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This study investigated the low friction mechanism of nitrogen-doped tetrahedral amorphous carbon (ta-CN,)
coatings using in-situ irradiation of dielectric barrier discharge (DBD) in ambient air. When the ta-CN, surface
was irradiated with DBD, an acidic liquid film was produced, which was analyzed using liquid chromatography-
mass spectrometry (LC/MS) to show that the liquid film contained nitric acid. Additionally, DBD-irradiated
surfaces and wear track of low-friction surfaces (surface with friction coefficient reduced to 0.01) were
analyzed using Raman, XAFS, and XPS, and the results consistently showed that DBD irradiation produced

nitrogen-doped graphite oxide (N-GO) structures. The study conclusively demonstrated that the synergistic effect
of the N-GO and the acidic liquid film is crucial for achieving low friction, with each component being indis-
pensable for the effectiveness of the mechanism. This synergy highlights the potential of DBD irradiation as a
novel approach for enhancing lubrication in ta-CN, coatings.

1. Introduction

The OECD’s 2014 bulletin states that 38 % of the key technologies for
lowering CO; emissions are related to end-use energy efficiency [1], and
tribology research is included in this group. Furthermore, a significant
amount of the yearly CO, emissions worldwide are caused by wear and
friction [2]. As a solid lubricant, diamond-like carbon (DLC) is an
intriguing material. Because of its bonding structures, its hybridization
of sp? and sp® offers anti-friction and wear-resistance properties [3]. DLC
has been widely used as a protective coating in automotive parts,
biomedical and optical fields.

Non-hydrogenated amorphous carbon coatings and hydrogenated
amorphous carbon coatings are the two categories of DLC coatings. The
presence of hydrogen in DLC:H coatings help terminate the dangling
carbon bonds. This termination reduces the reactivity of the surface,
thereby reducing friction. Erdemir shows that highly hydrogenated DLC
exhibits ultra-low friction in dry inert gases and suggests that elimi-
nating strong carbon-carbon interactions through hydrogen termination
facilitates the realization of ultra-low friction in DLC [4,5].

* Corresponding authors.

However, DLC coatings face certain limitations, including high
intrinsic stress, which results in inadequate adhesion [6,7]. In some
cases, it is clarified that oxidation degrades the coating morphology [8].
Therefore, the characteristics of DLC coatings may be effectively
enhanced by incorporating additional elements, including Si, Ti, N, and
Ti/Al co-doping [9-12]. According to reports, N doping, particularly
with high nitrogen concentrations, may diminish hardness and decrease
sp> content. On the other hand, adhesion’s tribological characteristics
have greatly enhanced [7]. Liu et al. have shown that atmospheric hu-
midity and oxygen significantly influence the characteristics of ta-CN,
coatings [12].

Graphene-family materials have a lot of potential for use in
tribology. Reviews by Liu et al. offer a thorough analysis of the lubri-
cation mechanisms, potential applications, and challenges of Graphene-
family materials, emphasizing their effectiveness in reducing friction
and wear in various tribological systems [13,14]. It was also demon-
strated that adding graphene-family compounds to water-based lubri-
cants may greatly enhance the tribological characteristics of DLC
coatings. Recent research has reported improved DLC tribological
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properties, biocompatibility, and mechanical properties through surface
modification. Common methods of surface modification include plasma
irradiation [15-21], laser or UV irradiation [22,23], and acid modifi-
cation [24]. Among them, plasma irradiation is widely studied and used.
Plasma irradiation modification technology, through plasma treatment,
achieves targeted control of material surface properties, offering ad-
vantages such as environmental compatibility, high processing effi-
ciency, broad material applicability, and precise controllability. This
technique effectively introduces surface functional groups without
altering the material’s bulk properties, enhancing hydrophilicity,
adhesion, and biocompatibility. Kim et al. showed that using oxygen
plasma irradiation can reduce the running-in cycles and friction coeffi-
cient [25]. Lazauskas et al. discovered that oxygen plasma irradiation
enhanced DLC surface hydrophilicity [26]. In recent years, surface
modification by plasma irradiation in atmospheric environments has
received more attention. Dielectric barrier discharge (DBD) is one of
them. DBD is a non-thermal plasma technique that effectively induces
cross-linking on the surface of a material, introducing chemical func-
tional groups and active substances [27,28]. Studies have shown that
DBD irradiation increases surface energy and wettability [29,30]. In the
study, the ability of the in-situ surface modification was unveiled, which
can follow the active tribological control technology recently developed
using an electric field, morphing surface, and Al technology [31-35]. In
a previous study, a surface treatment technique using DBD for DLC
coatings was developed [36]. The results showed that DBD irradiation
caused the friction coefficient decrease to 0.02-0.008. Additionally,
previous research has demonstrated the effectiveness of DBD in reducing
the friction coefficient of ta-CN, coatings by inducing the formation of a
liquid film and a soft material layer on the surface [37]. However, while
this study provided valuable insights into the effects of DBD treatment, it
did not delve into the composition of the liquid film, the structure of the
soft material, or the underlying mechanisms driving the observed low
friction.

This study investigates the low friction mechanism of DBD irradiated
ta-CN,, coating. First, the composition of the acidic liquid film formed by
DBD irradiation was analyzed using LC/MS. Secondly, the trans-
formation of the surface structure of DBD irradiated ta-CN, surfaces and
wear track was demonstrated. Finally, an explanation of the low friction
mechanism was provided.

2. Experimental
2.1. Deposition of ta-CN, coatings

In this study, the ta-CN, coatings were deposited using the system
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Fig. 1. Schematic of hybrid coating system equipped with ALIS and FCVA.
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shown in Fig. 1. The deposition system consists of two parts, including
the anode-layer ion source (ALIS) and filtered cathodic vacuum arc
(FCVA). The substrate was a SUJ2 disc (22.5 mm diameter, 4 mm
thickness). The initial step involved the ultrasonic cleaning of the sub-
strate with benzene and acetone. Subsequently, residual impurities were
eliminated by Ar" plasma etching. Finally, the hybrid system was used
to deposit the ta-CN, coatings. A carbon target (99.99 % purity, TOYO
TANSO, Japan) served as the cathode in the vacuum arc source. Carbon
ions were accelerated by a substrate bias of —50 V during an arc
discharge on the carbon target at a current of 50 A. The deposition
procedure took 30 min, and the nitrogen flow rate was 20 sccm.
Consequently, a ta-CN, coating was produced with a hardness of 18.1
GPa and a surface roughness of Ra = 5 nm.

2.2. Characterization

A ball-on-disk tribometer was used to evaluate the tribological
behavior under DBD irradiation (Fig. 2). The friction tests were per-
formed using silicon nitride balls (Si3N4, 8 mm diameter) with a load of
0.98 N and a sliding speed of 38 mm/s. Fig. 2b shows the DBD part. A
high-frequency power supply (PSI-PG1040F, PSI, Japan) was connected
to one end of a cylindrical aluminum electrode, and the other end of the
electrode had been covered in a glass sheet of about 150 mm in thickness
to act as a dielectric to prevent arc discharge or spark discharge. Another
wire from the high-frequency power supply was connected to the bottom
of the rotary table, and the disk coated with ta-CN, coating was placed
on the rotary table. Finally, an alternating high voltage of 3.5 kV at 4.0
kHz was applied. The gap between the glass sheet and the disk was 350
mm. Upon application of the high-frequency voltage, a DBD was
generated. Every test was carried out at room temperature with a 35-40
% relative humidity.

Liquid chromatography-mass spectrometry (LC/MS) was used to
evaluate the liquid films produced by DBD irradiation. After friction and
discharge tests, the surfaces of the disks and balls were inspected using
confocal laser scanning microscopy (Olympus OLS5100, Japan). The
surface morphology was characterized by field-emission scanning elec-
tron microscopy (FE-SEM, SU-8230, Hitachi High-Tech Corporation,
Japan). X-ray photoelectron spectroscopy (XPS, PHI Quantes, ULVAC-
PHI, Inc., Japan) was used to determine chemical composition and
structure. XPS was performed by radiating Al Ka-excited photons with
an energy of 1486.6 eV. The carbonaceous structures were analyzed
using a laser Raman spectrometer (RENISHAW inVia Reflex, UK) at a
532 nm wavelength. The measured Raman spectra were fitted to the D
peak (1350 cm™) and G peak (1580 em™) wavelength centers using a
Gaussian fitting function.

3. Results and discussion
3.1. LC/MS results of liquid film

In the previous study, it was found that DBD irradiation generated a
strongly acidic (pH = 2) liquid film [36], so the liquid film generated by
DBD irradiation was collected and analyzed using LC/MS. Fig. 3 shows
the results of LC/MS analysis. The figure shows that a strong peak ap-
pears at the position with a mass of 62, which is NO3. From the result, it
can be determined that the liquid film generated by DBD irradiation
contains rich nitric acid. Here, it is important to note that nitric acid, as a
potent oxidizing agent, usually oxidizes graphite [38].

3.2. Friction coefficient during in situ DBD irradiation

The evolution of the friction coefficient of the ta-CN, coating during
DBD irradiation is shown in Fig. 4. First, a friction test was conducted,
and sliding stopped immediately when the friction coefficient dropped
below 0.02. As seen in Fig. 4a, the friction coefficient was reduced to
0.01 after the third DBD irradiation, and the friction test was ceased
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Fig. 2. (a) Schematic diagram of the ball-on-disk tribometer, (b) Enlarged view of the DBD part of the system, (c) Photographs of the DBD between the DLC-coated

and glass plate-covered electrodes.
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Fig. 3. LC-MS results of liquid film produced by DBD irradiation.

immediately to obtain a low friction sliding surface. To better explain
the low friction mechanism, another friction test was conducted, as seen
in Fig. 4b. The friction coefficient dropped significantly upon applica-
tion of DBD irradiation, while it began to increase after stopping DBD
irradiation, and finally, the sliding was halted when the friction coeffi-
cient increased to 0.23, a high friction surface was obtained. When DBD
irradiation was stopped, the generation of the nitric acid-containing
liquid film also ceased. Owing to the highly volatile nature of this
liquid film, it evaporates rapidly within tens of seconds, leading to a
quick dissipation of the liquid film. Consequently, the friction coefficient
increased. Moreover, the friction coefficient gradually decreases with
successive DBD irradiation cycles. These phenomena can be ascribed to
the gradual alterations in surface chemical composition over time, as
discussed in more detail below.

The laser microscopy images of the surface after different modes of
DBD irradiation are shown in Fig. 5. The image of the ta-CN, surface
after DBD irradiation without any sliding test is seen in Fig. Sb.
Compared with the as-deposited ta-CN, coating (Fig. 5a), a lot of black
material appeared due to merely DBD irradiation. The scattered distri-
bution of black materials can be related to the characteristic of DBD
discharge as filamentary discharge [39,40]. Fig. 5c shows the low fric-
tion image (4 = 0.01) with in situ DBD irradiation. The surface shows at
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Fig. 4. Friction evolutions of ta-CN, coatings: (a) When the friction coefficient
reduced to 0.01 during in situ DBD irradiation, (b) When the friction coefficient
increased to 0.23 after stopping DBD irradiation.

the edge of the wear track, a dark-colored tribofilm produced. In the
same condition, a transfer layer has also appeared at the ball surface
(Fig. 5d). Fig. 5e shows the high friction image (¢ = 0.23) after in situ
DBD irradiation stopped. The dark-colored tribofilm at the wear track
disappeared. Meanwhile, the transfer film on the ball surface dis-
appeared due to friction (Fig. 5f). To better observe the changes in
surface morphology, the DBD-irradiated ta-CN, coating was examined
using FE-SEM, as shown in Fig. 6. At a lower magnification (Fig. 6a),
numerous bright spots are visible, which may represent the initial dis-
tribution of these sheet-like materials. As the magnification is increased
(Fig. 6b and 6c¢), the sheet-like morphology becomes more apparent.
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Fig. 5. Laser microscopy images of the ta-CN, disk and ball specimens: (a) as-deposited ta-CN, disk, (b) ta-CN, disk after only DBD irradiation; (c) wear track when
the friction coefficient reduced to 0.01 during in situ DBD irradiation, and (d) ball surface; (e) wear track when friction coefficient increased to 0.23 after stopping

DBD irradiation, and (f) ball surface.

Fig. 6. FE-SEM images of the DBD-irradiated ta-CN, coating surface. (a) 1000x, (b) 30000x, (c) 60000x.

3.3. Effect of DBD irradiation on the structure of ta-CNy coating

To elucidate the impact of the transformation of carbonaceous film
on the friction, Raman spectroscopy was performed. As shown in Fig. 7b,
the black material produced by DBD irradiation exhibits different fea-
tures compared to the as-deposited ta-CNjy coating (Fig. 7a): the D peak
at 1348 cm™! and the G peak at 1589 cm™ . The D peak and G peak in the
study of carbon-based materials provide information on the Aig sym-
metric mode scattering due to structural defects, edge effects, or impu-
rities (D peak) and the E:g mode of carbon-carbon bond planar
vibrations caused by sp? hybridized carbon atoms (G peak), respectively
[41-43]. Some of the data shown in Fig. 7a and b, specifically the Raman

spectra in the 800-2000 cm™! range, were adapted from our conference
proceedings [37]. These data were reused here as a baseline for further
analysis and comparison. In this study, the analysis was extended to the
800-3200 cm™! range, revealing additional structural features and
providing deeper insights into the structural changes induced by DBD
treatment. Broader 2D and D+D’ peaks are observed in the 2400-3200
em! range. They are caused by the two-phonon process. The appearance
of the 2D peak usually indicates a certain degree of order or layered
structure in the sp? carbon structure [44]. The characteristic of a
graphite oxide structure is similar to the current Raman spectra.
[45-47]. The Raman spectra of the ta-CN,. disk at the wear track with a
reduced friction coefficient of 0.01 during in situ DBD irradiation are
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Fig. 7. Raman spectroscopy of ta-CN, disk: (a) as-deposited ta-CN, disk, (b) ta-CN, disk after only DBD irradiation (the Raman spectra in the range of 800-2000 cm™
were adapted from [37]), (c) the wear track of ta-CN, disk when the friction coefficient reduced to 0.01 during in situ DBD irradiation, (d) the wear track of ta-CN,

disk when friction coefficient increased to 0.23 after stopping DBD irradiation.

displayed in Fig. 7c, the spectra also indicate that there are distinct D
and G peaks, as well as a more clearly defined 2D peak. Fig. 7d shows the
Raman spectra of the wear track with comparably high friction (u =
0.23) after stopping DBD irradiation. From the figure, the Raman spectra
of as-deposited ta-CN, coating and the surface with increased friction
coefficient are similar. To further understand the effect of DBD irradi-
ation on the ta-CN, coating, the spectra were used to calculate the Ip/Ig
ratio and G peak position, which indicate the modification of the
carbonaceous structures. Fig. 8 shows that the G peak position and Ip/Ig
ratio increased for both the only DBD-irradiated surface and the low
friction surface with in situ DBD irradiation compared to the
as-deposited. Furthermore, many studies indicate that the graphitization
of the carbonaceous structure of DLC coatings is responsible for this
change. However, following the cessation of DBD irradiation, the G peak
position and Ip/I; ratio on the wear track both returned to their
as-deposited coating values, and the friction coefficient increased to its
initial level. These findings strongly suggest that DBD radiation speeds
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Fig. 8. G peak position and Ip/I ratio results of Raman analysis.

up the conversion of carbonaceous structures to sp>-rich structures and
that friction subsequently removes and transfers the majority of the
sp?-rich structures to the ball’s surface. This corresponds to the findings
of previous surface treatments mentioned in the literature [48].

To determine the detailed surface composition after DBD irradiation,
the as-deposited ta-CN, coatings and after DBD irradiation were
analyzed by XAFS. Fig. 9 presents the C K-edge spectra. At photon en-
ergies over 290 eV, the XAFS spectra are mostly influenced by the 1s-6*
transition associated with carbon-carbon ¢ bonds [49,50]. A distinct
characteristic peak is observed near 285.8 eV, representing the 1s-t*
transition for the carbon-carbon bond [49,50]. Further comparison be-
tween the as-deposited ta-CN, coating and DBD irradiated ta-CN,
coating revealed that two significantly different peaks A and B appeared
in the DBD irradiated ta-CN, coating. The A peak appears near 288.3 eV
and is categorized as an oxygen functional group bonded to carbon,
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Fig. 9. C K-edge XAFS spectra of as-deposited ta-CN, coating and ta-CN,
coating after DBD irradiation.
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possibly corresponding to 1s-6* (C-O) for the epoxy and hydroxyl
groups, and 1s-6* (C=0) for the carbonyl group [51,52]. The B peak
appears at 291.7 eV, corresponding to the long-range order sp> [51]. The
appearance of long-range order sp? peaks in the ta-CN, coatings after
DBD irradiation indicates a partial structural evolution of the material
towards a graphitized or graphene-like structure. This corresponds to
the findings of Raman analysis. The obtained results indicate the gen-
eration of oxygen functional groups bonded to carbon after DBD irra-
diation, as well as surface graphitization, possibly attributed to the
generation of a graphite oxide structure.

3.4. Analysis of low friction surfaces (u = 0.01)

To better understand the superlow friction mechanism caused by
DBD irradiation, surfaces that achieve low friction during DBD irradia-
tion were selected for further analysis. The wear track was analyzed
using XPS. Fig. 10a displays the survey spectra of the wear track with
superlow friction and the as-deposited ta-CN,. The O1 s peak appears at
the wear track, and the N1 s peak intensity of as-deposited ta-CN,
coating is greater than that of the wear track. The atomic concentration
was calculated using CasaXPS, which is shown in Fig. 10b. The N con-
centration was observed to decrease from 11.04 % to 5.15 %, indicating
that certain amount of N atoms was involved in the nitric acid formation.
Conversely, the O concentration increased from 0.28 to 7.61. This in-
crease corresponds with the XAFS findings (Fig. 9) which demonstrate
the generation of oxygen-containing functional groups after DBD irra-
diation. To reveal detailed bond configurations, the fine scans of the XPS
spectra for C1 s, N1 s, and O1 s are shown in Fig. 11. For the as-deposited
ta-CN,, coatings, the spectra corresponding to C1 s can be fitted to
C=Csp® (284.6 eV), C-Csp® (285.5 eV), C=Nsp? (286.3 eV), C-Nsp®
(287.5 eV), and C=0 (288.6 eV). The peaks of N1 s can be fitted to C-
Nsp3 (398.6 eV), C:Nsp2 (400.4 eV), and N-N/N-O (402.4 eV) [53-55],
respectively. Compared to the as-deposited ta-CN, coating, two different
peaks appear in the C1 s peak: the C-O-C bond peak at 286.7 eV and the
COOH bond peak at 288.9 eV [46]. For O1 s, three characteristic peaks
corresponding to C=0 (531.6 eV), C-OH (532.4 eV), and COOH (533.2
eV) appeared [56]. These results strongly indicate that
oxygen-containing functional groups bonded to carbon at the wear
track, achieving low friction during DBD irradiation. For the N1 s peak at
the wear track (Fig. 11d), it can be fitted to pyridinic N (398.5 eV),
pyrrolic N (400.1 eV), and graphitic N (401.2 eV) [57,58]. In addition, a
shift of the peak at 402.4 eV to 402.9 eV was observed along with a
significant narrowing of the FWHM. The shift in peak position and the
decrease in FWHM usually indicate the formation of a more stable
chemical bond between nitrogen and oxygen, especially the formation
of pyridinic N oxides [58-61]. These findings indicate that the DBD
treatment culminates in the formation of N-GO. The C-C sp®/sp® ratio
was determined, and the results showed that C-C sp?/sp® at the wear
track increased from 1.80 to 2.37 as compared to as-deposited ta-CN,
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coating, which indicated that DBD irradiation and friction processes
facilitated the conversion of sp® carbon to sp? carbon and formed more
graphite-like structures. In summary, the obtained results strongly
suggest that the realization of low friction is associated with the gen-
eration of N-GO.

3.5. Low friction mechanism due to DBD irradiation

As shown in Section 3.1, a liquid film containing nitric acid was
generated on the surface when the DBD irradiated the ta-CN, coating. In
addition, the results from Sections 3.2 to 3.4 suggest the generation of N-
GO structures due to DBD irradiation at the ta-CN, interface. Conse-
quently, it is hypothesized that the observed low friction results from a
synergistic effect between N-GO and nitric acid. To verify the hypoth-
esis, friction tests were conducted on DBD-irradiated ta-CN, coatings
with the addition of nitric acid. During the friction tests, nitric acid was
incrementally added in three aliquots of 2 pl each. The friction coeffi-
cient initially recorded at 0.07 after the first addition, decreased to 0.02
after the third addition, as shown in Fig. 12. These findings support the
hypothesis that the synergistic effect of nitric acid and N-GO substan-
tially reduces the friction coefficient. Furthermore, to verify whether the
low friction coefficient could be achieved by applying nitric acid
directly, additional experiments were conducted where nitric acid was
applied to the ta-CN, surface without DBD irradiation. From the results,
the average friction coefficient was 0.75. (Fig. 13), which, while lower
than untreated surfaces, did not replicate the ultra-low friction observed
with DBD irradiation. This suggests that DBD irradiation induces syn-
ergistic effects crucial for achieving ultra-low friction, particularly
through the generation of N-GO structures. Therefore, the stability of the
superlubricity state induced by DBD irradiation primarily based on the
continuous formation and maintenance of the nitric acid-containing
liquid film and formation of N-GO. Although liquid films are essential
for reducing friction, their high volatility may affect the stability of the
superlubricity state. Thus, additional research is necessary to gain a
comprehensive understanding of the long-term stability of this super-
lubricity phenomenon. Previous studies revealed some low friction
mechanisms. Li et al. demonstrated that the tribological characteristics
of a-C coatings depend on the degree of surface graphitization, and ultra-
low friction can be achieved for highly graphitized [62]. The realization
of superlubrication of the ta-C tribopair in oleic acid was due to the
tribochemical reaction that forms a graphene oxide structure [63]. Liu
et al. demonstrated that graphene oxide can significantly lower the
friction coefficient as a water-based lubricant additive [64]. There are
also reports that ultra-low friction coefficients can be achieved by
tailoring graphene additives or passivating a-C surfaces [65]. In addi-
tion, numerous studies have demonstrated the potential of graphite
oxide (GO)-based materials as useful additives to reduce wear and
friction in tribological systems. For example, Ge et al. demonstrated that
the synergistic effect of GO nanoflakes and ethanediol could achieve
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Fig. 10. (a) XPS survey spectra of the as-deposited ta-CN, and the wear track, (b) Atomic concentration results.
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Fig. 12. Friction evolutions on DBD-irradiated ta-CN, coatings with the addi-
tion of nitric acid.

superlubrication, highlighting GO’s capability to significantly enhance
lubrication performance under certain conditions [66]. Additionally, it
has been reported that GO, when combined with ionic liquids, can
achieve superlubrication under extreme pressures of up to 600 MPa,
suggesting that GO can serve as a protective layer [67]. The tribological
performance of GO is closely related to its degree of oxidation. For
example, GO aqueous suspensions have demonstrated excellent
friction-reducing capabilities, with performance strongly correlated
with the oxidation level of GO [68]. Moreover, the pH of GO suspensions
significantly influences their tribological properties. Acidic suspensions
have been shown to greatly improve lubrication in steel ball/steel plate
contacts, reducing the friction coefficient by 44.4 % compared to water
[69,70]. In DLC/stainless steel contacts, GO water dispersions have been
found to reduce the friction coefficient to 0.06 [71]. Furthermore, the
low friction observed with GO and nanodiamonds in water-based

Fig. 13. Friction evolution of ta-CN, coating without DBD irradiation after
adding nitric acid.

lubricants are due to the generation of a friction-induced tribofilm,
which facilitates sliding lubrication [72]. Compared to previous
research [37], which highlighted the utility of DBD in reducing friction
coefficients, our study delves more profoundly into the underlying
mechanisms of these phenomena. These findings offer significant new
insights into the tribological effects of DBD irradiation. While the
reduction in friction on the ta-CN, surface, facilitated by both nitric acid
and N-GO, suggests a promising synergistic effect, the exact mechanisms
(whether chemical, physical, or functional) remain to be fully estab-
lished. Further investigations are needed to elucidate how these com-
ponents interact at both molecular and surface levels.

This study proposes a low friction mechanism model for DBD irra-
diation of ta-CN, coatings in ambient air (Fig. 14). The irradiation re-
sults in the formation of an acidic liquid film containing nitric acid on
the ta-CN, surface, as well as the development of oxygen-containing
functional groups. During the DBD treatment, the surface of ta-CNjy is
subjected to intense bombardment by high-energy particles such as ions
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and electrons. This bombardment disrupts the existing chemical bonds
within the material, facilitating a transition from sp-hybridized carbon
to sp>-hybridized carbon. This transition leads to the graphitization of
the surface and the generation of a N-GO structure. This structure
further promotes the formation of a carbon-rich transfer film on the
counter surface during the friction. Ultimately, low friction is achieved
through the synergistic interaction of the N-GO layer, the liquid film
containing nitric acid, and the transfer layer. This mechanism involves
chemical modifications and changes in physical structure, as well as the
cooperative action of lubricating layers, significantly reducing the fric-
tion coefficient. This novel low-friction mechanism provides important
theoretical insights for the design and optimization of durable low-
friction surface coatings.

4. Conclusion

This study explored the superlow friction mechanism in DBD-
irradiated ta-CN, coatings. The findings highlighted the role of an
acidic liquid film containing nitric acid and the formation of N-GO in
reducing friction. The synergistic interaction between these components
under DBD irradiation led to effective lubrication in ambient air. The
main conclusions were as follows:

(1) DBD irradiation generated an acidic liquid film on the ta-CN,
surface, confirmed to contain nitric acid.

(2) N-GO formation on the surface was verified through Raman,
XAFS, and XPS analyses.

(3) The observed low friction resulted from the combined effects of
N-GO and the nitric acid-containing liquid film.

(4) This mechanism allows for effective in-situ lubrication, enhancing
the performance of ta-CN, coatings.
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