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Self-Lubricating and Self-Healing MoS2/WS2 Nanocoatings on Polymers Deposited  
by APPJ: A Comprehensive Review

High-performance polymers (PEEK, PA11) are vital in lightweight engineering but limited by friction and wear. This review 
analyzes self-lubricating and self-healing MoS2 and WS2 coatings deposited via atmospheric pressure plasma jet (APPJ). By inte-
grating recent literature with the authors’ previous studies [25,26], the paper evaluates coating design, microstructure, and tribology 
on polymer substrates. While lamellar sliding ensures low friction, WS2 offers stability in humidity, and MoS2 provides adaptive 
self-healing via crack filling. The review concludes that optimized coatings significantly enhance durability and provide guidelines 
for designing high-performance, multifunctional polymer surfaces.
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1. Intruduction

High-performance polymers, including polyether ether 
ketone (PEEK) and polyamide 11 (PA11), are increasingly 
employed in advanced engineering applications requiring light-
weight, chemical stability, and mechanical robustness [1-4]. 
Despite their favorable bulk properties, these materials exhibit 
relatively high coefficients of friction and limited wear resistance 
under dry sliding conditions, restricting their use in tribologi-
cally demanding environments [5-12]. Improving the surface 
performance of polymeric components while understanding 
the underlying nanoscale mechanisms of wear and degradation 
remains a critical challenge in materials science.

A common strategy to enhance tribological performance 
involves the deposition of lamellar solid lubricants, such as 
molybdenum disulfide (MoS2), tungsten disulfide (WS2), and 
graphite, often combined with metal binders like zinc (Zn) 
[13-16]. MoS2 is widely recognized for its excellent lubricity 
and interlayer sliding mechanism, which facilitates low friction 
and self-lubricating behavior [17-22]. However, MoS2 is sensi-
tive to moisture and oxidative conditions, potentially leading to 
MoO3 formation and deteriorated performance [23]. In contrast, 
WS2 exhibits higher thermal and oxidative stability, maintaining 

effective low-friction behavior even in humid environments, 
making it a promising alternative for next-generation coatings 
[13,24]. Composite coatings combining MoS2 or WS2 with met-
als and carbon-based additives have demonstrated enhanced wear 
resistance and the potential for self-healing through micro-crack 
closure and the reconstruction of van der Waals bonds [13,19]. 
While conventional vacuum-based techniques, such as sputter-
ing, produce high-quality coatings, they often face limitations 
on polymer substrates due to high process temperatures and 
adhesion issues.

Low-temperature atmospheric pressure plasma deposition 
(APPD), specifically utilizing atmospheric pressure plasma 
jets (APPJ), has emerged as a scalable and energy-efficient 
alternative. This approach enables the deposition of functional 
nanocoatings on temperature-sensitive polymers without vac-
uum systems, allowing precise control over surface chemistry. 
APPJ-mediated deposition has been shown to produce MoS2- and 
WS2- based coatings with excellent adhesion, low friction, and 
self-healing capabilities [25, 26].

Despite these advances, a systematic comparison of 
MoS2- and WS2- based coatings on polymer substrates, focused 
on nanoscale mechanisms and the role of metal binders, remains 
limited. This review aims to synthesize recent developments 
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in APPJ-deposited nanocoatings, highlighting their tribo-
logical performance and self-healing mechanisms to provide 
insights for future engineering of polymer-supported lubri- 
cating films.

2. Materials and methods

2.1. Specimen preparation

The polymer substrates discussed in this review were based 
on previously reported studies [25,26] involving unfilled poly-
ether ether ketone (PEEK, TECAPEEK MT natural, Ensinger®, 
Austria) and polyamide 11 (PA11). In those investigations, 
PEEK rods were sectioned into disks with a thickness of 5 mm. 
The surface preparation involved sequential wet grinding using 
SiC abrasive papers (grit #500 and #1000) to ensure uniform 
surface roughness. Subsequently, the specimens underwent 
ultrasonic cleaning in 2-propanol (≥99.5%) for 10 min and 
were thoroughly dried before coating deposition. PA11 sub-
strates were prepared using the same polishing and cleaning 
procedures to ensure comparable surface conditions across all  
tested systems.

2.2. Coatings deposition

The coatings analyzed in this review were fabricated in two 
distinct experimental series using the same atmospheric pressure 
plasma jet (APPJ) technique [25,26]. The first system comprised 
WS2/Zn coatings deposited on PEEK substrates. The feedstock 
powder, consisting of 75 wt.% WS2 (Tribotecc® GmbH, Austria) 
and 25 wt.% Zn (ECKART®, Germany), was homogenized in 
a TURBULA® 3D mixer for 30 min. Particle size distribution 
was verified by laser diffraction after dispersion in ethanol 
(≥96%). The fine powder fraction (<10 µm) was delivered to the 
APPJ system via a brush feeder (TwinoFeed, INO®, Austria). 
Deposition was performed using optimized parameters: a plasma 
jet current of 100 A, a nozzle-to-substrate distance of 30 mm, and 
a scanning velocity of 200 mm/s over five linear passes. Argon 
served as the carrier gas (10-20 L/min), with nitrogen shroud-
ing applied in specific variants to control the atmosphere. The 
second system involved MoS2/graphite/Zn coatings deposited 
on PA11 substrates, utilizing the same APPJ-based deposition 
approach to ensure methodological consistency. The feedstock 
was composed of 50 wt.% MoS2 (OKS 100, purity >97.7%), 
25 wt.% graphite (MOS C80, Tribotecc®, purity >87.8%), and 
25 wt.% Zn (ECKART®, purity >95.6%). This mixture was 
homogenized in a TURBULA® mixer for 15 min. The formu-
lation (designated as V4 in previous studies) was optimized to 
enhance interfacial adhesion between the PA11 substrate and the 
composite lubricating matrix. This configuration was specifi-
cally designed to promote low-friction behavior and adaptive 
tribological responses, including the self-healing mechanisms 
further discussed in this review.

2.3. Microstructural characterization

Microstructural analyses summarized in this review were 
conducted using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) data from the original 
investigations [25,26]. SEM observations were performed on 
a Scios 2 DualBeam (Thermo Fisher Scientific) microscope, 
employing both high-voltage bulk imaging and low-voltage 
surface analysis to minimize interaction volume. High-resolution 
imaging of surface topography and phase contrast was achieved 
using in-lens Trinity detectors for secondary and backscattered 
electrons. For cross-sectional nanoscale analysis, site-specific 
TEM lamellae were extracted via focused ion beam (FIB) mill-
ing using SCIOS 2 DualBeam microscope (Galium ion column) 
and AutoTEM 4 software. Subsequent TEM investigations were 
carried out on a Themis (Thermo Fisher Scientific) microscope 
equipped with field emission gun (FEG), operating at 200 kV 
in bright-field (BF), high-resolution (HRTEM), and scanning/
transmission (STEM) modes. Phase identification was performed 
using selected area electron diffraction (SAED), while elemen-
tal distribution and chemical composition were mapped via 
energy-dispersive X-ray spectroscopy (EDS). These advanced 
characterization techniques provided critical insights into the 
lamellar architecture, interfacial bonding, and nanoscale struc-
tural evolution of the WS2/Zn and MoS2/graphite/Zn systems.

2.4. Tribological testing

Tribological performance data summarized in this review 
originate from ball-on-disk experiments conducted using 
a TRB3 tribometer (Anton Paar®) in rotational mode [25,26]. 
Hardened 100Cr6 steel balls (diameter: 6 mm; hardness: 
60-62 HRC) served as counterbodies and were ultrasonically 
cleaned in ethanol (≥96%) prior to each test. For the WS2/Zn 
coatings on PEEK, tests were performed at two wear-track 
diameters (10 mm and 20 mm) at a constant linear velocity of 
25 mm/s under a normal load of 1 N. This load corresponded 
to an initial maximum Hertzian contact stress of approximately 
79 MPa for the PEEK-steel contact. Sliding distances ranged 
from 100 m to 628 m, depending on the specific track diameter 
and experimental objectives. The MoS2/graphite/Zn coatings 
on PA11 were evaluated under analogous kinematic conditions 
to facilitate a comparative assessment of frictional behavior 
and adaptive tribological responses, including the previously 
reported self-healing effects. To ensure statistical reliability, all 
measurements were performed in triplicate. The specific wear 
rate (k) was calculated using the following expression:

 *
Vk

F s


	
where V represents the wear volume (mm3), F is the normal 
load (N), and s is the total sliding distance (m). Furthermore, 
long-term sliding tests from the source studies were analyzed 
to evaluate the stability and durability of the formed tribofilms 
under extended operational cycles.
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3. Results and discussion: Comparative Analysis  
of MoS2- and WS2- Based Nanocoatings

The tribological performance of nanostructured coatings 
on polymer substrates is fundamentally dictated by the inter-
play between chemical composition and microstructural archi- 
tecture.

3.1. WS2/Zn systems on PEEK

WS2/Zn coatings deposited on PEEK by gas-shrouded 
atmospheric pressure plasma jet (APPJ) demonstrated a pro-
nounced sensitivity of the coefficient of friction (COF) to depo-
sition parameters. The lowest and most stable COF (0.18±0.02) 
was achieved with a 15 L/min powder flow rate (sample E4), 
whereas higher flow rates led to increased friction and acceler-
ated wear [13,26] (Fig. 1).

Fig. 1. Tribological properties of WS2-Zn coatings deposited on PEEK 
at 100 A: a) plasma current versus powder gas flow rate over a 100 m 
sliding distance; b) corresponding average friction coefficient (COF) 
values [13,26]

This trend correlates directly with microstructural evolu-
tion: at 15 L/min, an optimized lamellar WS2 network was 
effectively embedded within the Zn matrix (Figs. 2 and 3), 
promoting interplanar sliding and the formation of a continuous 
tribofilm (Figs. 4-6). 

Fig. 2. TEM bright-field (BF) micrograph of the coating cross-section deposited at a powder gas flow rate of 15 L/min [26]
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Fig. 3. Qualitative EDS elemental mapping showing the chemical composition distribution for the coating produced at 15 L/min powder gas flow [26]

Fig. 4. Post-tribological TEM BF cross-sectional characterization of the coating deposited at 15 L/min powder gas flow [26]
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Fig. 5. TEM BF analysis of the tribofilm developed during wear testing (15 L/min powder gas flow): a) TEM BF image; b) phase identification 
via selected area electron diffraction pattern (SAEDP) [26]

Fig. 6. High-resolution TEM (HRTEM) micrograph of the tribofilm formed on the coating deposited at 15 L/min powder gas flow [26]

Conversely, insufficient WS2 incorporation at higher flow 
rates (Figs. 7 and 8) resulted in fragmented lamellae, compromis-
ing both frictional stability and tribofilm integrity (Figs. 9-11). 

To provide a deeper insight into the wear mechanism, the 
degradation of these coatings primarily involves abrasive wear 
combined with micro-ploughing of the Zn matrix during the 
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Fig. 7. Cross-sectional TEM BF image of the as-deposited coating produced at a 20 L/min powder gas flow rate [26]

Fig. 8. EDS chemical maps illustrating the distribution of key elements in the as-deposited coating (20 L/min powder gas flow) [26]

initial sliding stages. The continuous shearing of the optimized 
lamellar network facilitates the exfoliation of WS2 basal planes. 
This process leads to the progressive coverage of the contact 
zone, effectively preventing direct metal-to-polymer contact. 

In contrast, when the lamellae are fragmented due to improper 
flow rates, the localized stress concentration accelerates coat-
ing delamination and debris generation, which destabilizes the 
tribofilm.
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Fig. 9. Microstructural examination of the wear-tested coating (20 L/min powder gas flow): a) TEM BF image; b) STEM image of the cross-
section [26]

Fig. 10. TEM BF characterization of the interface between the coating and the tribofilm (20 L/min flow rate), highlighting the detrimental effect 
of this layer on wear resistance [26]

Fig. 11. Elemental EDS analysis of the tribofilm generated during the wear process for the 20 L/min gas flow variant [26]
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Fig. 12. SEM (SE) topographic images of the wear track: a) plan view; b) cross-sectional view indicating the area selected for subsequent TEM 
analysis [25]

Fig. 13. Comprehensive cross-sectional analysis near the wear track: a) TEM BF image; b) visualization of the kinking deformation mechanism; 
c) IFFT image; d) schematic representation of the kinking process [25]

Fig. 14. Investigation of the wear mechanism within the graphite phase: a) TEM BF image; b) magnification of the kinking effect; c) schematic 
of the graphite atomic layer arrangement [25]

3.2. MoS2/graphite/Zn systems on PA11

In contrast, MoS2/graphite/Zn coatings on PA11, produced 
via the same APPJ-based deposition technique, exhibited multi-
functional self-lubricating and self-healing behavior [25]. 

Cross-sectional SEM and TEM analyses revealed a com-
plex composite microstructure where MoS2 and graphite layers 
alternated with Zn-rich regions (Figs. 12-14). 

Deformation mechanisms in MoS2 and graphite included 
kinking and interlayer sliding and delamination via van der Waals 
bond cleavage, forming multi-layered lubricating bands. Under 
mechanical load, micro-cracks within the Zn matrix (Fig. 15) 
were progressively filled by the migration of MoS2 and graphite, 
creating self-healing lamellar structures that maintained low fric-
tion throughout the sliding process (Figs. 16 and 17). The self-
healing functionality in these systems is driven by a combination 
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Fig. 15. Investigation of the wear mechanism within the graphite phase: a) TEM BF image; b) magnification of the kinking effect; c) schematic 
of the graphite atomic layer arrangement [25]

Fig. 16. Combined STEM and EDS qualitative chemical mapping of the coating cross-section [25]

Fig. 17. Microstructural evidence of the self-healing effect: a) TEM BF image; b) HRTEM image with a schematic model of the MoS2 atomic 
layer arrangement [25]

of mechanical triggering and material migration. Under localized 
stress, the kinking and delamination of MoS₂ and graphite layers 
lower the shear strength within the composite. This allows the 
solid lubricants to plastically deform and flow into the micro-
cracks formed in the Zn matrix. This stress-induced migration 
mechanically seals the defects, preventing crack propagation and 
restoring the structural integrity of the lubricating layer, which 
ensures sustained low friction.

3.3. Comparative synthesis

A direct comparison highlights fundamental mechanis-
tic differences. WS2 coatings achieve low friction primarily 
through stable lamellar sliding and robust tribofilm coverage, 
with performance strictly dependent on precise powder flux 
control. MoS2- based coatings, while also utilizing lamellar 

sliding, offer active self-healing facilitated by the dynamic fill-
ing of micro-cracks and potential chemisorption of sulfur to the 
Zn binder [25,27]. However, environmental sensitivity remains 
a distinguishing factor: MoS2 is more susceptible to moisture-
induced degradation, whereas WS2 maintains more consistent 
performance in humid conditions [24,28]. Ultimately, while WS2 
offers superior environmental stability and reproducibility, MoS2 
provides adaptive self-repair mechanisms that may extend the 
operational lifetime of polymer components under cyclic loading.

4. Design considerations and practical  
implications

The comparative analysis of WS2- and MoS2- based nano-
coatings highlights several critical factors for designing durable, 
high-performance lubricating films on polymers.
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4.1. Material synergy and microstructural  
control

Both systems rely on metallic binders, such as Zn, to 
enhance structural integrity. In WS2/Zn coatings, Zn provides 
a stiff matrix that supports the lamellar network, which is es-
sential for stable tribofilm formation [26]. In MoS2/graphite/Zn 
coatings, the Zn matrix facilitates self-healing by acting as a host 
for lubricant migration into micro-cracks [25]. Furthermore, the 
inclusion of graphite complements MoS2 by providing additional 
van der Waals-mediated sliding layers, enhancing performance 
under cyclic loading.

4.2. Environmental and operational selection

Material selection must be driven by the operating envi-
ronment. WS2 is preferred for applications exposed to variable 
humidity due to its superior oxidative stability [24]. Conversely, 
MoS2- based systems are ideal for dry, high-load conditions 
where their active self-healing mechanisms can counteract local-
ized surface damage.

4.3. Future directions

To advance polymer-supported nanocoatings, future re-
search should focus on:
–	 Hybrid Systems: Combining WS2 and MoS2 to merge 

environmental robustness with adaptive self-healing.
–	 Modeling: Developing quantitative models for lamellar 

deformation and tribofilm evolution.
–	S ustainability: Ensuring scalable, vacuum-free deposition 

remains energy-efficient and environmentally benign.

5. Conclusions

This review demonstrates that atmospheric pressure 
plasma jet (APPJ) deposition is a highly versatile and effec-
tive method for engineering multifunctional nanocoatings on 
high-performance polymers. The low-temperature nature of 
the process allows for the successful integration of MoS2 and 
WS2 solid lubricants onto temperature-sensitive substrates like 
PEEK and PA11 without compromising their bulk properties. 
Comparative analysis reveals that while both systems signifi-
cantly enhance tribological performance, their effectiveness is 
governed by distinct nanoscale mechanisms. For WS2/Zn coat-
ings, structural integrity and low friction are strictly tied to the 
precision of deposition parameters, which dictate the formation 
of a stable lamellar network. In contrast, the MoS2/graphite/Zn 
system introduces an active, adaptive dimension through self-
healing; the stress-induced migration of lubricant phases into 
micro-cracks effectively extends the operational lifetime of the 
coating under cyclic loading.

Ultimately, the choice between these two systems involves a 
strategic trade-off between environmental stability and adaptive 
resilience. While WS2 offers more consistent performance in 
humid conditions, MoS2 provides superior self-repair capabili-
ties in dry environments. 

These findings provide a clear framework for the design of 
next-generation, polymer-supported lubricating films, suggest-
ing that future developments should focus on hybridizing these 
lubricants to combine environmental robustness with active 
self-healing functionality.
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