstrate 

much lower friction coefficients with a shorter 

running-in. Notably, the GO and MXene/GO samples 

show some frictional fluctuations around the low base 

level after 30-min sliding. This indicates dynamic 

processes near the lubricated interface potentially 

involving the degradation and recovery of the low- 

friction, nanosheet agglomeration, and tribolayer 

formation [61]. 

The sensitivities of the three types of lubricant to 

varying loads or velocities were further investigated. 

Figure 7(a) shows the average friction coefficients 

of MXene (0.2 mg/mL), GO (0.2 mg/mL), MXene/GO 

(0.1/0.1 mg/mL) at the normal load of 0.1 mN were 

~ 0.36, 0.32, and 0.22, respectively, which are both higher 

than the performances at the load of 5 mN. This effect 

can be understood as “adhesion-controlled” friction, 

where the friction force is increasingly related to 

surface adhesion under lower contact pressures 

[62, 63]. For example, friction forces measured in the 

MXene/GO lubricated tribosystem are nonlinear to 

the normal load in 0.05–1.0 mN (Fig. 7(b)). The friction 

coefficient shows no obvious change for each test 

group when the applied load is in the range of 1.0– 

10 mN, demonstrating the “load-controlled” friction 

 

Fig. 6 Friction coefficient as a function of concentration for (a) MXene, (b) GO, and (c) MXene/GO composite dispersions. Each data 
point represents the average of 5 individual repeats, and error bars represent the 95 % confidence interval. (d) Temporal evolution of the 
friction coefficients during the tribological tests of MXene (0.2 mg/mL), GO (0.2 mg/mL), MXene/GO (0.1/0.1 mg/mL) samples, and
DI-water. 
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at a relatively higher contact pressure, then transits 

to a higher level when the applied load is larger than  

50 mN. The frictional transition behavior was suspected 

to be related to the wear of countersamples, which 

will be investigated in the following sections. 

The effects of sliding velocity on frictional behavior 

were also investigated. At the velocity range of 

0.01–1.0 mm/s, the three tribo-systems exhibited stable 

frictional behaviors with friction coefficients around 

0.25, 0.10, and 0.04, respectively (Fig. 7(c)). At higher 

velocities (> 5.0 mm/s), an increase was observed for 

the MXene/GO sample. Typical friction loops (i.e., 

friction force versus wear track position) were plotted 

in Fig. 7(d). At a velocity of 0.5 mm/s, the measured 

friction force was about 0.10 mN during sliding; 

while the lateral force measured in the tribo-system 

was approximately 0.34 mN at a velocity of 5.0 mm/s, 

a nearly 3-fold higher friction increase. For the 

constant velocity regions, the fluctuations of friction 

loops at 5 mm/s are more pronounced than that    

at 0.5 mm/s. Since the frictional behavior under 

boundary lubrication is closely related to adsorption 

film behaviors at the microscale [64]. We suspect  

that the transition from the low friction zone to 

relatively higher friction is related to the wear of the 

countersample. 

3.3 Wear track observations 

Wear tracks were analyzed for the DI-water reference, 

MXene (0.2 mg/mL), GO (0.2 mg/mL), and MXene/GO 

(0.1/0.1 mg/mL) lubricated countersamples. These wear 

tracks were obtained after 2 h of the reciprocation 

sliding. In the case of the contact pressure of ~ 140 MPa 

and sliding speed of 0.5 mm/s, the optical and laser- 

scanning height images show an obvious wear track 

formed on the DI-water reference sample with a 

width of ~ 18.2 μm (Fig. 8(a)). The width of the wear 

tracks was ~ 14.6, 13.7, and 12.9 μm for the 0.2 mg/mL 

MXene, 0.2 mg/mL GO, and 0.1/0.1 mg/mL MXene/GO 

dispersions, respectively (Figs. 8(b)–8(d)). The height 

profile line scans of GO and MXene/GO lubricated 

countersamples show no obvious material sacrificing 

 

Fig. 7 (a) Average friction coefficients of MXene, GO, and MXene/GO samples plotted as a function of the normal load. (b) Friction 
forces as a function of the average load for the 0.1/0.1 mg/mL MXene/GO. The red line represents the friction linear to the normal load
when the coefficient of friction is 0.03, which is used to compare the experimental results. (c) Average friction coefficients plotted as a 
function of sliding velocity for MXene, GO, and MXene/GO samples. Each data point represents the average of 5 individual repeats,
and error bars represent the 95 % confidence interval. (d) Steady-state friction loops at two sliding velocities for the 0.1/0.1 mg/mL
MXene/GO. 
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but adsorption film residues onto their surfaces; 

whereas obvious abrasions occur on the counterface 

lubricated by the 0.2 mg/mL MXene. It is suspected 

that MXene formed a less protective adsorption film 

than GO or MXene/GO did. 

The increase of applied load or sliding velocity 

likely led to severer wear of the counterface. In 

cases with a relatively higher applied load (500 mN), 

the maximum wear track depth of DI-water- and 

MXene-lubricated counterface is approximately 0.9 

and 0.4 μm (Figs. 8(e) and 8(f)), respectively. The worn 

countersamples lubricated by GO, and MXene/GO 

dispersions also have noticeable abrasive marks   

on their surface (Figs. 8(g) and 8(h)). In the cases 

tested with the sliding velocity of 5 mm/s, the worn 

counterfaces of DI-water, MXene, GO, and MXene/GO 

test groups are with maximum wear track depth   

of approximately 0.15 and 0.12, 0.10, and 0.09 μm 

respectively (Figs. 8(i)–8(l)). These results suggest 

that the excessive normal load (> 500 mN) or sliding 

velocity (> 5 mm/s) tends to induce an increase in 

counterface abrasion, which is responsible for the 

frictional transition behaviors shown in Figs. 7(a)  

and 7(c). 

 

Fig. 8 Optical micrographs (left) and laser-scanning height imaging (right) of the resulting wear features of the counterfaces when
lubricated by (a) DI-water, (b) 0.2 mg/mL MXene, (c) 0.2 mg/mL GO, and (d) 0.1/0.1 mg/mL MXene/GO at the applied load of 5 mN 
with velocity of 0.5mm/s. Wear track morphology lubricated by (e) DI-water, (f) MXene, (g) GO, and (h) MXene/GO samples at the 
applied normal load of 500 mN and sliding velocity of 0.5mm/s. Wear track morphology lubricated by (i) DI-water, (j) MXene, (k) GO, 
and (l) MXene/GO samples at the applied load of 5 mN and sliding velocity of 5.0 mm/s. 
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To understand the synergistic effect of the MXene/GO, 

we further analyzed the Si3N4/Si tribopairs’ surfaces 

lubricated by 0.1/0.1 mg/mL MXene/GO at the applied 

load of 5 mN and sliding velocity of 0.5 mm/s. 

Three-dimensional characterization confirmed that 

the countersample was with no obvious abrasion but 

an adsorption film (Fig. 9(a)). High-resolution XPS 

measurements show the C–C peak at 284.6 eV and 

the C–Ti peak at 281.7 eV in the C 1s spectrum. The 

Ti2+ and Ti3+ peaks in the Ti 2p spectrum are ascribed 

to typical signals of the structural Ti–C bonding and 

the surface C−Ti−Tx bonding [19]. It is demonstrated that 

there is no significant chemical change for nanoflakes 

adsorbed on the counterface, thus enabling them to 

lubricate the contact surfaces with their intrinsic low 

shear strength.  

Morphology measurement shows that the Si3N4 

sample has an obvious adsorption film formed on its 

surface as shown in Fig. 9(d). XPS measurements 

confirmed the oxidation of MXenes with a reduced 

intensity of C–Ti–Tx bonds (Fig. 9(e)) and a pronounced 

peak at 458.6 eV in the Ti 2p spectrum (Fig. 9(f)) 

which corresponds to the newly formed titanium 

dioxides [19, 65]. This implies stress-induced breakage 

or degradation of Ti2C3Tx occurring on the Si3N4 

surface, which requires further characterizations to 

determine the tribochemical details. 

Cross-sectional microscopy analysis of the wear 

track using FIB was performed to further identify 

the MXene/GO tribolayer nanostructure. Figure 10(a) 

shows that the thickness of the adsorbed MXene/GO 

layer is approximately 300 nm. TEM characterization 

of the cross-sectioned adsorbate/substrate interface 

reveals the adsorption film consisting of MXene 

and GO flakes (Figs. 10(b) and 10(c)). Moreover, 

stress-induced deformation and expansion of MXene 

nanosheets were detected with the increased layer 

spacings. This indicates that the adsorption film might 

reduce the interfacial friction through the interlayer 

slippage of MXene nanosheets. The Ti3C2Tx MXene 

flakes absorbed onto the silicon surface confirmed 

our previous hypothesis that GO with a relatively 

large surface area might help MXene flakes to be 

retained near the tribo-interface, thus forming a 

composite tribolayer.  

The friction-induced film on the Si3N4 sample has 

a total thickness of approximately 200 nm (Fig. 10(d)). 

Although the outermost tribofilm on Si3N4 has a 

similar nanostructure to that on the counterface  

(Fig. 10(e)), high-resolution microscopy revealed that 

the bottom of the tribofilm is mainly amorphous  

with some titanium dioxide nanocrystals (Fig. 10(f)), 

which is distinct from the adsorption layer on the 

counterface. This indicates that stress-induced breakage 

or tribochemical degradation of Ti2C3Tx nanosheets 

occurred on the Si3N4 surface during the reciprocating 

 

Fig. 9 (a) Three-dimensional characterization, (b) high-resolution spectra of C 1s, and (c) Ti 2p for the adsorption film of the resulting 
wear features at the Si sample in 0.1/0.1 mg/mL MXene/GO test. (d) Three-dimensional characterization, (e) high-resolution spectra of 
C 1s, and (f) Ti 2p for the tribofilm formed on the corresponded Si3N4 counterbody. 
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sliding [38], which is consistent with the XPS spectra. 

Combined with the evidence that expanded MXene 

flakes appeared in the outermost of the tribofilm, it 

was suspected that the pressure-induced interlayer 

slippage/exfoliation of MXene flakes enhanced their 

degradation in the presence of dissolved oxygen as 

Thermo/mechanical activation

2 3 2 2
Ti C O TiO amorphous C 

 (3) 

Similar observations have been reported in previous 

studies [35, 38, 40]. This protective tribofilm and 

adsorption film on the counterface synergistically 

reduced the interfacial friction and countersample 

wear as illustrated in Fig. 10(g), which is derived 

from nanomaterials’ characteristics including the 

high cohesive ability of GO, interlayer slippery of 

nanosheets, and protective tribofilms formation due 

to MXene degradation. 

3.4 Lubrication mechanism analyses 

To investigate the lubrication mechanisms of MXene, 

GO, and MXene/GO dispersions, model experiments 

were conducted to observe the tribolayer characteristics 

and stability. A plano-convex glass lens with a probe 

radius of 6.0 mm and RMS roughness of 5 nm was 

used to replace the Si3N4 ball. The transparency   

of the lens enables in-situ optical microscopy of the 

tribolayers within the contact zone. Notably, the 

Si3N4 balls were used in previous tests due to the 

relatively higher hardness of Si3N4 than that of silicon 

counterface; whereas the glass probe has a lower 

hardness than silicon [66] and might be abraded 

during sliding leading to complications in wear track 

analysis. However, we found no noticeable glass 

probe abrasion in these tests, potentially because of 

tribofilm formation. 

The model experiments were set at 500 mN load, 

enabling a relatively large contact area for better 

contact observation. Contact snapshots at 1, 30, and 

120 min of experiments were obtained for the SiO2–Si 

tribo-interfaces lubricated by 0.2 mg/mL MXene,   

0.2 mg/mL GO, and 0.1/0.1 mg/mL MXene/GO and  

 

Fig. 10 (a) SEM, (b) TEM, and (c) HR-TEM micrographs of the cross-sectional adsorbates on the wear track of MXene/GO-lubricated 
counterface. (d) TEM of the cross-sectional tribofilm on Si3N4 surface and HR-TEM micrographs at corresponding areas marked with 
(e) a star and (f) a triangle. (g) Schematic illustration of the MXene/GO tribolayer structures. 
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shown in Fig. 11. Figures 11(a)–11(c) show that the 

tribolayer (dark area) formed by MXene is unstable 

with visible abrasion marks on the counterface   

(Fig. 11(d)). The GO tribolayer was formed after a 

short running-in with a relatively smaller size than 

that in the MXene-lubricated system (Figs. 11(e) and 

11(f)). Although the break and recovery of the GO 

tribolayer occurred during the sliding, the total area 

of the GO tribolayer was smaller than that of the 

MXene tribolayer (Fig. 11(g)). A smaller contact area 

of tribolayer can potentially reduce the friction 

coefficient μ, as [67]: 

f

n n

F A

F F

                  (4) 

where Ff and Fn are friction force and applied load, 

respectively, τ and A are the shear strength and contact 

area of the tribolayer. Introducing 2D nanomaterials 

to construct the tribolayer and increasing the equivalent 

elastic modulus and hardness of the tribological 

contact can reduce the friction coefficient by reducing 

τ and A, respectively [68]. The tribolayer area of the 

MXene/GO dispersion was even smaller than that of 

single-component GO dispersion (Figs. 11(i)–11(k)), 

which partly explains a better lubricating effect of  

the MXene/GO. The smaller size of the MXene/GO 

lubricating layer may be due to the participation of 

MXene in the construction of the friction layer. Previous 

studies have found that the mechanical strength of 

few-layer Ti2C3Tx is higher than that of single-layer 

GO [69]. We postulate that the inclusion of the few- 

layer MXene nanoflakes in the adsorption film can 

improve its load-carrying ability. In addition, the XPS 

and TEM analyses suggest that Ti2C3Tx MXene might 

mechanochemically form amorphous tribofilms during 

the sliding, which is partially responsible for the 

improved stability of tribolayer. 

The model experiments revealed that the use of 

GO is beneficial to the formation of stable adsorption 

films near the tribo-interface, which is critical for the 

tribological performance of water-based lubricants. 

To investigate the relationship between the nano- 

additives’ adhesive abilities and their friction-reducing 

performances, AFM adhesion measurements were 

conducted for the MXene, GO, and MXene/GO 

nanoflakes corresponding to the sample surfaces shown 

in Figs. 4(f)–4(h). The representative force-displacement 

curves show that the adhesion forces measured on GO, 

MXene/GO, and MXene samples are approximately 

 

Fig. 11 Captured images of MXene tribolayer (0.2 mg/mL MXene) at (a) 1 min, (b) 30 min, (c) 120 min, and (d) the schematic. Captured
images of GO tribolayer (0.2 mg/mL GO) at (e) 1 min, (f) 30 min, (g) 120 min, and (h) the schematic. Captured images of MXene/GO 
tribolayer (0.1/0.1 mg/mL MXene/GO) at (i) 1 min, (j) 30 min, (k) 120 min, and (l) the schematic. 
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28.1, 25.5, and 15.2 nN, respectively (Fig. 12(a)). 

According to Eq. (2), the average adhesion energies 

of GO and MXene/GO are approximately 182.9 and 

140.5 mJ/m2, both of which are higher than that of 

the MXene sample (~ 93.46 mJ/m2, Fig. 12(b)). This 

supports (1) the relatively higher adhesive ability 

of GO additives than that of MXene nanoflakes, and 

(2) the inclusion of GO can help anchor MXene 

nanosheets to form a layered nanostructured tribolayer 

as illustrated in Fig. 10(g).  

It is suspected that the relatively higher adhesive 

ability of GO is related to its high specific surface area 

and oxygen-containing functional groups. Nitrogen 

adsorption–desorption isotherms show their differences 

in N2 adsorption ability (Fig. 12(c)). The calculated 

BET surface area of GO is significantly higher than that 

of Ti3C2Tx MXene (Table 1). Pore size distributions 

assessed by Barrett–Joyner–Halenda method [70] 

confirm the presence of curvature-induced mesoporous 

pores at the GO surface (Fig. 12(d)) [13]. A relatively 

larger surface area of GO nanosheets makes MXene 

nanoflakes more likely to be adsorbed on tribopairs’ 

surfaces and entangle with nanosheets nearby. 

Moreover, XPS elemental results reveal that the 

oxygen content of the GO sample is ~ 33.5%, which is 

higher than that of Ti3C2Tx MXene. Oxygen/hydroxyl- 

enriched GO nanoflakes are more likely to interact 

with tribopairs’ surfaces and other nanoflakes through 

electrostatic interactions, which enables GO to be 

with high adhesive ability. Tang et al. [71] recently 

found that GO exhibited stronger surface adhesion in 

a higher humidity environment. They proposed that 

water molecules adsorbed by hydroxyl groups play 

an important role in enhancing the GO’s surface 

 

Fig. 12 (a) Representative force–displacement curves measured in the withdrawal processes for Ti3C2Tx MXene, GO, and MXene/GO 
samples. (b) Average adhesion energies and RMS roughness values for all measured samples with error bars indicating standard 
deviations. (c) Nitrogen adsorption–desorption isotherms of MXene and GO samples; (d) pore-size distributions calculated using a 
Barrett–Joyner–Halenda method. 

Table 1 Atomic compositions, BET surface area of Ti3C2Tx MXene, GO, and MXene/GO samples. Atomic ratios were obtained from 
XPS analysis. BET surface areas were calculated based on the BET model using results of nitrogen adsorption/desorption experiments. 

— Carbon content Fluorine content Oxygen content Titanium content BET surface area (m2/g)

MXene 34.7% 10.2% 15.2% 40.0% 22.78 

GO 66.5% — 33.5% — 203.7 

MXene/GO 54.4% 5.5% 25.2% 16.9% 96.81 
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adhesive ability. This further supports the hypothesis 

that GO with higher oxygen content has higher surface 

adhesion energy. 

Our work demonstrates that the boundary 

lubrication performance of Ti3C2Tx MXene, GO, and 

MXene/GO dispersions may be strongly related to 

the adhesion behavior of nanoflakes. It has been 

revealed that interfacial adhesion behavior is directly 

affected by contact surface material and roughness [72], 

and affects various lubricated contacts [64, 73]. We 

further compared the effects of tribopairs’ material 

and surface roughness on the tribological performance 

of these lubricants. Ball samples selected include 

silicon nitride (Si3N4), quartz (SiO2), and 304 stainless 

steel (304SS) with an average roughness of ~50, 5, and 

40 nm, respectively. Countersamples include Si, SiO2, 

and 304SS with varying RMS roughness. The applied 

load and sliding velocity were set to be 5 mN and 

0.5 mm/s, respectively. Each test was independently 

repeated at least three times. 

Tribological test results are shown in Fig. 13(a).  

The lubricating performances of GO and MXene/GO 

dispersions are generally better than that of MXene. 

MXene/GO exhibited a synergistic effect in the tests 

of Si3N4/Si(10nm), SiO2/Si(10nm), and Si3N4/SiO2(5nm) 

tribo-systems, that is, a statistically significant lower 

friction coefficient than mono-dispersed GO or 

MXene. In the cases of using metal or high-roughness 

samples, the lubricating performance of GO is only 

slightly higher than that of MXene, and there is no 

obvious synergic effect in MXene/GO dispersions. 

This implies that the synergistic effect of MXene/GO 

is correlated to the lubricating performance that GO 

exhibited in the tribo-system. The friction coefficients 

of Si3N4/304SS and 304SS/304SS are higher than those 

using silicon or quartz countersamples, which could 

be related to the relatively low hardness of 304SS 

[46, 66, 74]. The friction coefficients corresponding to 

the left six groups in Fig. 13(a) are plotted against 

tribopairs’ equivalent RMS roughness, σeff (Fig. 13(b)). 

The lubricating performances of the three types of 

lubricants are similar at high roughness. This result 

indicates that the interfacial adhesion significantly 

affects the boundary lubrication performance of 

water-based lubricants using 2D nano-additives. 

In summary, the experimental and analysis results 

revealed the different lubrication mechanisms of MXene 

and GO additives under boundary lubrication in water. 

2D hydrophilic nano-additives do not necessarily 

create low friction interfaces. The key to achieving   

a low-friction tribosystem is the formation of a 

tribolayer with great stability. GO additives with high 

adhesive ability can (1) improve the stability of the 

tribolayer by adhering to the counterface, (2) help 

retain MXene nanoflakes near the tribo-interfaces 

which could increase the load support capability of the 

tribolayer. The result is a nanostructured tribolayer 

with remarkable lubricating functionality, which is 

responsible for the MXene/GO dispersion’s greater 

lubricity than single-component MXene or GO. 

 

Fig. 13 (a) Friction coefficients of MXene, GO, and MXene/GO samples for selected tribopairs with various RMS roughness. (b) Friction
coefficients of MXene, GO, and MXene/GO samples plotted as a function of the RMS roughness of Si and SiO2 countersamples. Each 
data point represents the average of 3 individual repeats, and error bars represent the 95% confidence interval. 
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4 Conclusions 

Ti3C2Tx MXene and graphene oxide (GO) have different 

boundary lubrication performance in water. The 

lubrication performance of aqueous MXene dispersions 

is proved to be inferior to that of GO dispersions at 

the same concentration. Model experiments support 

that the MXene tribolayer is less stable than that of 

the GO tribolayer. Atomic force microscopy (AFM) 

adhesion experiments confirmed that the adhesion 

energy of GO is higher than that of MXene, which is 

likely responsible for the better lubricating functionality 

of GO dispersions. 

The mixed MXene/GO lubricant performed 

significantly better than either the monodispersed 

GO or MXene with the lowest friction coefficient of  

~ 0.021. High-resolution characterizations and model 

experiments demonstrate that aqueous MXene/GO 

dispersion synergistically combines the adhesive 

and cohesive abilities of large-surface-area GO flakes 

and the mechanical properties of MXene additives  

to form layered adsorbates and protective tribofilms 

near the tribo-interface, thus leading to an excellent 

lubrication functionality. 
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