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Robustness and environmental adaptability are crucial for molyb-
denum disulfide (MoS;) films to minimize friction and wear in
industrial applications. However, current sputtered MoS, films
suffer from inherent defects, including insufficient hardness, poor
crystallinity, and susceptibility to oxidation, thereby limiting their
longevity and reliability. Here, we present a sandwich-like nano-
multilayer architecture comprising alternating MoS, and tungsten
carbide (WC) layers integrated with Ag nanoparticles. This archi-
tecture demonstrates robust corrosion resistance, effectively pro-
tecting the MoS,; within the film for over 18 months of air exposure
and exhibiting minimal corrosion during 21 days of salt spray tests.
The remarkable environmental stability of the sandwich-like MoS,/
Ag/WC nanomultilayer film is attributed to the creation of numer-
ous heterogeneous interfaces and the spontaneous diffusion and
repair of Ag atoms through defect channels of the film, impeding
the penetration of corrosive agents. Furthermore, during the fric-
tional process, Ag, characterized by its inherent high mobility and
ductility, facilitates the formation of a dense tribofilm on its coun-
terpart ball, encapsulating formed metal oxides to prevent adhesive
wear. As a result, the film exhibits a significantly reduced wear rate
(1.25 x 1077 mm® N m~?) even after long-term salt spray corro-
sion and air exposure. This study offers a general route for design-
ing MoS,-based materials toward long-lifetime and environmental
adaptability via self-repair mechanisms.

1. Introduction

Friction and wear are common physical phenomena. Approxi-
mately 30% of the world’s primary energy consumption is
attributed to friction, and wear is responsible for around 80%
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New concepts

Improving the reliability and environmental adaptability of solid lubri-
cants holds significant promises for diverse engineering applications and
has been a longstanding pursuit in history. Although existing studies
have shown the efficacy of incorporating functional elements to mitigate
friction and extend the lifespan of MoS, films in air, there have been no
reports on the environmental responsiveness and self-repair capabilities
of MoS,-based lubricating films. We present a pioneering approach to
realize a smart sandwich-like nanomultilayer architecture with excep-
tional corrosion resistance and atmospheric tribological performance.
This achievement stems from the meticulous design of lubricating MoS,
layers, load-bearing WC layers, and the incorporation of Ag nanoparticles.
Spontaneous diffusion of Ag atoms into the film surface occurs through
inherent defects within the film, effectively repairing the defects and
imparting ultrahigh environmental stability. Significantly, Ag atoms can
also repair the sliding interface, enhance the bonding strength of the
tribofilm, and wrap the friction-induced oxide nanoparticles with the
MoS, nanosheets, thereby achieving low friction and long lifetime even
under long-term corrosion conditions. Our finding offers a novel strategy
for designing smart solid lubricants that may lead to revolutionary
applications under harsh operating conditions.

of mechanical part failures.' ™ To mitigate these effects, various
strategies have been historically proposed and adopted, among
which the use of solid lubricants stands out as particularly
effective.” Molybdenum disulfide (MoS,)-based films represent
a significant class of solid lubricant materials, particularly in
environments where liquid lubricants are impractical, such as
space technology, mechanical seals, and automotive applica-
tions.® These films demonstrate ultralow friction and wear under
high vacuum and dry inert atmospheres, due to the easy-shear
interfaces between atomic layers and strong Mo-S covalent bond-
ing within the basal plane.”® However, the tribological properties
of MoS,-based films deteriorate significantly in the presence of
humidity or oxygen, which hinders their practical utility under
terrestrial atmospheric conditions.'®"

Numerous studies have shown that incorporating metal,
nonmetal elements, and other compounds represents a pre-
dominant approach to enhance the structural density and

This journal is © The Royal Society of Chemistry 2024
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mechanical properties of MoS, films, thereby reducing friction
and wear in humid air.">"” Despite improving the humidity
resistance of MoS,, the durability of these composite films
under severe conditions remains inadequate. Additionally,
doping often leads to an amorphous or random-oriented
structure in MoS, films, which compromises their moisture
resistance compared to the MoS, (002) plane parallel to the
substrate.’®'® Conversely, leveraging the “hard” and “tough”
characteristics of nanomultilayer structures enhances the tri-
bological performance relative to single-layer and composite
films.?>*' This design promotes the preferential growth of
MoS, (002) planes parallel to the substrate, inhibiting the
penetration of corrosive species and broadening the application
range of MoS, films.**** Prior experimental findings show that a
nano-alternating multilayer structure comprising MoS, and WC
effectively exerts synergistic effect of the two materials, achieving
robust ultra-low friction (0.006) in vacuum.>® However, such a film
generates significant wear debris when subjected to friction tests
in air, mainly attributed to the difference in mechanical properties
between MoS, and ceramics. Furthermore, defects and pores
inevitably occur in sputtered MoS,-based films, serving as prefer-
ential reaction sites of aggressive species, which will decrease the
efficiency of MoS, and shorten the lifespan of the films.** Devel-
oping a robust MoS,-based film with self-repair capabilities and
prolonged operational life remains a critical challenge, given its
importance in diverse engineering applications.

Self-repair of defects or damage typically requires the presence
of a mobile phase. Traditional self-repairing films are classified into
extrinsic and intrinsic types. Extrinsic self-repairing films involve
embedding microcapsules or nanocontainers filled with healing
agents or corrosion inhibitors within a polymer matrix. Upon
damage, these capsules rupture, releasing the healing agents or
inhibitors to repair the damage and prevent further corrosion.
Intrinsic self-repairing films rely on reversible interactions between
resin molecules or between these molecules and functional additives
to repair defects.”**® While these methods are effective for organic
polymer films, they are not suitable for physical vapor deposition
(PvD) films. Recent studies have shown that introducing a func-
tional factor (i.e., a mobile phase) directly during the film deposition
process can address defects through physical diffusion.>*® This
method repairs defects without altering the composition or structure
of films, offering a practical solution for PVD films.

Silver nanoparticles (Ag NPs), known for their high mobility
and mechanical flexibility,>*" have been effectively employed
to heal defects in Cu substrates,>? conductive inks,** and cracks
in coatings.>® When dispersed at the interfaces between MoS,
and ceramic multilayers to form a sandwich-like structure,
Ag NPs serve as functional agents. They not only enhance the
bonding strength of the MoS,/ceramic interface but also exhibit
a propensity for adhering to the ball surfaces, forming stable
transfer films that contribute to reduced friction and wear.
Importantly, the ductile nature of Ag enables it to act akin to a
high viscosity fluid,*>>® facilitating the repair of sliding inter-
faces during frictional processes.

Encouraged by these good promises, we created a sandwich-
like MoS,/Ag/WC nanomultilayer film capable of providing
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exceptional corrosion resistance and atmospheric tribological
performance, attributed to its self-repair capabilities. Using
detailed spatial component analysis, we have shown that the
spontaneous diffusion of Ag NPs plays a unique role in achieving
these outstanding properties. Ag NPs can spontaneously diffuse
toward the film surface through inherent defects, thereby repairing
these defect channels and preserving the lubricating performance
of MoS,. Furthermore, compared to typical multilayer structures,
our study highlights that the sandwich-like MoS,/Ag/WC architec-
ture exhibits enhanced capability to repair the transfer film,
promoting the formation of smooth sliding interfaces that miti-
gate abrasive wear and achieve ultralow wear rates.

2. Results and discussion

2.1 Composition, morphology and structure of the sandwich-
like nanomultilayer film

As shown in Fig. 1, the designed MoS,/Ag/WC nanomultilayer
film was fabricated alongside reference samples (Pure MoS,,
MoS,/Ag and MoS,/WC films) using a non-equilibrium magne-
tron sputtering system (see the Experimental details section).
X-ray photoelectron spectroscopy (XPS) was employed to
analyze the surface chemical bonding of the as-prepared films
(see Fig. S1 and S2 in the ESIt). Prior to analysis, a high-energy
Ar ion beam accelerated at 2 keV for 3 min was used to remove
the oxidized surfaces of the films during air exposure. Analysis
of the Mo 3d and W 4f spectra demonstrates that the MoS,/
Ag/WC film is composed of MoS,, MoS,_,, WC;_,, Ag, and a
minor fraction of free carbon. The presence of MoS,_,, WC;_,
and free carbon suggests sulfur and carbon deficiencies, likely
resulting from preferential resputtering of these light elements
during plasma-assisted film growth.>**”*®* The MoS,/Ag/WC
nanomultilayer film exhibits a characteristic cauliflower-like
surface morphology, with a surface roughness (13.4 nm),
higher than that of pure MoS, (6.4 nm), MoS,/Ag (9.5 nm),
and MoS,/WC (5.0 nm) films, attributed to increased grain size
(Fig. S3, ESIt). Nevertheless, compared to these films, the MoS,/
Ag/WC nanomultilayer film shows a reduced grain gap and more
compact structure. The multilayered interfaces effectively inhibit
the growth of MoS, columnar crystals, resulting in a denser
structure, as observed in the cross-sectional morphology
(Fig. S3D, ESIt). Additionally, the presence of Ag promotes grain
growth and helps fill grain boundaries due to its high mobility.
To characterize the microstructure of the MoS,/Ag/WC film,
a cross-sectional lamellar specimen was prepared using a
focused ion beam (FIB) slicing technique and examined by
transmission electron microscopy (TEM) (Fig. 2(A)). The film
comprises a Ti adhesion layer, a Ti/MoS,/Ag/WC gradient
transition layer, and an alternating MoS,/Ag/WC nanomulti-
layer. As expected, the high-angle annular dark-field (HAADF)
image and corresponding electron dispersive spectroscopy
(EDS) mapping confirm a gradual increase in Mo, S, and W
content within the gradient transition layer, accompanied by a
decrease in the Ti content from the substrate towards the
surface (Fig. 2(B)). Agglomeration of Ag NPs in this region is
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Fig. 1 Schematic illustrating the fabrication and structural design of the sandwich-like MoS,/Ag/WC nanomultilayer film.

attributed to upward diffusion of Ag during deposition, with a
higher Ag content in the gradient transition layer compared to
the nanomultilayer, influenced by rapid sample holder rotation
at this deposition stage. Local TEM micrograph (Fig. 2(C))
reveals a well-defined nanomultilayer structure, with randomly
distributed black nanoparticles at the MoS,/WC interface form-
ing a sandwich-like arrangement. Detailed high-resolution
TEM (HRTEM) imaging shows individual MoS, and WC layer
thicknesses of approximately 23.3 nm and 6.5 nm, respectively.
Fast Fourier transform (FFT) analysis (Fig. 2(D), inset) of selected
nanocrystalline grain shows a lattice spacing of 0.24 nm, corres-
ponding to the (111) interplanar distance of Ag. MoS, predomi-
nantly grows along the (002) crystal planes parallel to the substrate,
whereas WC exists in an amorphous state. This results in a novel
sandwich-like structure composed of highly oriented MoS, and
amorphous WC nanolayers intermixed with Ag NPs, contrasting
sharply with the MoS,/Ag composite film and MoS,/WC nanomul-
tilayer film (Fig. S4, ESIt). In the X-ray diffraction (XRD) analysis
(Fig. 2(E)), the MoS,/Ag/WC nanomultilayer film exhibits a promi-
nent diffraction peak at ~12°, corresponding to the (002) plane of
MoS,, which is consistent with TEM observations. Films with
highly ordered MoS, (002) planes are known for reduced friction
and enhanced environmental stability compared to other crystal-
lographic orientations.

2.2 Mechanical properties of the nanomultilayer films

To assess the mechanical behavior of MoS,/WC and MoS,/Ag/WC
nanomultilayer films, indentation experiments were conducted,
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and the indentation morphologies were characterized using a
scanning electron microscope (SEM) (Fig. 3(A) and (B)). Up to
anormal load of 50 mN, no cracks are observed in either the MoS,/
WC or MoS,/Ag/WC nanomultilayer films, demonstrating that the
nanomultilayer structure effectively enhances the mechanical
properties of MoS,. Notably, numerous white particles appear in
the indentation area of the MoS,/Ag/WC film, confirmed by EDS as
Ag-rich particles (Fig. S5, ESIt), indicating precipitation of Ag
atoms along grain boundaries and significant recrystallization
under cold deformation of the film.*® To further understand the
micro-mechanical differences between MoS,/WC and MoS,/Ag/WC
nanomultilayer films, scanning probe microscopy (SPM) was
employed to perform nanoscopic wear tests under gradient load-
ing. A 2 x 2 um” area was selected, and the normal load was
gradually increased from 500 nN to 15 pN. The diamond probe
was scanned repeatedly to observe the wear behaviors and changes
in film morphology.* As depicted in morphology images (Fig. 3(C)
and (D)), with increasing load, MoS,/WC film exhibits evident
plastic deformation and accumulation of wear debris around the
tested area edges, whereas minimal morphology change occurs in
the MoS,/Ag/WC film. Generally, the node where two profiles of
the same wear trajectory first diverge and no longer coincide is
defined as the transition from elastic to plastic deformation.**™**
As shown in Fig. 3(E) and (F), corresponding 2D profiles illustrate
that the MoS,/Ag/WC film presents greater elastic deformation
capability (~4.5 uN) than that of the MoS,/WC film (~2.5 pN).
Consequently, the sandwich-like film exhibits superior resistance
to microplastic deformation, indicative of higher yield strength,

This journal is © The Royal Society of Chemistry 2024
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thereby achieving robust wear resistance.*® This exceptional resis-
tance to mechanical damage and nanoscale wear holds promise
for broader applications in engineering.

2.3 Environmental stability of the films

The corrosion resistance of the sandwich-like MoS,/Ag/WC
nanomultilayer film and reference samples was evaluated using
the standard ASTM B117 salt spray test over a total duration of
21 days (Fig. 4(A)). The surface morphologies of the films were
observed using an optical microscopy every 7 days during the
salt spray exposure (Fig. S6, ESIT). Before salt spray tests, all
samples show smooth surfaces and uniform color without
noticeable oxidation. After 7 days of salt spray, significant
corrosion is observed in localized areas of pure MoS, and
MoS,/Ag films, while the surface morphology of MoS,/WC
nanomultilayer film shows minor change compared to its as-
prepared state, and the sandwich-like MoS,/Ag/WC nanomulti-
layer film exhibits randomly distributed dark spots on the
surface. By day 14, corrosion has expanded further in the pure
MoS, and MoS,/Ag films, with some regions experiencing film
rupture and exfoliation due to corrosion products, indicating
film failure. The inferior corrosion resistance of pure MoS, and
MoS,/Ag films can be attributed to their porous and columnar

MoS/AgWE I
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structure (Fig. S3, ESIt). In contrast, the overall surface color of
the MoS,/WC film becomes darker, and the appearance of the
MoS,/Ag/WC film resembles its condition after 7-day exposure.
By day 21 (Fig. 4(B) and (C)), the surface color (labelled as Area
I) of the M0S,/WC film is further darkened. In the MoS,/Ag/WC
nanomultilayer film, most of the surface (labelled as Area II)
remains smooth, with some local areas (Area III) showing large
dark patches.

To further investigate the corrosion behavior of MoS,/WC
and MoS,/Ag/WC nanomultilayer films following the 21-day
corrosion tests, SEM was employed (Fig. 4(D) and (E)). The
results manifest numerous micro-scale corrosion pits on the
surface of the MoS,/WC film, indicating preferential oxidation
of MoS, through film defects. The resulting corrosion products
lead to local volume expansion and exfoliation. Subsequent
exposure of fresh edges causes horizontal expansion of the
corrosion area, displaying layer-by-layer peeling morphology.
This observation is corroborated by the SPM image (Fig. 4(F)).
In contrast, the MoS,/Ag/WC nanomultilayer film exhibits a
uniform and smooth surface morphology in Area II (Fig. 4(E)),
with significantly reduced surface roughness (~5.7 nm,
Fig. 4(G)) compared to the as-prepared sample (~13.4 nm).
This reduction is presumably due to the accelerated diffusion

E ¢ Substrate — Pure MoS, MoS,/Ag
MosS,(002) ¥ AgdlD MoS,/WC — MoS,/Ag/WC
=
é{ \k v I L
S 1 1
£ MoS,(100) ' MoS,(110)
= v I |
3 1 1
E 1 1
1 1
1 1
T 1
) 1
1 I
10 20 30 40 50 60 70
20 (°)

Fig. 2 Structural characterization and interface analysis of sandwich-like MoS,/Ag/WC nanomultilayer film. (A) Cross-sectional TEM image showing the
layered structure of the MoS,/Ag/WC film. (B) STEM-HAADF image of the region marked by the blue rectangle, accompanied by elemental maps
highlighting Mo, W, Ag, S, and Ti distributions. (C) Enlarged view of the region marked by the green rectangle in (A), illustrating the distinct multilayer
structure. (D) HRTEM image of the region marked in (C), showing the Ag nanoparticles embedded between the MoS, and WC layers, forming a sandwich-
like structure. (E) XRD patterns comparing MoS,, MoS,/Ag, MoS,/WC, and MoS,/Ag/WC films.
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Fig. 3 Micro-mechanical properties of MoS,/WC and MoS,/Ag/WC
nanomultilayer films. (A) and (B) SEM images of indentations from 50 mN
nanoindentation tests performed on MoS,/WC and MoS,/Ag/WC nano-
multilayer films. (C) and (D) SPM images showing topographical variations
of worn surfaces after nano wear tests of MoS,/WC and MoS,/Ag/WC
nanomultilayer films. Testing areas (2 x 2 pm?) and directions marked by
white dashed squares and arrows, respectively. (E) and (F) Corresponding
2D profiles along the white arrows marked in (C) and (D), respectively.

of Ag atoms in the salt spray environment, which fills gaps
between grains and results in a smoother surface. Interestingly,
surface potential measurements using a Kelvin probe force
microscope (KPFM) equipped in SPM indicate a decrease from
—0.032 V in Area II to —0.170 V in Area III (Fig. 4(H) and (I)).
Changes in conductivity and polarization typically account for
variations in surface potential.** Notably, the significant
decrease in surface potential in Area III suggests a low electron
doping effect,”® indicating that the appearance of change in
this area is not caused by oxidation of the film composition.

Building upon the aforementioned findings, we conducted
further characterization of Area III identified on the MoS,/Ag/
WC film by TEM (Fig. 4(J)). Remarkably, EDS and HRTEM
results confirm an enrichment of Ag NPs belonging to the
(111) crystal plane is observed on the film surface (Fig. 4(K)
and (L)). Meanwhile, the number of film modulation periods in
Area I1I is consistent with its as-prepared state, indicating that
no significant corrosion occurs in this region (Fig. S7, ESIT).
This indicates that Ag NPs within the film diffused to the
surface driven by salt spray, where they were enriched in the
local areas to form a protective layer, thus inhibiting the
diffusion of the aggressive species.*®

In addition to Ag NPs, strong signals of amorphous carbon
(a-C; 1335 and 1576 cm ™" corresponding to the D and G peaks)
were detected in Area III (Fig. 4(M))."” Previous studies have
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demonstrated a spontaneous charge transfer phenomenon
between Ag atoms and free carbon atoms, as well as carbon
atoms in WC, indicating a strong interaction between Ag and C
atoms.>>*® As Ag atoms diffuse through defects in the film, they
adsorb near C atoms and migrate to the film surface, enriching
in the process. Therefore, the detection of the a-C signal in the
area enriched with Ag NPs reflects this interaction. To verify
this, vacuum heat treatment was performed on the MoS,/Ag/
WC film. It is observed that elevated temperatures significantly
accelerate the diffusion of Ag atoms, leading to their aggrega-
tion on the film’s surface and subsequent Ag NPs formation
(Fig. S8, ESIT). Notably, the C content associated with the Ag
NPs is found to be distinctly higher compared to other regions.

2.4 Diffusion kinetic behavior of Ag

After a 21-day salt spray test, significant structural changes are
found in the MoS,/Ag/WC film compared to its as-prepared
state. Specifically, surface-proximal areas exhibit notable defor-
mation, particularly the region marked by a yellow rectangle in
Fig. 5(A) (left panel). It is noteworthy that Ag NPs are obviously
enriched within the WC nanolayers or at the MoS,/WC inter-
face, demonstrating that the diffusion, aggregation, and growth
of Ag NPs primarily occur in the amorphous WC nanolayers. As
the Ag NPs continue to grow, the WC nanolayers gradually
undergo distortion and deformation, resulting in the evolution
from nanomultilayers to composite structures. To further
uncover the underlying diffusion kinetics of Ag within the film,
we exposed the MoS,/Ag/WC film, which had undergone a 21-
day salt spray test, to atmospheric conditions for another 18
months. Subsequently, the cross-sectional morphology and
composition of Area III were characterized using TEM-EDS
and atomic probe tomography (APT). Upon prolonged atmo-
spheric exposure, Ag NPs continue to diffuse spontaneously
along defects or WC nanolayers in the film, making it difficult
to distinguish the MoS,/WC interfaces in many areas (marked
right in Fig. 5(A)). Microscopic morphology analysis combined
with EDS mapping also shows that some Ag NPs have comple-
tely diffused and evolved into Ag-deficient regions (Fig. 5(B)).
The composition depth profiles of the MoS,/Ag/WC film
obtained by APT are shown in Fig. 5(C). The profiles reveal high
content of Ag and C in the top surface region, underscoring the
strong interaction between Ag and C. Due to upward diffusion,
the Ag content significantly decreases in the subsurface region.
Importantly, the oxygen content throughout the film, from
surface to interior, remains below 2.5 at%, indicating minimal
oxidation. This characteristic is crucial for the environmental
adaptability and extended service life of the sandwich-like
MoS,/Ag/WC nanomultilayer film. Subsequently, we recon-
structed the 3D iso-surface to investigate the diffusion path of
Ag atoms. Iso-surfaces generated from higher concentrations of
certain atoms typically indicate the presence of large nano-
particles. As shown in Fig. 5(D), the 40 at% Ag iso-surface
partially depicts the locations of larger Ag NPs. When the Ag
concentration is reduced to 10 at%, we observed an average
Ag concentration of 10 at% within the inner region of the
film, consistent with the corresponding line concentration

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Salt spray tolerance of the sandwich-like MoS,/Ag/WC nanomultilayer film and reference samples. (A) Schematic of typical salt spray test and
adopted advanced corrosion cycling test chamber used. (B) and (C) Optical images, (D) and (E) SEM images and corresponding enlarged views
demonstrating the surface morphologies of MoS,/WC and MoS,/Ag/WC nanomultilayer films after 21 days of salt spray test. (F) and (G) SPM images
showing the surface topographical variations of region | and Il as marked in (B) and (C), respectively. (H) and () SPM images showing the surface potential
variations of region Il and region Ill as marked in (C), with the corresponding calculated results. (J) Low magnification TEM image depicting the overall
cross-section of region Ill marked in (C). (K) High magnification STEM-HAADF image and corresponding EDS mapping of Ag in the pink square marked in
(J). (L) HRTEM image in the green square marked in (K), with the inset showing the identified inverse FFT result. (M) Raman spectra of selected positions

labelled in (B) and (C).

distribution results (Fig. 5(C)). In contrast, the iso-surface at
lower Ag concentration (1.0 at%) indirectly illustrates the
diffusion path of Ag atoms, indicating that Ag atoms first
diffuse laterally to specific areas and then along the channels
to the surface.

As previously discussed, the exceptional corrosion resistance
of the sandwich-like MoS,/Ag/WC nanomultilayer film depends
on the spontaneous diffusion of Ag atoms within the film to
repair surface defects, thereby forming a protective Ag nano-
layer that blocks the penetration of aggressive species.
To further investigate the diffusion behavior of Ag NPs
over time, we examined the morphological changes in the as-
prepared sandwich-like MoS,/Ag/WC nanomultilayer films and

This journal is © The Royal Society of Chemistry 2024

those exposed to air for 24 months, following different salt
spray durations (2 days, 4 days, and 6 days). The surface color of
the as-prepared films deepens with extended salt spray time
(Fig. S9, ESIf). Conversely, after 24 months of atmospheric
exposure, a protective Ag nanolayer forms on the film surface,
leading to minimal changes in surface morphology despite
different salt spray durations. Nanoindentation was used to
create artificial indentations—5 pm in diameter for freshly
prepared samples and 1 pm for those exposed to air for
24 months—to assess the evolution of surface morphology,
roughness, and potential in relation to salt spray time at a
micro-scale (Fig. 6). For the freshly prepared samples, surface
roughness initially decreases and then increases with extended

Mater. Horiz., 2024, 11, 5230-5243 | 5235
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images showing the morphologies of the sample after 21 days of salt spraying (left panel) and after salt spraying plus 18 months of air exposure (right
panel). The yellow dashed rectangle highlights the fuzzy interfaces of WC layers, and red arrows indicate the direction of Ag migration within the WC layer
and toward the top surface. (B) STEM-HAADF image and corresponding EDS map showing Ag NPs and an adjacent Ag deficiency region. (C) Depth
concentration profiles and enlarged graph of 0—-6 at% obtained by APT. (D) 3D reconstructed iso-surfaces generated by Ag (40 at%, 10 at%, and 1 at%).

salt spray time, while the surface potential consistently decreases
(Fig. 6(A) and (C)). Notably, nanoparticles are observed at the
indentation areas, indicating that Ag NPs migrate to the film
surface. During the initial salt spray stage (2 days), Ag NPs
diffuse to grain boundaries and gaps, slightly reducing film
roughness (Fig. 6(C)). As salt spray time extends, Ag NPs
accumulate on the surface, forming larger particles and signifi-
cantly increasing roughness, suggesting a dynamic evolution of
the film surface. In contrast, for samples subjected to 24
months of atmospheric exposure, both surface roughness and
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potential show a decreasing trend with increasing salt spray
time (Fig. 6(B) and (C)). This trend suggests that extended salt
spray exposure accelerates Ag atom diffusion, resulting in a
denser and more uniform Ag protective nanolayer on the film
surface. Further characterization of three random indentations
fabricated on the as-prepared films after 6 days of salt spray
(Fig. S10 in the ESIt) reveals significant nanoparticle enrich-
ment. The corresponding EDS maps also confirm the accumu-
lation of Ag and C elements at indentations, indicating that Ag
atoms can adsorb amorphous carbon within the film and
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Fig. 6 Time-series in situ observation of the sandwich-like MoS,/Ag/WC
nanomultilayer film. (A) and (B) /n situ SPM (i)=(iv) and SEM (v)—(viii) images
showing surface morphology changes of as-prepared sandwich-like
MoS,/Ag/WC nanomultilayer films (A) and those exposed to air for 24
months (B), following salt spray durations of 0, 2, 4, and 6 days. Enlarged
views highlight triangle marked by nanoindentation. (C) In situ observa-
tions of surface roughness and potential variations in the sandwich-like
MoS,/Ag/WC nanomultilayer film. Data are presented for both as-
prepared samples and those exposed to air for 24 months.

spontaneously repair the micro-defects such as film grain
boundaries, surface scratches, and cracks.

The diffusion pathways of Ag atoms and the self-repair
mechanisms of the sandwich-like film are illustrated in
Fig. 7. Initially, owing to the high mobility of Ag atoms and
their strong interaction with C, Ag atoms at the MoS,/WC
interfaces adsorb surrounding C atoms and diffuse into the
amorphous WC nanolayer (as shown in Fig. 5(A)). Guided by
energy-favored pathways, Ag atoms enriched with C preferen-
tially diffuse and accumulate at the defective regions of the
sputtered film. As Ag NPs grow, the WC nanolayer undergoes
deformation and develops cracks, with adjacent WC nanolayers
locally connecting to form diffusion channels, thereby trans-
forming the multilayer structure into a multi-component com-
posite (Fig. 5(B) and Fig. S11 in the ESIt). Ultimately, Ag atoms
migrate to the film surface through these channels, repairing
pores and defects in the surface and subsurface layers,
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substantially enhancing the environmental adaptability of the
film. Cross-sectional TEM images and corresponding EDS Ag
maps (Fig. S12 in the ESIt) clearly show an enrichment of Ag
NPs on the film surface following both short- and long-term
corrosion tests compared to the as-prepared sample.

2.5 Tribological behaviors of the films

To demonstrate the robustness and environmental stability of
the sandwich-like MoS,/Ag/WC architecture, we conducted a
comparative study on the friction and wear behaviors of refer-
ence MoS,-based films before and after a 21-day salt spray test
(Fig. 8(A)). These films were subjected to a reciprocating sliding
test using a GCr15 steel ball (@6 mm) under an applied load of
5 N (maximum contact stress of approximately 1 GPa) and at a
relative humidity of ~50%. Before the salt spray test, the pure
MoS, film exhibits failure, while the MoS,/Ag composite film,
MoS,/WC and MoS,/Ag/WC nanomultilayer films all completed
their sliding mission, confirming that the composite and multi-
layer structural designs enhance the oxidation resistance of
MoS,. The average friction coefficients of MoS,/Ag, MoS,/WC
and MoS,/Ag/WC films are around 0.100, 0.068 and 0.074,
respectively (Fig. 8(B)).

Films with a nanomultilayer structure exhibit lower friction
coefficients compared to composite films, primarily due to the
highly ordered MoS, (002) planes aligned parallel to the sub-
strate induced by the nanomultilayer structure (Fig. 2(D) and
Fig. S4G in the ESIt). The participation of Ag at the interface
increases sliding resistance to some extent, resulting in a
slightly higher friction coefficient for the MoS,/Ag/WC film
than for the MoS,/WC film. Despite this slight increase,
the MoS,/Ag/WC film achieves the lowest wear rate (2.0 X
1077 mm® N~' m™"), surpassing the performance of state-of-
the-art MoS,-based materials under the similar test conditions.**?
As depicted in Fig. 8(D) and Fig. S13C (ESI), the wear profile and
morphology of MoS,/WC film show many deep grooves, indicative
of typical abrasive wear characteristics. In contrast, the wear track
of the MoS,/Ag/WC film appears relatively shallow and smooth
(Fig- 8(D) and Fig. S13D in the ESIY), suggesting that Ag contributes
to repairing the sliding interface and reducing the probability of
abrasive wear.>>>> However, as the Ag content increased, larger Ag
particles form, which disrupts the formation of a stable sliding
interface and leads to obvious fluctuations in the friction coefficient
(Fig. S14 in the ESIY).

After 21 days of salt spraying, the MoS,/WC film shows a
high friction coefficient during the running-in stage (Fig. 8(A))
due to the formation of numerous surface corrosion pits
(Fig. 4(D)), which hinders the development of a continuous
tribofilm on the counterpart steel ball (inset in Fig. 8(E)). By
comparison, the friction coefficient of the MoS,/Ag/WC film
stabilizes quickly after a short running-in period (Fig. 8(A)).
This behavior can be attributed to its superior corrosion
resistance during prolonged salt exposure. The diffusion and
repairing action of Ag result in a denser and smoother film
surface (Fig. 4(E)), facilitating the rapid establishment of a
stable tribofilm at the sliding interface. During the stable stage,
the friction coefficients of both nano-multilayer films are
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Fig. 7 Schematic of defect-dominated diffusion kinetics of Ag atoms within the sandwich-like MoS,/Ag/WC nanomultilayer film.

comparable to those observed before salt spraying (Fig. 8(A)
and (B)). However, the wear rate of the MoS,/WC film increases
by 2.3 times after salt spraying (Fig. 8(B)), with instances of
exfoliation observed in localized areas (Fig. 8(E) and Fig. S15 in
the ESIT). This effect is closely linked to the numerous corro-
sion pits formed on the film (Fig. 4(D)). The generated wear
debris embedded into these pits during frictional processes
leads to local film exfoliation under periodic high contact
stress. In comparison, MoS,-based films fabricated by refer-
ences exhibit significant corrosion, discoloration, and peeling
from the steel substrate after only 14 days of salt spray
exposure.*? > The tribological properties deteriorate markedly,
with some films failing prematurely (Fig. 8(C) and Fig. S16, S17
in the ESIf). In stark contrast, sandwich-like MoS,/Ag/WC
nanomultilayer film shows a flat and smooth wear track after
21 days of salt spray, accompanied by the formation of a
continuous and compact tribofilm on the counterpart ball
surface (Fig. 8(F)). These characteristics enhance its superior
frictional and wear-resistant properties.

In the context of salt spraying and friction tests, Raman
spectra were acquired at specific positions along the film wear
tracks and ball wear scars. Analysis reveals two prominent
peaks near 375 cm ™" and 415 cm ™' (Fig. 8(F)), attributed to
the Ej, and A,y modes of MoS,, respectively.”>*” Another peak
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appeared at ~531 cm ™' is associated with the second-order
(Ey¢ + LA(M)) mode of MoS,.”® Notably, the wear scars of both
films show strong signals of metal oxides (MeO,, e.g., WO; or
Mo0;).>® These findings suggest that the defective MoS,_, and
WC,_, within the film undergo oxidation in the presence of
oxygen and water under high contact pressure, resulting in the
formation of MeO,. Therefore, the sliding interface is domi-
nated by MoS, nanosheets and MeO, nanoparticles, consistent
with previous reports,***® contributing significantly to achiev-
ing low friction.

2.6 Friction and wear mechanisms of the sandwich-like
nanomultilayer film

To verify the mechanisms underlying the observed low friction
coefficient and minimal wear damage after salt spraying, the
formed tribofilm adhering to the counterpart ball surface was
further characterized by TEM. The overall cross-sectional
micrograph in Fig. 9(A) provides a clear depiction of the
lamellar structure, including a ball substrate, a ~750 nm thick
tribofilm, and a carbon protective layer. EDS mapping analysis
(Fig. 9(B)) confirms even distribution of Mo, W, Ag, and S
elements throughout the tribofilm. Notably, oxygen enrichment
across the tribofilm indicates oxide formation, consistent with
the Raman spectra results (Fig. 8(F)). Fig. 9(C) illustrates the
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Fig. 8 Tribological properties of sandwich-like MoS,/Ag/WC nanomultilayer film and reference films before and after salt spray tests. (A) and (B) Friction
curves, average friction coefficients and wear rates before and after salt spray tests. (C) Comparison analysis of tribological performance of the sandwich-
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uniform compactness of the ~750 nm thick tribofilm, reveal-
ing no discernible pores or gaps. This uniformity suggests that
the presence of Ag facilitates the transfer and adhesion of the
film during the sliding process. Moreover, the enhanced mobi-
lity of Ag under frictional heat and high contact stress helps to
repair pores and defects within the tribofilm,® as evidenced in
Fig. 9(B), which demonstrates the uniform distribution of Ag
elements.

HRTEM imaging of the marked blue square reveals abun-
dant stripes identified as MoS, nanosheets and dark spots as
MeO, nanoparticles (Fig. 9(D)), distinguished by their atomic
spacing. Many MeO, nanoparticles are positioned at the
contact interface, sliding with MoS, (002) nanosheets to form
numerous incommensurate MoS,/MeO, nanocontacts,> crucial
for achieving low friction in humid air. Fig. 9(E) illustrates larger

This journal is © The Royal Society of Chemistry 2024

MeO, nanoparticles, initially observed as black spots in Fig. 9(C),
within the tribofilm. These larger nanoparticles exhibit a core-
shell structure enveloped by MoS, nanosheets under frictional
conditions, effectively preventing abrasive wear and reducing wear
rates. EDS line scanning across the marked white rectangle in
Fig. 9(E) shows a heightened Ag signal around the periphery of the
nanoparticles (Fig. 9(F)). This indicates that Ag not only fills
pores and defects in the tribofilm, enhancing its density, but also
serves as a stitching agent facilitating adhesion between MoS,
nanosheets and the MeO,. Such MoS,/MeO, dominated contact
interface further mitigates abrasive wear, resulting in low friction
and minimal wear.

Based on the superior corrosion resistance and self-
repairing properties of the sandwich-like film, we conducted
a long-term (200000 cycles) friction test on MoS,/WC and
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plot of the marked white rectangle in (E). (G) Friction curves obtained from a long-term tribological test (200 000 cycles) of MoS,/WC and MoS,/Ag/WC
nanomultilayer films following a 21-day salt spray test and 18 months of air exposure. (H) and (I) Optical images of film wear tracks of MoS,/WC and MoS,/

Ag/WC nanomultilayer films after the long-term tribological test, respectively.

MoS,/Ag/WC nanomultilayer films following a 21-day salt spray
test and 18 months of air exposure. Fig. 9(G) shows that the
MoS,/WC film fails to complete the sliding mission in a humid
environment, ceasing at ~97000 cycles, as evidenced by the
optical image in Fig. 9(H). In contrast, the MoS,/Ag/WC film
maintains a relatively stable friction coefficient throughout the
entire test period. After 200000 sliding cycles, the wear track
exhibits shallow grooves due to the action of formed MeO,
under high contact pressure during a prolonged frictional
process. The corresponding wear rate of the sandwich-like film
reaches an ultra-low level of 1.25 x 1077 mm® N™' m™*
(Fig. S18, ESIt). This demonstration shows that the sandwich-
like film can repair surface defects through the spontaneous
diffusion of Ag, exhibiting superior corrosion resistance compared
to other state-of-the-art MoS,-based materials. This characteristic
enables the film to sustain the lubricating performance of MoS,,
whether subjected to salt spraying or extended air exposure.
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3. Conclusions

In summary, we have successfully designed and prepared a
MoS,/Ag/WC nanomultilayer film with a sandwich-like struc-
ture. This novel architecture exhibits superior resistance to
microplastic deformation, extraordinary environmental adapt-
ability, and robust tribological performance. The spontaneous
diffusion of Ag atoms within the amorphous WC layer and
defects of the film, along with the self-repairing capability of
Ag, ensure that the film remains virtually free from oxidation
after exposure to a salt spray corrosion environment for 21 days
and atmospheric conditions for 18 months, outperforming its
competitor. Importantly, the film maintains a low friction
coefficient and an ultra-low wear rate (1.25 x 107’ mm’ N ' m™ )
even after harsh corrosion tests. This performance is attributed to
the adhesion of the Ag-assisted film material on the counterpart
ball, the repair of pores and defects in the tribofilm, resulting in
a uniform and dense tribofilm. Additionally, friction induces the
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formation of a sliding interface comprised of highly oriented
MoS, nanosheets in contact with or wrapping MeO, nano-
particles, creating numerous incommensurate nanocontacts.
This contact interface not only prevents abrasive wear but also
achieves sustained low friction and wear properties. Our find-
ings pave the way for the long-term applications of solid lubri-
cating films in corrosive environments, offering significant
engineering relevance.

4. Experimental details
Sample preparation

Sandwich-like MoS,/Ag/WC nanomultilayer films were fabri-
cated using a Teer CF-800 unbalanced magnetron sputtering
system (Droitwich, UK). The deposition sequence involved
targets of one Ag (99.99% purity, Zhongnuo Advanced Material
Technology Co., Ltd, China), one WC (99.99% purity, China
Material Technology Co., Ltd), one MoS, (99.99% purity, China
Material Technology Co., Ltd), one Ti (99.99% purity, China Material
Technology Co., Ltd), and two MoS, (99.99% purity, China Material
Technology Co., Ltd), as illustrated in Fig. 1. Prior to deposition,
substrates were prepared by ultrasonic cleaning in acetone and
alcohol for 20 min each, followed by argon plasma etching with a
substrate pulsed bias of —500 V for 30 min to remove surface
contaminations. The substrate temperature was maintained at 150
200 °C. The resultant film successively consisted of a Ti interlayer (Ti
target current set at 5 A, deposited for 15 min), a Ti/MoS,/Ag/WC
gradient transition layer (target currents: Ti: 5 A to 0 A, MoS,: 0 A to
1.6 A, Ag: 0 A to 0.2 A, WC: 0 A to 0.8 A, deposited for 30 min), and a
sandwich-like MoS,/Ag/WC nanomultilayer (target currents: MoS,:
1.6 A, Ag: 0.2 A, WC: 0.8 A, deposited for 100 min). Sample holder
rotation speeds were maintained at 5 rpm, 2 rpm, and 0.5 rpm for
each respective deposition stage. The resulting structure comprised
49 MoS,/WC bilayers with Ag NPs randomly dispersed between the
layers. Reference samples, including MoS,, MoS,/WC, and MoS,/Ag
films, were prepared under identical deposition conditions for
comparative analysis.

Characterization

Cross-sectional and surface morphologies, accompanied by com-
position analysis of films, were investigated using a field emission
SEM (FESEM, FEI Quanta FEG 250) equipped with EDS. For
comprehensive structural and elemental analysis, TEM (Talos
F200x, 200 kV) and spherical aberration-corrected (AC-TEM,
Spectra 300, 200 kV) equipped with HAADF detectors and EDS
were employed. TEM samples were prepared via a FIB milling
(Helios-G4-CX). Atomic resolution 3D reconstruction and elemen-
tal analysis were carried out using APT. The APT specimens were
prepared by Ga FIB milling, with a controlled removal of the
superficial part to ensure stable testing. APT measurements were
performed under UV laser pulsing (355 nm), with a pulse energy of
200 pJ, a pulse repetition rate of 200 kHz, and a target evaporation
rate of 0.1% per pulse at 50 K. The reconstruction and quantitative
analysis of APT data were carried out using a CAMECA visualiza-
tion and analysis software (AP Suite 6.3.2.125).
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Surface topographies, surface potentials, and corresponding
2D/3D images were acquired using an SPM (Bruker Dimension
ICON). Analysis of roughness and potential variations was
conducted via a Bruker data processing software (Nanoscope
Analysis version 2.00). Structural properties, chemical bonding,
and composition analysis of the films were investigated using
XRD with Cu Ka radiation (D8 DISCOVER, 5-70°), micro-Raman
spectroscopy (Renishaw inVia Reflex, wavelength 532 nm), and
XPS (AXIS ULTRA DLD). The surface morphologies of film wear
tracks and ball wear scars were determined utilizing a laser
scanning confocal microscope (Zeiss, LSM 700).

Salt spray tests

Salt spray tests were conducted in a Q-LAB CCT1100 corrosion
cycling test chamber following ASTM B117 standard to evaluate
the environmental stability of as-deposited films. Prior to
testing, areas not covered by the film were sealed with water-
proof tapes to prevent salt spray permeation. The salt spray was
generated using a 5 wt% NacCl solution and introduced into
the test chamber maintained at a constant temperature of
35 + 2 °C, resulting in chamber pressures ranging from 69 to
172 kPa and humidity levels between 80 and 90%. Each film
was assessed with three reference samples, all positioned at a
75° angle to the horizontal axis within the chamber for 21 days.

Mechanical tests

Indentations on the films were performed using a nanoinden-
ter (MTS G200) equipped with a Berkovich diamond tip. Six
individual indentations were conducted for each sample with a
consistent indentation force of 50 mN. Nano wear tests were
conducted employing a multi-pass method, stepwisely increas-
ing the normal load during testing via SPM (Dimension ICON),
as reported previously.*® The testing utilized conical diamond
nano-indenting tips (Bruker, DNISP-HS) with a nominal radius
of ~40 nm. The normal force Fy was generated by converting
voltage signals following the formula:*!

Fx = KnSVy,

where the Ky (calibrated as 68.24 N m™') represents the normal
spring constant of the probe, S denotes the sensitivity calcu-
lated as 208.4 nm V™', and Vy signifies the normal voltage of
photodiode.®?

The normal load was increased from 500 nN to 15 uN across
16 equal passes within a 2 x 2 um® square area, with corres-
ponding loading images captured in real-time. Topographical
differences of the testing region were further scanned by
tapping mode using the monocrystalline silicon probe (Bruker,
RTESPA-300, 8 nm radius, 40 N m™ ') before and after nano
friction tests. Each data point presented in Fig. 3(E) and (F)
represents the average results obtained from three independent
experiments, ensuring statistical reliability.

Tribological tests

Reciprocating friction tests of the MoS,/Ag/WC film and its
reference samples were carried out using a CSM tribometer
under ambient conditions (25 + 3 °C, ~50% RH). The tests
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were performed against GCr15 steel balls ($6 mm) with an
amplitude of 5 mm, an applied load of 5 N, and a frequency
of 5 Hz, respectively. The corresponding wear rates (W) were
calculated from the cross-sectional area of the wear tracks
(AlphaStep IQ surface profiler) following the formula:

W = AV/(F x S),

where W signifies the wear rate (mm® N~' m™"), AV denotes the
worn volume of the film (mm?®), F represents the applied
normal load (N), and S is the full sliding distance (m).

Vacuum annealing acceleration tests

Vacuum annealing tests were performed via a tube furnace
(BTF-1200 C, BEQ Company, China) to evaluate the diffusion
behavior of Ag within MoS,/Ag/WC nanomultilayer film. For
each test, samples were heated at a controlled rate of 2 °C per
minute to temperatures of 200 °C and 300 °C, respectively.
These temperatures were maintained for 30 minutes under a
background vacuum of less than 1 x 10~* Pa before cooling to
room temperature.
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