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Macroscale superlubricity has attracted considerable attention as a promising
strategy to minimize frictional energy dissipation and achieve near-zero wear.
However, realizing macroscale superlubricity with prolonged durability
remains an immense challenge, particularly on engineering steels. Current
superlubricants render steel surfaces susceptible to corrosion, causing severe
wear and superlubrication failure. Herein, high-entropy ceramics (HEC) with
catalytic properties are innovatively introduced to prevent corrosion of
engineering steels and achieve macro-superlubricity through tribo-catalytic
effect. Furthermore, this catalytically induced superlubricity system exhibits
an ultra-low friction coefficient of 0.0037 under contact pressure up to 1.47
GPa, an ultra-long cycle lifetime of 1.25 × 106 cycles (corresponding sliding
distance up to 5 km), and an extremely low wear rate of 3.032 × 10−10

mm3·N−1·m−1 on the HEC surface. Based on the experimental analysis and
theoretical simulation, the in situ formed HEC nanocrystals reduce the Gibbs
free energy of hydrolysis of PA molecules into inositol and phosphoric acid
molecules in the lubricant. Notably, the hydrolysis products favorably
contributed to the reduction of shear force in the lubrication system, which is
essential for achieving macroscale superlubricity over a long time. This study
provides a new perspective for designing robust superlubricity systems by
harnessing the tribocatalytic effect of high-entropy materials.
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1. Introduction

Friction and wear in mechanical motion
systems lead to substantial energy con-
sumption, shorten the service life of in-
dustrial components, and cause severe ma-
terial and economic losses.[1] Superlubric-
ity (friction coefficient less than 0.01) has
garnered significant research interest in re-
cent years and offers a viable solution for
substantially reducing fuel consumption
and carbon dioxide emissions.[2] Through
the concerted efforts of researchers, the
realization of superlubricity has transi-
tioned from theoretical studies at the mi-
croscopic scale to practical applications at
the macroscopic level.[3] Solid lubricating
films, based on incommensurate contact in-
terfaces and weak interlayer interactions,
have exhibited exceptional superlubricity
performance.[4] However, limited by the se-
vere applied conditions and susceptible to
wear, solid superlubricity films were diffi-
cult to apply in practical engineering condi-
tions under an atmospheric environment.[5]

In contrast to solid superlubricity,
liquid lubricants are more amenable to

achieving macroscopic superlubricity under atmospheric condi-
tions, rendering them promising candidates for the engineering
applications of superlubricity technology.[6] Among them, water-
based lubricants, such as acidic solutions or polyol solutions,
have demonstrated superlubricating performance due to their
weak shear resistance and suitable viscosity indices.[7] Unfortu-
nately, water-based superlubricants usually easy to cause corro-
sion on the surface of engineering steel and take an extended
running-in period.[8] To address the limitations of both solid and
liquid superlubricity, strategies that leverage the synergistic ef-
fects between solid thin films and liquid lubricants to enhance
superlubricity performance have been proposed.[9] For instance,
unsaturated fatty acids, exemplified by oleic acid, can decompose
on DLC thin films under frictional conditions, forming dense
tribofilms and enabling superlubricity.[10] Additionally, glycerol
or 3-hydroxypropionic acid can trigger superlubricity on DLC
thin films, attributed to the formation of hydroxyl-terminated
surfaces or the adsorption of carboxylic acid groups.[10a,11] Al-
though the development of these solid–liquid composite super-
lubricating systems is encouraging, the load-carrying capacity of
the lubricants and the mechanical properties of the thin films are
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relatively low, inevitably leading to wear on the film surfaces and
compromising the robustness of superlubricity.

To achieve superlubricity with prolonged durability on engi-
neering steel, on the one hand, it is paramount to design solid
thin film materials exhibiting exceptional wear resistance and
corrosion resistance, and on the other hand, it is necessary to pro-
mote the chemical reaction between the lubricant and the solid
film. The mechanically robust thin films can effectively mitigate
wear during frictional sliding and withstand indentation or de-
formation under high contact pressures. When deposited on steel
substrates, such protective coatings also effectively prevent corro-
sion in water-based lubrication environments.[9a,12] Notably, the
tribochemical interactions between the lubricant and the solid
film play a crucial role in enabling superlubricity. The products of
these tribochemical reactions can form boundary-adsorbed films
or tribofilms at the contact interfaces, thereby minimizing wear
and ensuring the sustainability of the superlubricity system.[13]

Enhancing the chemical reactivity of the sliding interfaces or em-
ploying solid films with inherent catalytic properties can signifi-
cantly accelerate the tribochemical reaction kinetics.[2c,14] Conse-
quently, the design of solid thin films that synergistically com-
bine superior wear resistance and tribocatalytic properties can
not only effectively mitigate wear but also promote favorable tri-
bochemical reactions, thereby maximizing the operational life-
time and performance of the superlubricity system. The new
high-entropy materials composed of five or more metallic or non-
metallic elements in near-equimolar ratios provide the possibility
for this kind of compound lubrication design induced by tribo-
chemical reaction.[15] Due to the synergistic effects of the high-
entropy effect, lattice distortion effect, sluggish diffusion effect,
and “cocktail” effect, high-entropy materials exhibit exceptional
corrosion resistance and mechanical strength.[16] Compared to
conventional high-entropy alloys, high-entropy nitride ceramics
demonstrate further enhanced wear resistance owing to the solid-
solution strengthening effect of the nitrogen element.[17] For in-
stance, Feng et al. found that a (CrTaNbMoV)N thin film with
20% nitrogen content showed the highest hardness (21.6 GPa),
and the wear rate of the film decreased by 6 times compared to
a CrTaNbMoV metal film.[18] In our previous studies, we also in-
vestigated the effects of nitrogen flow rate and substrate bias on
the microstructure and mechanical properties of (CrNbTiAlV)N
films.[19] We found that nitride films deposited with a nitrogen
flow rate of 38 sccm exhibited the best friction-corrosion per-
formance in artificial seawater.[17c] Interestingly, high-entropy ce-
ramic (HEC) nanoparticles have been proven to possess superior
chemical catalytic activity, ascribed to their high specific surface
area and abundance of catalytically active sites.[20] Yang et al. pre-
pared HEC nanomaterials using pulsed laser irradiation, and the
CoCrFeNiAl HEC electrode demonstrated outstanding activity
and stability in the oxygen evolution reaction.[20a] Zhai et al. sug-
gested that compared to single-element catalysts, high-entropy
materials offer multi-element active sites, unsaturated coordina-
tion, and entropy stabilization, showing promising applications
in the field of electrochemical water splitting.[21] In conclusion,
HEC provides an excellent material choice for investigating the
realization of robust superlubricity with negligible wear rates
through the tribocatalysis effect.

Herein, a new strategy of solid–liquid composite superlubrica-
tion in an atmospheric environment was proposed by using the

tribocatalytic effect of natural organic acid phytic acid (PA) and
HEC to realize robust superlubrication on the surface of engi-
neering steel. The (CrNbTiAlV)N HEC thin film was designed
and deposited on engineering steel substrates via magnetron
sputtering with a high hardness of 26.43 GPa and an elastic mod-
ulus of 276.46 GPa. The PA was employed as the lubricant and
introduced onto the (CrNbTiAlV)N surface to construct a solid–
liquid composite superlubricity system. Strikingly, this compos-
ite lubrication system could sustain a superlubricity state for at
least 1.25 million reciprocating friction cycles, maintaining an
ultra-low friction coefficient of ≈0.0037 and an exceptionally low
wear rate of 3.032 × 10−10 mm3

·N−1
·m−1. Post-tribotest charac-

terization revealed the in situ formation of HEC nanocrystals
with an average size of ≈7.3 nm during the frictional process.
These nanocrystals facilitated the accelerated hydrolysis of PA
molecules into inositol polyphosphate (inositol) and phosphoric
acid molecules. Notably, molecular dynamics simulations eluci-
dated that inositol and phosphoric acid further mitigated fric-
tional resistance during sliding, thereby crucially contributing
to the macroscopic realization of solid–liquid composite super-
lubricity. This work demonstrates a viable strategy for achieving
robust superlubricity with ultra-low wear rates by harnessing the
tribocatalysis effect of HECs.

2. Results and Discussion

2.1. Preparation and Characterization of (CrNbTiAlV)N Film

The (CrNbTiAlV)N thin film was fabricated onto a steel sub-
strate using a magnetron sputtering method, as described in
Figure 1a. A splicing target comprising Cr, Nb, Ti, Al, and V was
employed as the sputtering source, with nitrogen gas acting as
the reactive gas. In addition, the CrNbTiAlV high-entropy alloy
film without nitrogen was also prepared for comparison. Notably,
a Cr intermediate layer was initially deposited on the substrate
surface to bolster the adhesion between the film and the sub-
strate. Detailed fabrication methods and process parameters are
provided in the Experimental Section (Figure S1 and Table S1,
Supporting Information). As shown in Figure 1b, the grazing in-
cidence X-ray diffraction (GIXRD) pattern of the CrNbTiAlV film
shows broad diffuse scattering, indicative of its amorphous struc-
ture, aside from the diffraction peak of the Cr transition layer
at 44.4°. Conversely, the GIXRD pattern of the (CrNbTiAlV)N
film reveals four distinct diffraction peaks that are assigned to
(111), (200), (220), and (311) planes, suggesting that the pre-
pared (CrNbTiAlV)N film possesses an FCC crystal structure.
Five metal elements, Cr, Nb, Ti, Al, and V, randomly occupy the
lattice positions and Nitrogen (N) atoms fill the octahedral inter-
stitial sites of the FCC lattice. In other words, the N element ex-
ists as an interstitial solute within the solid solution of the high-
entropy alloy (Figure S2, Supporting Information).[17c,22] To as-
certain the thickness, elemental composition, and microstruc-
ture of the (CrNbTiAlV)N film, focused ion beam (FIB) milling
combined with cross-sectional TEM was used to indicate that the
thickness of (CrNbTiAlV)N film is ≈713 nm with a fairly dense
structure (Figure 1c). As illustrated in Figure 1d and Figure S3
(Supporting Information), the elemental distribution map shows
a uniform dispersion of Cr, Nb, Ti, Al, V, and N elements at the
microscopic scale, indicating the formation of a solid solution
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Figure 1. Preparation and characterization of (CrNbTiAlV)N film. a) Schematic diagram of the process of depositing (CrNbTiAlV)N film using the
magnetron sputtering method. b) GIXRD patterns of (CrNbTiAlV)N and CrNbTiAlV films (incidence angle is 1°). c) HAADF image and d) EDS elemental
mapping results of the cross-section of the (CrNbTiAlV)N film. e) HRTEM image of the cross-section of the (CrNbTiAlV)N film, and the inset in the
upper right corner is the corresponding FFT image. f) AFM image showing the surface micromorphology of (CrNbTiAlV)N film. g) Loading–unloading
curves of (CrNbTiAlV)N and CrNbTiAlV films measured using a nanoindentation instrument. Five different spot locations were tested for each sample.
h) Comparison of hardness and elastic modulus of (CrNbTiAlV)N and CrNbTiAlV films. i) Classic scratch tests were performed on (CrNbTiAlV)N and
CrNbTiAlV films to evaluate their adhesion to the substrate. The critical force Fc represents the exposure of the substrate. The inset shows the scratch
morphology of the corresponding film.
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phase without phase segregation. The EDS and specific elemen-
tal contents at the selected area of the (CrNbTiAlV)N film cross-
section can be found in Figure S4 (Supporting Information). Fur-
thermore, the periodic crystal structures by high-resolution TEM
(HRTEM) and symmetric diffraction spots obtained by using fast
Fourier transformation (FFT) demonstrate the face-centered cu-
bic crystal structure of the (CrNbTiAlV)N film, which is consis-
tent with the XRD results (Figure 1e). The lattice fringes spaced at
0.265 nm are attributed to the (1–11) crystal plane.[17a,23] Further
confirming the roughness of (CrNbTiAlV)N film was determined
to be merely 2.74 nm by using atomic force microscopy (AFM),
as shown in Figure 1f.

To accurately evaluate the mechanical properties of the de-
posited films, load-displacement curves for both CrNbTiAlV and
(CrNbTiAlV)N films were obtained using a nanoindentation
tester. Figure 1g demonstrates that the (CrNbTiAlV)N film re-
quires a larger external load for the same indentation depth (200
nm) than the CrNbTiAlV film. The plastic deformation region of
the (CrNbTiAlV)N film is narrower, indicating that the doping of
N elements imparts the nitride film with superior resistance to
plastic deformation.[19] Concurrently, the emergence of a solid-
solution phase and the refinement of the grain size endow the
(CrNbTiAlV)N film with elevated hardness (26.43 GPa) and elas-
tic modulus (276.46 GPa) (Figure 1h).[24] Combining the AFM
and nanoindentation results, it can be inferred that the extremely
smooth and hard surface of the (CrNbTiAlV)N film enhances the
feasibility of superlubricity, thus contributing to a durable super-
lubricity condition. In addition, scratch tests were performed on
both films to investigate the interfacial bonding strength between
the film and the substrate. Throughout the tests, the film initiates
delamination from the substrate at the critical load (Fc), accom-
panied by a substantial shift in the real-time friction coefficient.
As shown in Figure 1i, the critical load for the (CrNbTiAlV)N
film (Fc2 = 70 N) markedly surpasses that of the CrNbTiAlV film
(Fc1 = 11 N). Within the scratch of the CrNbTiAlV film, there
are many transverse cracks and apparent film peeling, whereas
the (CrNbTiAlV)N film reveals only minor transverse cracks and
no evident brittle flaking. The corresponding enlarged images of
the scratch morphology can be found in Figure S5 (Supporting
Information). These findings imply a significant enhancement
in interfacial adhesion and wear resistance following nitriding.

2.2. Robust Macroscale Superlubricity Behavior of (CrNbTiAlV)N
Film and PA Solution

The prepared (CrNbTiAlV)N film exhibits remarkable mechan-
ical properties and possesses a high density of reactive sites on
its surface, rendering it a promising candidate for tribochemi-
cal reactions and the attainment of macroscopic superlubricity.
Subsequently, real-time friction coefficients of the phytic acid
(PA) solution were obtained using a ball-on-disk tribometer, as
depicted in Figure 2a. The detailed chemical structure of PA
is illustrated in Figure S6 (Supporting Information). The upper
and lower friction pairs consisted of ceramic or steel balls and
bearing steel blocks coated with (CrNbTiAlV)N thin films, re-
spectively. Moreover, to investigate effective lubricating compo-
nents, friction coefficients were also measured for 51 200 steel
and CrNbTiAlV film surfaces lubricated with a PA solution, and

(CrNbTiAlV)N film surfaces lubricated with a phosphoric acid so-
lution. Figure 2b presents the real-time friction coefficient curves
for these four distinct composite lubrication systems. On the sur-
face of the bearing steel without the deposited high-entropy alloy
coating, the friction coefficient of the PA solution rapidly esca-
lated from 0.138 to 0.708 after ≈5000 s, reaching the protection
threshold set by the tribometer and causing its cessation. This
abrupt increase in friction coefficient was attributed to the corro-
sion of the bearing steel and thus a substantial increase in surface
roughness in the acidic PA solution (Figure S7, Supporting Infor-
mation). After a running-in period of ≈3000 s, the friction coeffi-
cients of the CrNbTiAlV thin film lubricated with the PA solution
and the (CrNbTiAlV)N thin film lubricated with the phosphoric
acid solution stabilized at ≈0.036 and 0.023, respectively. This in-
dicates that neither of these solid–liquid composite lubrication
systems achieved macroscopic superlubricity during the 6000 s
tribological test.

Intriguingly, the friction coefficient corresponding to the
(CrNbTiAlV)N film lubricated with the PA solution (hereafter re-
ferred to as PA@(CrNbTiAlV)N) gradually decreased to below
0.01 after a running-in period of ≈3120 s. As the friction test pro-
gressed, the friction coefficient stabilized ≈0.006. This indicates
that macroscopic superlubricity can only be achieved through the
combined effect of the PA lubricant and the (CrNbTiAlV)N film.
Remarkably, even after pausing for 12 h and resuming the tri-
bological test, the lubricant maintained the superlubricity state
on the (CrNbTiAlV)N film surface, with the friction coefficient
remaining virtually unchanged (Figure S8, Supporting Informa-
tion). This finding suggests that irreversible tribochemical reac-
tions may have occurred on the lubricant or the (CrNbTiAlV)N
film surface. The average friction coefficients in the stable stage
after the running-in period were all below 0.01, with the applied
load ranging from 2 to 6 N, corresponding to the Hertz con-
tact pressure ranging from 1.02 to 1.47 GPa (Figure 2c; Figure
S9, Supporting Information). Moreover, as the load increased
from 2 to 6 N, the running-in period progressively diminished
(Figure S10, Supporting Information). This phenomenon may
be attributed to the facilitation of tribochemical reactions due to
the increased pressure at the friction pair interface. When the
load was 1 N, the pressure was likely too low for tribochemical
reactions to occur, preventing the friction coefficient of the PA
solution from decreasing below 0.01 within the 6000 s friction
test duration. However, when the applied load increased to 7–
8 N, the lubricating film between the two friction pair surfaces
was prone to damage under relatively high pressure, resulting
in friction coefficients exceeding 0.01. Additionally, the attain-
ment of liquid superlubricity at various sliding speeds was sys-
tematically investigated. As illustrated in Figure 2d and Figure
S11 (Supporting Information), when the sliding frequency in-
creased from 2 to 5 Hz (corresponding to sliding speeds of 1.2–
3.1 cm s−1), the (CrNbTiAlV)N film lubricated with the PA so-
lution achieved macroscopic superlubricity. Specifically, as the
sliding frequency increased from 1 to 4 Hz, the average fric-
tion coefficient of this solid–liquid composite lubrication system
decreased from 0.072 to 0.006, owing to the more favorable hy-
drodynamic lubrication at higher sliding speeds. When the slid-
ing frequency further increased to 5 Hz, the average friction co-
efficient slightly increased to 0.007. This phenomenon bears a
resemblance to the classical Stribeck curve.[7d,25] Furthermore,
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Figure 2. Superlubrication performance of solid–liquid composite lubrication system. a) Schematic diagram of a ball-on-plate tribometer used for eval-
uating the tribological performance of solid–liquid composite lubrication systems. b) Real-time friction coefficient curves for different solid–liquid com-
posite lubrication systems. The applied external load was 2 N, and the sliding frequency was 4 Hz. c) The average friction coefficient of (CrNbTiAlV)N film
lubricated with PA solution under different applied loads and a reciprocating sliding frequency of 4 Hz. d) The average friction coefficient of (CrNbTiAlV)N
film lubricated with PA solution at various sliding frequencies under an external load of 2 N. e) The average friction coefficient corresponds to differ-
ent friction pair combinations. The applied load for the friction test was 2 N, with a sliding frequency of 4 Hz. f) The real-time friction coefficient of
(CrNbTiAlV)N film was lubricated with a PA solution throughout 1 250 000 sliding cycles under a load of 2 N and a sliding frequency of 4 Hz. The insets
are the 3D profile and depth change map of surface wear on the (CrNbTiAlV)N film after the tribological test. g) Comparison of friction coefficient and
wear rate of PA solution lubricated (CrNbTiAlV)N film surface with previous work.

the PA@(CrNbTiAlV)N solid–liquid composite lubrication sys-
tem can still achieve macroscopic superlubricity under the rota-
tional friction mode (5 N, 5.23 cm s−1), with a friction coefficient
of ≈0.007. Additionally, the friction coefficient exhibits signifi-
cant speed dependency (Figure S12, Supporting Information).

To evaluate the universality of the PA@(CrNbTiAlV)N solid–
liquid composite superlubricating system, the upper friction pair
was replaced with ceramic balls possessing a hardness compara-
ble to (CrNbTiAlV)N film or metal balls exhibiting excellent cor-
rosion resistance. When the PA solution was employed as the
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lubricant, superlubricity was attained between (CrNbTiAlV)N
films and SiC, ZrO2, 201 steel, 304 steel, 316 steel, and 440C
steel. The lowest friction coefficient of ≈0.002 was observed when
the upper friction pair was 440C steel (Figure 2e; Figure S13,
Supporting Information). However, the relatively lower hard-
ness glass (≈6 GPa) or copper (≈0.4 GPa) counterparts were
prone to wear, generating abundant wear debris and resulting
in higher surface roughness, failing to reach the superlubricat-
ing state (Figures S14 and S15, Supporting Information). More
information on the mechanical and tribological properties of dif-
ferent friction pair materials can be found in Table S2 (Support-
ing Information). These findings demonstrate the versatility of
this solid–liquid composite lubrication system in achieving su-
perlubricity across diverse tribological pairs. Notably, the realiza-
tion of macroscale superlubricity between engineering steel sur-
faces via this solid–liquid composite lubrication strategy holds
immense promise for the future proliferation and practical im-
plementation of superlubricity technology. The service life of
superlubricity materials is another crucial parameter that ne-
cessitates evaluation, as it holds significant reference value for
practical engineering applications. As illustrated in Figure 2f,
after undergoing a running-in period, the friction coefficient
of the PA@(CrNbTiAlV)N film solid–liquid composite solution
remained below 0.01, with an average friction coefficient of
≈0.0037. In addition, the service life of this solid–liquid compos-
ite superlubricating system can endure for at least 1.25 million
sliding cycles. After a total sliding distance of nearly 5 km, the
maximum wear depth on the (CrNbTiAlV)N film was only 26.71
nm, corresponding to an ultra-low wear rate of 3.032 × 10−10

mm3
·N−1

·m−1. No significant wear was observed on the upper
Si3N4 ball surface, indicating that this superlubricity system pos-
sesses a high load-bearing capacity (≈1.02 GPa) (Figure S16, Sup-
porting Information). However, the CrNbTiAlV film lubricated
with the PA solution and the (CrNbTiAlV)N film lubricated with
phosphoric acid solution failed to achieve superlubricity within
180 000 friction cycles, and relatively deep wear tracks appeared
on the film surfaces (Figures S17 and S18, Supporting Informa-
tion). Figure 2g compares the friction coefficients and wear rates
of this novel solid–liquid composite superlubricating system with
those of previously reported superlubricating systems, including
solid superlubricity, liquid superlubricity, and solid–liquid com-
posite superlubricity.[7b,9a,b,13,26] Specific comparative information
can be found in Table S3 (Supporting Information). In summary,
the PA@(CrNbTiAlV)N solid–liquid composite simultaneously
achieved a robust superlubricity, a long lifetime, and an extremely
low wear rate.

2.3. Characterization and Analysis of Lubricant and Wear Track
After Friction Test

To gain deeper insights into the possible mechanisms underpin-
ning the PA@(CrNbTiAlV)N solid–liquid composite superlubri-
cating system, a comprehensive analysis of the lubricant and the
wear track region was conducted after a friction test (Figure 3a).
A substantial amount of in situ formed HEC nanoparticles were
found in the post-tribotest lubricant, as shown in Figure 3b,c. In
addition, the HEC nanoparticles exhibited a relatively uniform
size distribution, with an average lateral dimension of ≈7.3 nm

and a height of ≈5.7 nm, determined by using AFM and TEM.
Notably, the HRTEM image in Figure 3d displays lattice fringes
with a spacing of 0.321 nm, corresponding to the (0–13) plane
of (CrNbTiAlV)O, indicating the surface oxidation of the HEC
nanoparticles during the friction process.[17a,23] Considering the
detection limit of EDS, we intentionally obtained the EDS spec-
trum of the agglomerated nanoparticles. The EDS analysis re-
vealed that in addition to the uniformly distributed Cr, Nb, Ti, Al,
V, and N elements, the agglomerated nanoparticles also exhibited
a significant presence of O, further corroborating the surface ox-
idation of HEC nanoparticles to form (CrNbTiAlV)O (Figure 3e).
In order to exclude the possibility that the nanoparticles origi-
nated from the PA solution, pure water was employed as the
lubricant, a certain amount of HEC nanoparticles was also ob-
served after the friction test (Figures S19 and S20, Supporting
Information).

Then, the composition of the lubricant after the friction test
was systematically analyzed. In contrast to the original PA lu-
bricant (0 h, orange line), the absorption peak at 2766 cm−1, at-
tributed to the P–H stretching vibration of the phosphoric acid
molecule, gradually became more prominent as the friction test
progressed, as illustrated in Figure 3f. This observation indicates
that during the friction process, the PA molecules in the lubri-
cant are hydrolyzed to produce a certain amount of phospho-
ric acid molecules.[27] The PA solution exhibited no significant
changes in the corresponding absorption peaks after being stat-
ically placed on the (CrNbTiAlV)N coating surface for 12 h, sug-
gesting that the friction process indeed accelerated the hydrolysis
of PA molecules (Figure S21, Supporting Information). Further-
more, the 31P NMR spectrum of the PA solution after 12 h of fric-
tion test showed a marked change, becoming similar to that of a
pure phosphoric acid solution, further substantiating the poten-
tial presence of phosphoric acid molecules in the lubricant after
friction testing (Figure 3g).

Additionally, focused ion beam (FIB) milling combined with
TEM was used to investigate the wear track region on the
(CrNbTiAlV)N film lubricated by the PA solution (Figure S22,
Supporting Information). As depicted in Figure 3h, a tribofilm
with an approximate thickness of 22 nm was observed at the
friction interface. The cross-section of the (CrNbTiAlV)N coat-
ing after friction testing exhibited a relatively smooth appearance,
suggesting that the HEC nanoparticles present in the lubricant
originated from the detachment of minute surface asperities on
the (CrNbTiAlV)N coating due to the friction polishing action.
To elucidate the potential chemical composition of the tribofilm,
HRTEM images were obtained from two distinct regions within
the tribofilm. As evident from Figure 3i, the region proximal to
the (CrNbTiAlV)N film surface potentially underwent passiva-
tion under the combined effects of mechanical stress and fric-
tional heat, resulting in the formation of a (CrNbTiAlV)O thin
film with a thickness of a few nanometers. The measured lat-
tice fringe spacing of 0.266 nm corresponds to the (01-4) plane
of (CrNbTiAlV)O.[17a,23] Consistent with previous reports,[2c,14c]

the upper region of the tribofilm also contained amorphous car-
bon, likely originating from adsorbed lubricant molecules on
the friction surfaces. As shown in Figure S23 (Supporting Infor-
mation), compared to the initial (CrNbTiAlV)N film, the worn
area after friction testing exhibited two characteristic peaks at
1376 and 1560 cm−1, corresponding to the D and G peaks of

Adv. Mater. 2024, 2413781 © 2024 Wiley-VCH GmbH2413781 (6 of 13)
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Figure 3. Post-tribotest characterization. a) Schematic illustration of the post-tribotest characterization. b) TEM image of the HEC nanocrystals present
in the lubricant after friction tests. The upper right inset is the size distribution of the nanoparticles. c) AFM image of the HEC nanocrystals formed in
situ during the friction process. The upper right inset shows the height profile of the nanocrystals. d) HRTEM image of the HEC nanocrystals. The upper
right inset is the corresponding FFT image. e) EDS elemental mapping results of the agglomerated nanocrystals. f) FTIR spectrum of the lubricant after
friction tests for different times. g) 31P NMR (400 MHz) spectra of the lubricant measured in heavy water before and after the friction test. h) TEM image
of the cross-section of the wear marks on the surface of (CrNbTiAlV)N film lubricated by PA solution. i) HRTEM image and corresponding FFT image
of a selected area of the wear track cross-section. XPS spectrum of the wear track on the surface of (CrNbTiAlV)N film after friction test: j) O 1s and k) P
2p. The four peaks observed at 533.3, 532.6, 531.9, and 531.1 eV in the XPS O 1s fine spectrum indicate the presence of C─O bonds, P─O bonds, P═O
bonds, and (CrNbTiAlV)O, respectively. The P 2p peaks at 134.4 and 133.5 eV were attributed to P═O bonds and P─O bonds, respectively. l) Schematic
diagram of the catalytic process of high-entropy ceramic nanocrystals on PA molecules. Free energy diagram for the dissociation of PA molecules m)
without nanocrystals, n) with (CrNbTiAlV)N and o) with (CrNbTiAlV)O.
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amorphous carbon.[14c] Additionally, analysis of the acquired
electron energy loss spectra (EELS) revealed the presence
of carbon 𝜋

* and 𝜎
* peaks, further suggesting the poten-

tial existence of amorphous carbon in the friction film area
(Figure S24, Supporting Information).[20b] XPS spectrums fur-
ther corroborate the presence of adsorbed lubricant molecules
and passivation-induced (CrNbTiAlV)O on the friction surfaces
(Figure 3j,k).[7d,8,26a,e]

Based on the above analysis, we postulate that the in situ
formed HEC nanoparticles (CrNbTiAlV)NxOy accelerated the hy-
drolysis of PA molecules into inositol polyphosphate (IP) or inos-
itol (Ins) and phosphoric acid molecules (Figure 3l; Figure S25,
Supporting Information). The possible equations for the hydrol-
ysis process of PA molecules are as follows,

C6H18O24P6 (PA) + nH2O
(CrNbTiAlV)NxOy

→ C6H18−nO24−3nP6−n (IP∕Ins)

+ nH3PO4 (1)

To elucidate the effect of HEC nanoparticles on the hydroly-
sis of PA molecules, density functional theory (DFT) calculations
were employed to determine the Gibbs free energy change (ΔG)
required for the dissociation of PA molecules under three dis-
tinct scenarios. In the absence of HEC nanocrystals, the ΔG for
the complete dissociation of PA molecules into inositol and phos-
phoric acid was calculated to be 3.33 eV (Figure 3m). However, in
the presence of (CrNbTiAlV)N and (CrNbTiAlV)O HEC nanopar-
ticles, the ΔG required for the hydrolysis of PA molecules
was reduced to 2.88 and 1.98 eV, respectively (Figure 3n,o).
These findings suggest that (CrNbTiAlV)N and (CrNbTiAlV)O
HEC nanocrystals effectively accelerate the dissociation of PA
molecules. In summary, the in situ HEC nanoparticles and
the hydrolysis products of PA molecules, namely IP (or Ins)
and phosphoric acid, potentially play a crucial role in achieving
superlubricity.

2.4. The Mechanism of the Solid–Liquid Composite
Super-Lubricating System

To infer the potential mechanisms and corresponding lubrication
states underlying the superlubricity achieved in the solid–liquid
composite system, the theoretical lubricating film thickness (hc)
between the (CrNbTiAlV)N film and Si3N4 ball was calculated to
be ≈9.92 nm based on the Hamrock–Dowson (H–D) theory.[26e,g]

Furthermore, from the ratio (0.89< 1) between the film thickness
and the equivalent roughness, we inferred that the lubrication
regime corresponding to this solid–liquid composite superlubri-
cating system is boundary lubrication (the detailed calculation
process is available in the Supplementary information). Based on
the post-tribotest characterization and film thickness calculation
results presented above, a potential model for the achievement of
superlubricity in this solid–liquid composite lubrication system
is proposed, as shown in Figure 4. In the initial state of the fric-
tion test, the (CrNbTiAlV)N film was relatively rough with promi-
nent asperities. The PA molecules were randomly distributed in
the lubricant or partially adsorbed on the friction pair surfaces.
As a complete boundary lubrication film was not yet formed on
the friction pair surfaces, the PA@(CrNbTiAlV)N composite sys-

tem exhibited a relatively high friction coefficient (≈0.1) in the
initial state (Figure 4a). As the friction test progressed, the asperi-
ties on the (CrNbTiAlV)N film surface gradually decreased in size
due to the tribopolishing effect, leading to the in situ formation
of HEC nanocrystals with a size of ≈6–8 nm. Possessing excel-
lent catalytic performance, these in situ HEC nanocrystals can
effectively accelerate the hydrolysis of the PA molecules, grad-
ually forming IP (or Ins) and phosphoric acid molecules. Addi-
tionally, a few-nanometer-thick (CrNbTiAlV)O layer forms on the
surfaces of the HEC friction pair and the generated nanocrystals,
which can further reduce the energy required for the hydrolysis
of PA molecules, thereby further promoting the hydrolysis pro-
cess (Figure 4b). As shown in Figure 4c, the gradually hydrolyzed
phosphoric acid and IP (or Ins) molecules adsorb onto the surface
of the friction pair, effectively avoiding direct contact with surface
rough peaks, reducing frictional resistance during the sliding
process, and minimizing surface wear of the film.[26d,e] Accord-
ing to other studies,[9b,25] the in situ generated HEC nanocrys-
tals can act as nano-additives to reduce friction and enhance wear
resistance. Moreover, the surface of these nanocrystals may also
fix a portion of water molecules, forming a hydration layer that
can further reduce shear resistance and enhance boundary lubri-
cation performance.[9b] In summary, the achievement of macro-
scopic superlubricity in this solid–liquid composite lubrication
system is attributed to the combined effects of tribopolishing, the
formation of HEC nanocrystals, and the hydrolysis products of
the PA molecules.

To further validate the tribocatalytic effect of the (CrNbTiAlV)N
HEC nanocrystals on PA molecules and the changes in fric-
tion performance of this lubrication system before and after
the tribocatalytic effect, we performed both ab initio molecular
dynamics (AIMD) simulations and classical molecular dynam-
ics simulations. First, we employed AIMD simulations to in-
vestigate the evolution of PA molecules on the (220) surface of
(CrNbTiAlV)N. As shown in Figure 5a, under the catalytic ac-
tion of (CrNbTiAlV)N, the phosphate group on the PA molecule
gradually began to detach after 5460 fs to form IP. Addition-
ally, at 5706 fs, we observed that the detached phosphoric acid
molecule may adsorb onto the (CrNbTiAlV)N surface. This re-
sult further confirms our hypothesis regarding the tribocatalysis
effect of (CrNbTiAlV)N and is consistent with the experimental
characterization results obtained after the friction test. More de-
tailed information on the parameter settings from the AIMD sim-
ulations can be found in Supporting Information, and the spe-
cific real-time evolution process can be found in Movie S1 (Sup-
porting Information).

In the proposed superlubricity mechanism, we hypothesized
that the hydrolysis products (IP or Ins and phosphoric acid
molecules) of PA molecules play a crucial role in achieving su-
perlubricity. To validate this hypothesis, classical molecular dy-
namics simulations were performed to model the friction behav-
ior of the lubrication systems before and after the tribocatalysis
effect. For the simulation system before the tribocatalysis effect,
the top and bottom friction layers were composed of Si3N4 and
(CrNbTiAlV)N, respectively. The lubricant layer is composed of
PA and water molecules. For the simulation system after the tri-
bocatalysis effect, based on the characterization results obtained
after friction testing, we replaced the bottom friction layer with
(CrNbTiAlV)O, and the lubricant layer is consisted of inositol

Adv. Mater. 2024, 2413781 © 2024 Wiley-VCH GmbH2413781 (8 of 13)
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Figure 4. Possible mechanism for achieving superlubricity. Potential mechanism for achieving solid–liquid composite superlubricity via the tribocatalysis
effect between the PA solution and the (CrNbTiAlV)N nanocomposite film: a) initial stage, b) running-in stage and c) superlubrication stage.

molecules, phosphoric acid molecules, and water molecules. As
can be seen from Figure 5b and Movie S2 (Supporting Informa-
tion), in the simulation system before the tribocatalysis effect, the
PA molecules are mainly distributed randomly on the surface of
the (CrNbTiAlV)N, with only a few PA molecules lying flat on the
surface. In contrast, in the simulation system after the tribocatal-
ysis effect, the inositol molecules are predominantly arranged
parallel to the (CrNbTiAlV)O surface, resembling a 2D material
(Figure 5c; Movie S3, Supporting Information). These different
arrangements of the lubricant molecules in the two friction sim-

ulation systems may lead to differences in their friction perfor-
mance. As shown in Figure 5d, the simulation system after the
tribocatalytic effect exhibits a relatively lower friction coefficient,
which is ≈47% lower than the friction coefficient before the tri-
bocatalytic effect. To understand the reasons behind the changes
in friction coefficient between these two simulation systems, we
captured the evolution of the motion of PA molecules or inosi-
tol molecules that were initially arranged parallel to the friction
layer surface in region 1 of the respective systems. For the sim-
ulation system before the tribocatalytic effect, the PA molecules

Adv. Mater. 2024, 2413781 © 2024 Wiley-VCH GmbH2413781 (9 of 13)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202413781 by <
Shibboleth>

-m
em

ber@
advancebiochina.com

, W
iley O

nline L
ibrary on [30/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. Molecular dynamics simulations. a) The catalytic effect of (CrNbTiAlV)N on the hydrolysis of PA molecules obtained through AIMD simulations.
The overview and magnified regional views of the two friction simulation systems b) before and c) after the tribocatalysis effect obtained through classical
molecular dynamics simulations. d) Simulated friction coefficient curves of two different friction simulation systems. The atomic snapshots at selected
time frames of specific molecules in region 1 of the overview schematics for the two simulation systems: e) before tribocatalysis and f) after tribocatalysis.

initially lying flat on the friction layer surface underwent contin-
uous flipping motions on the (CrNbTiAlV)N surface during the
sliding process rather than sliding forward parallel to the friction
layer surface. The flipping motion of PA molecules may lead to
increased frictional resistance during the sliding process, result-
ing in a larger friction coefficient (Figure 5e). In contrast, after the

tribocatalytic effect, the inositol molecules initially arranged par-
allel to the HEC surface maintained their parallel configuration,
sliding forward like graphene sheets until they exited the friction
interface. This parallel sliding motion could be one of the main
reasons for the reduced friction force during the sliding process
(Figure 5f).[28] Furthermore, partially detached phosphoric acid

Adv. Mater. 2024, 2413781 © 2024 Wiley-VCH GmbH2413781 (10 of 13)
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molecules during sliding continue to adsorb onto the HEC sur-
face, thus acting as boundary lubricants (Figure S26, Supporting
Information). In summary, these findings further demonstrate
that the inositol and phosphoric acid molecules produced after
the tribocatalytic effect can further reduce the friction coefficient
of this solid–liquid composite lubrication system, thereby con-
tributing to the achievement of macroscale robust superlubricity.
In other words, the short-chain molecules or tribochemical reac-
tion products formed after the catalytic effect of the lubricant may
be more conducive to enhancing lubrication performance.

3. Conclusion

In summary, the novel solid–liquid composite superlubricity sys-
tem constructed from the (CrNbTiAlV)N film and PA lubricant
demonstrated an exceptionally prolonged operational lifetime
and negligible wear rates. The outstanding mechanical proper-
ties and corrosion resistance of the (CrNbTiAlV)N film prevented
severe wear or corrosion at the frictional interfaces, thereby avert-
ing the failure of superlubricity performance. Furthermore, a
synergistic combination of experimental and simulation stud-
ies unveiled that the in situ formed HEC nanocrystals during
the frictional process catalyzed the hydrolysis of PA molecules
in the lubricant. The hydrolysis products, IP (or Ins) and phos-
phoric acid, together with the formation of an amorphous carbon
film, were identified as the primary contributors to the realiza-
tion of superlubricity. This research substantiates the feasibility
of achieving ultra-low friction and wear performance through the
tribocatalytic effect, providing a novel strategy for designing ad-
vanced solid–liquid composite superlubricity systems.

4. Experimental Section
Synthesis of (CrNbTiAlV)N Films: The (CrNbTiAlV)N high-entropy ni-

tride film was synthesized on an AISI52100 substrate using a magnetron
sputtering system (UDP-650, Teer PlasMag). The Cr-Nb-Ti-Al-V composite
splicing target was chosen, and nitrogen gas was selected as the reaction
gas. Based on our previous research, the nitrogen gas flow rate during the
deposition process was set to 38 standard cubic centimeters per minute
(sccm). A bias voltage of −126 V was applied to the substrate during de-
position, and the deposition time was 240 min. Additionally, as a compar-
ative experiment, a CrNbTiAlV high-entropy alloy film was prepared with
a nitrogen gas flow rate of 0 sccm during the deposition process. More
detailed preparation procedures and process parameters are provided in
Supporting Information.

Characterization of (CrNbTiAlV)N Films: The crystal structure of the
(CrNbTiAlV)N film was analyzed using grazing incidence X-ray diffraction
(GIXRD, Smartlab, Rigaku). The cross-sectional morphology and crystal
structure of the film were observed through transmission electron mi-
croscopy (TEM, Talos F200X G2, FEI). Additionally, the elemental com-
position of the film cross-section was analyzed using an energy-dispersive
spectrometer (EDS, Super-x, Thermo Scientific). HRTEM images of the
samples were obtained using aberration-corrected scanningtransmission
electron microscopy (Spectra 300, ThermoFisher). Sample preparation for
TEM testing was carried out using a focused ion beam scanning elec-
tron microscope (FIB-SEM, Scios 2 HiVac, FEI). Atomic force microscopy
(AFM, Multimode 8, Bruker) was employed in tapping mode to character-
ize the surface morphology and roughness of the film. The hardness and
elastic modulus of the film were evaluated using a nanoindentation instru-
ment (G200X, KLA, Berkovich tip). Furthermore, the adhesion strength
between the film and the substrate was assessed using a scratch tester
(MFT4000, Lanzhou Huahui Instrument).

Tribological Experiments: The friction experiments were conducted at
room temperature (25 °C, 20−90% RH) using a ball-on-disk tribometer
(TRB3, Anton Paar) in a linear reciprocating mode. The applied load during
the friction tests ranged from 1 to 8 N, with a linear sliding amplitude of
2 mm and a sliding frequency of 0.5 Hz to 5 Hz (corresponding to sliding
speeds of 0.3 to 3.1 cm s−1). Subsequently, after the friction experiment,
the depth, roughness and wear volume of the wear track were precisely
measured using a 3D optical profilometer (UP-2000, Rtec Instruments).

Post-Tribotest Characterization: Characterization of wear spots and
wear tracks on the surfaces of balls and disks was performed using op-
tical microscopy (Axioscope 5, Zeiss, Germany). The wear tracks were
cross-sectioned and thinned using FIB-SEM, and then the presence of tri-
bofilm was confirmed using TEM. Lubricants collected after different fric-
tion test durations were characterized for changes in their chemical com-
position using Fourier transform infrared spectroscopy (FT-IR, Nicolet
iS20, Thermo Scientific) and nuclear magnetic resonance (NMR, Avance
NEO 400, Bruker). The microstructure and elemental distribution of in
situ formed high-entropy nitride nanocrystals within the lubricant during
the friction process were analyzed using TEM and EDS. The viscosity of the
lubricants after the friction experiments was determined using a standard
rotational rheometer (MCR302, Anton Paar). X-ray photoelectron spec-
troscopy (XPS, K-Alpha, Thermo Scientific) analysis was further employed
to investigate the elemental composition and chemical states within the
tribofilm in the wear track.

First-Principles Calculations: All calculations were conducted within the
framework of density functional theory (DFT) employing the projector aug-
mented plane-wave (PAW) method, as implemented in the Vienna ab initio
simulation package.[29] The exchange-correlation potential was approxi-
mated using the generalized gradient approximation (GGA) proposed by
Perdew, Burke, and Ernzerhof.[30] To account for dispersion effects, the
Grimme D3 correction with a coordination number-dependent dispersion
correction was applied.[31] The plane wave cutoff energy was set to 450 eV.
For the iterative solution of the Kohn-Sham equation, an energy criterion of
10−5 eV was employed. To prevent artificial interactions between periodic
images, a vacuum layer of 15 Å was included perpendicular to the sheet.
Brillouin zone integration was performed using a 4 × 4 × 1 k-mesh.[32] To
ensure convergence, all structures were relaxed until the residual forces on
the atoms decreased below 0.03 eV Å−1. A dipole correction was applied
for all slab models. Spin polarization is included in the calculations.

The Free energy changes (ΔG) of reaction intermediates could be cal-
culated by the following:

ΔG = ΔE + ΔEZPE − TΔS (2)

where ΔE is the adsorption energy on the cluster surface from DFT calcu-
lations. The ΔEZPE and ΔS are the difference for the zero-point energy and
entropy. The zero-point energy and entropy are calculated at the standard
conditions corresponding to the pressure of 101 325 Pa (≈1 bar) of H2 at
the temperature of 298.15 K.

Molecular Dynamics Simulations: To obtain the atomic-scale evolution
pathways of PA molecules on the (CrNbTiAlV)N (220) surface, we per-
formed DFT-based ab initio molecular dynamics (AIMD) simulations in
a typical canonical ensemble (NVT). The ensemble maintained constant
particle number, volume, and temperature. The DFT calculations were car-
ried out using the classical Vienna Ab initio Simulation Package (VASP).[33]

The Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation
exchange-correlation functional was adopted.[30] A structure comprising
the substrate and molecules was constructed, and periodic boundary con-
ditions were applied, with a 20 Å vacuum layer in the z-direction to pre-
vent inter-image interactions. A plane-wave cutoff energy of 500 eV was
chosen to represent the electronic states accurately. The convergence cri-
teria were set to 10−4 eV for energy and appropriate force values. For the
Brillouin zone sampling, a 1 × 1 × 1 k-point mesh was employed. The in-
tegration of Newton’s equations of motion was facilitated by the widely
adopted Verlet algorithm, with a time step of 𝛿t = 10−3 ps.

The evolution of lubricants from an atomistic perspective during the
friction process before and after the tribocatalysis effect was investigated
using classical molecular dynamics simulations. The classical molecular
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dynamics simulations were performed in the canonical ensemble (NVT)
using the LAMMPS software package.[34] The PACKMOL software was
used to build the initial system configuration.[35] The Velocity-Verlet algo-
rithm was employed with an integration time step of 1.0 fs. The intermolec-
ular interactions within the overall system were described using the PCFF
force field.[36] Detailed potential parameters for transition metals (Cr, Nb,
Ti, V) can be found in Table S4 (Supporting Information).[37] These param-
eters are set based on the LJ repulsive term to ensure the stability of the
simulations. Temperature control was achieved through the Nosé-Hoover
thermostat.[38] The Lorentz-Berthelot mixing rules were used to calculate
the van der Waals (vdW) interactions between different atom types, with
a cutoff distance of 1.2 nm for the vdW interactions. The particle-particle-
particle-mesh (PPPM) method was employed to compute the long-range
electrostatic interactions. Prior to the simulations, the entire system un-
derwent an energy minimization process to generate a reasonable and sta-
ble model structure. During the relaxation process, the system was first
heated from 10 to 300 K using the NVT ensemble throughout 0.5 ns. Sub-
sequently, the system was equilibrated at 300 K for 1 ns to ensure the con-
vergence of physical properties and the reliability of the simulation results.
After equilibration, the top friction layer was moved along the positive x-
direction with a velocity of 20 m s−1 to mimic the actual friction process.
The friction coefficient was calculated from the forces exerted on the top
friction layer in the x and z directions during its motion.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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