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Humidity-Resistant Ultralow Friction in Diamond-Like
Carbon Coatings Enabled by Graphitic Nanodiamonds

Andrea Mescola, Giovanni Bertoni, Gian Carlo Gazzadi, Michat Bartkowski,
Adalberto Camisasca, Silvia Giordani * Renato Buzio,* and Guido Paolicelli*

Hydrogenated diamond-like carbon (H-DLC) coatings are extensively employed
in high-performance tribological applications, yet their frictional behavior in
humid environments remains a critical limitation. A scalable and industrially
viable strategy based on graphitic nanodiamonds (Gr-NDs) is here proposed,
enabling humidity-resistant ultralow friction (coefficient of friction <0.1) without
requiring controlled atmospheres or complex surface treatments. This approach
is distinct from many recent methods involving the deposition of nanoparticles
and 2D materials, which often fail under humid conditions. Gr-NDs leverage their
intrinsic core-shell nanostructure to promote the in operando formation of a
peculiar graphitic transfer layer (TL), directly enhancing interfacial lubrication.
High-resolution transmission electron microscopy and Raman spectroscopy
confirm that these nanostructures are effectively retained within the TL, ensuring
superior wear resistance and friction reduction. Furthermore, spectroscopic
analysis reveals that moderate tribochemical oxidation stabilizes the TL,
extending its durability under realistic operating conditions. This work estab-
lishes Gr-NDs as a disruptive functional additive for H-DLC coatings, offering a

1. Introduction

Hydrogenated diamond-like carbon (H-DLC)
coatings are widely recognized for their
exceptional tribological properties, including
low friction, high wear resistance, and chem-
ical stability.">) These features, together
with the relatively low-cost technology on
an industrial scale, allow their application
in optoelectronic equipment, as coating layer
for electrochemical electrode material or
protective coating layer for tribological or
chemical applications; not only, DLC-based
coatings can find applications as cold-cathode
materials, as components in optical devices,
up to automotive parts and tools.* " Recent
advancements on mechanical applications
have focused on functionalizing DLC sub-
strates with nanomaterials such as nanopar-
ticles (NPs) and 2D materials, used alone or
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in combination, to substantially enhance the
tribological response of DLC and reach the
ultralow friction regime which is typically
characterized by a coefficient of friction
(CoF) below 0.1. Performance improvement
is generally achieved by functionalization procedures involving
chemically and/or morphologically multi-element materials respon-
sible for the formation of a peculiar transfer layer (TL) able to simul-
taneously protect the counterpart and to confer higher lubricity to
the system.'* ¢! This is because the tribological and mechanical
properties of carbon-based 2D materials, such as graphene, are
widely recognized for their ability to reduce friction and enhance
wear resistance,"’ ! making them particularly relevant for the
functionalization of DLC coatings. However, the use of graphene
alone has shown limitations, particularly in terms of long-term sta-
bility and adhesion to the DLC matrix, which can affect its effective-
ness in demanding tribological conditions. These constraints have
led to exploring new processes that synergistically use 2D materials
and NPs.

The key element seems to be the presence of nanostructures
arranged in a core-shell way, consisting of a hard and small core
wrapped by self-lubricating multi-layered 2D materials, as firstly
highlighted by Berman et al.?? In their seminal paper, these
authors considered the case of a DLC-coated ball sliding against
graphene-coated ultraflat substrates in a dry atmosphere, and
with the addition of nanodiamonds (NDs) they demonstrated
the achievement of stable macroscale superlubricity thanks
to the formation of graphene nanoscroll structures, namely
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few-layers graphene wrapped around the small (<5 nm) ND core.
Macroscale superlubricity can be achieved also via tribochemical
pathways; for example, Sumant et al.”®! have shown that high
shear stress and contact pressure, in the presence of 2D layers
of molybdenum disulfide (MoS,) combined with NDs against
(H-DLC), promote NDs amorphization in a dry atmosphere,
through strain-induced diffusion of sulfur atoms, forming car-
bon onion-like structures. In a way very similar to graphene
nanoscrolls, these nanostructures enable the reduction of contact
area, providing an incommensurate contact with the inert
H-DLC surface.

Other tribochemical mechanisms recently proposed, entailed
the formation at the sliding interface of onion-like nanostruc-
tures from graphene patches wrapped around iron NPs (Fe-
NPs).*! In this case both the high contact pressure, the shear,
and the local temperature increment led to carbon graphitization
and, eventually, to carbon onion-like structures. Interestingly, no
superlubricity was observed when graphene is combined with
iron oxide (Fe;O3) NPs, thus suggesting how the intimate
core—shell contact plays a crucial role in improving tribological
behavior.”” Recent studies have explored combinations of
NPs and different 2D nanosheets to enhance the tribological
performance of DLC coatings. Bai et al.*”! demonstrated that
hexagonal boron nitride (h-BN) nanosheets wrapped around car-
bon NPs (CNPs) significantly improve DLC coating performan-
ces. Similarly, Huang et al. achieved superlubricity in dry
nitrogen both on H-DLC and nonhydrogenated DLC” by
combining NDs with h-BN nanoflakes in a core-shell structure.
A high-vacuum thermal treatment between 80 and 200 °C was
necessary to stabilize the NDs and h-BN core-shell structure
on the DLC surface before tribological tests.

Despite these advancements, current approaches rely on
complex functionalization steps, heteroatom nanostructures,
vacuum-thermal treatments, or precisely engineered atomic
structures, all of which are challenges that hinder scalability
for industrial applications. Moreover, extremely good performan-
ces are obtained typically in dry environments, and using
ultraflat substrates. Thus, although these methods demonstrate
exceptional tribological improvements, their effectiveness under
realistic sliding conditions has yet to be proven. In this respect, a
first step forward was recently achieved by some of the
authors.”®! They demonstrated the efficiency of a similar func-
tionalization procedure even on microrough DLC coatings, pro-
duced at an industrial level through plasma-assisted chemical
vapor deposition (PA-CVD), where the ultralow friction regime
was achieved in a dry atmosphere as a result of the formation of a
TL on the steel counterpart that included graphene nanoscroll
structures.””®

In this work, we propose a novel approach based on the
functionalization of microrough DLC coatings produced at an
industrial level with graphitic NDs (Gr-NDs), a presynthesized
core—shell nanostructure consisting of ND cores wrapped in
few-layer graphene. Unlike previous strategies, the pre-existing
core-shell configuration of Gr-NDs enables the direct formation
of a peculiar lubricating TL that assures ultralow friction
(CoF < 0.1) even in standard humidity conditions, i.e., relative
humidity between 50% and 60% (RH 50%—60%). To validate this
mechanism, a comprehensive experimental investigation com-
bining tribological tests with high-resolution characterization
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techniques is performed. In particular, Raman spectroscopy,
transmission electron microscopy (TEM), and electron energy-
loss spectroscopy (EELS) give direct evidence of the core—shell
nanostructures embedded within the TL, revealing their local
chemical environment and electronic structure. These key find-
ings are crucial, given that the formation of such layers under
realistic sliding conditions is not trivial. These results not only
advance our fundamental understanding of TLs formation but
also pave the way for innovative approaches in designing
advanced tribological materials, with broad implications for
improving efficiency and durability in various engineering
applications.

2. Results

Previous studies showed that graphene flakes (GFs) and NDs can
achieve ultralow friction on rough DLC coatings, though only in
dry conditions due to the formation of a nanoscroll-based TL.1**!
To address these limitations in humid conditions and to disen-
tangle the respective contributions of graphitic layers and dia-
mond cores in DLC-steel contacts, we investigated the
tribological behavior of carbon nano-onions (CNOs) and a newly
developed nanostructure, Gr-NDs. We synthesized both nano-
materials by a thermal annealing process by using the same
NDs precursor. At high temperature, a rearrangement of the car-
bon atoms of NDs takes place with sp® to sp* phase transforma-
tion from the outside to the inside. Graphitization begins at the
diamond (111) planes, proceeding from the NDs surface to the
core.?! At 1300 °C, Gr-NDs are produced, which feature a few
sp? graphitic layers around the sp® diamond core (Figure 1A,
left). At a higher temperature of 1650 °C, the graphitization is
complete, and CNOs are produced, which consist of sp? graphitic
multilayers (Figure 1A, right).*” The successful formation of the
two carbon nanomaterials (CNMs) was corroborated by different
characterization techniques, namely thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and high-resolution TEM
(HRTEM). Figure 1B displays the TGA and derivative thermog-
ravimetric (DTG) profiles of NDs, Gr-NDs, and CNOs under an
oxidative atmosphere. The DTG peaks indicate that thermal
decomposition occurs at progressively higher temperatures as
the degree of graphitization increases. Specifically, NDs, Gr-
NDs, and CNOs show decomposition maxima at 575, 623,
and 700 °C, respectively, reflecting increased thermal stability
with structural transition from sp*-rich ND to ordered sp? car-
bon. Figure 1C shows the XRD spectra of the three CNMs,
highlighting their structural progression with increasing anneal-
ing temperature. NDs exhibit sharp diamond (111)4 and (220)4
reflections, which disappear in CNOs. In contrast, the (002), gra-
phitic peak emerges in Gr-NDs and becomes dominant in CNOs.
The CNO spectrum also reveals additional characteristic
graphitic reflections, including the (100 + 101), peak at ~<44°,
the (004), peak at ~54°, and the (110), peak at ~78°.
Representative HRTEM images of NDs, Gr-NDs, and CNOs,
along with their corresponding electron diffraction (ED) patterns,
are presented in Figure 2. NDs (Figure 2A and D) present the
characteristic (111), (220), and (311) diamond planes (indicated
in orange in the EDs). Gr-NDs still show reflections from the ND
cores (Figure 2B and E) together with the (002) graphitic planes
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Figure 1. A) Schematic representation of the thermal annealing of NDs under a He atmosphere to produce Gr-NDs (T =1300°C) and CNOs

(T =1650°C).

B) TGA (solid lines) and corresponding DTG (dashed lines) profiles of NDs, Gr-NDs, and CNOs. C) Stacked XRD patterns of NDs,

Gr-NDs, and CNOs. The diffraction peaks at 26~44° and ~75° correspond to the (111) and (220) planes of cubic diamond, respectively. Upon thermal
annealing, a new peak appears at ~26°, assigned to the (002) reflection of graphitic carbon. The relative decrease in diamond peak intensity and
emergence of the (002) graphite peak indicate partial surface graphitization of the NDs.

(2-5 shells) visible in the images, and confirmed by the rings in
EDs (indicated in purple). Finally, in CNOs (Figure 2C and F)
only the signatures of graphitic shells are visible, which is in
agreement with XRD results.

Following their characterization, CNMs have been systemati-
cally deposited on DLC substrates, as described in the experi-
mental section. The functionalized DLC substrates were
mounted on a ball-on-disc tribometer and tested against a steel
ball under a 1 N normal load, as depicted in Figure 3A. Figure 3B
and C summarize the results obtained in humid air and dry
nitrogen, respectively. The black curves represent the tribological
behavior of pristine DLC and serve as a reference. The orange
curves illustrate the combined effect of GFs and detonated
NDs, which, as previously discussed, exhibit ultralow friction
only in dry conditions. The pink and green curves correspond
to DLC functionalized with CNOs and Gr-NDs, respectively.
Functionalization with CNOs led to a modest improvement in
the tribological performance of the industrial DLC, in both
humid (RH 50%-60%) and dry (RH 15%) environments, as
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indicated by the similar evolution of the CoF over time. In both
cases, the CoF stabilized at ~0.1, demonstrating enhanced per-
formance but remaining above the ultralow friction threshold
(CoF < 0.1). Notably, functionalization with Gr-NDs enabled
the achievement of ultralow friction not only in dry nitrogen
but also in a humid air environment. As shown by the green
curves in Figure 2B and C, the CoF in dry nitrogen decreased
to ~0.07 while in humid conditions stabilized around 0.09,
highlighting the superior humidity-resistant tribological perfor-
mance of Gr-NDs.

The remarkable friction reduction obtained with Gr-NDs in a
humid atmosphere on the micro-rough DLC coating represents a
major breakthrough, as it demonstrates exceptional performance
under the most common and challenging real-world operating
conditions, making it highly relevant for industrial applications.
For this reason, our attention has been focused on the tribologi-
cal response in the presence of humidity, with particular empha-
sis on comparing extreme cases, namely the ones resulting from
Gr-NDs and GFs+ NDs functionalization, respectively, as
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Figure 2. A-C) HRTEM images and D—F) corresponding ED patterns of NDs, Gr-NDs, and CNOs, respectively. In the ED patterns, the diamond reflec-
tions are highlighted in orange and the graphitic reflections in purple. In the case of Gr-NDs, the weak (100) and (210) reflections are hidden by the more

intense (220) and (311) diamond reflections.

shown in the scheme diagram of Figure 4A and B. A further indi-
cation of the effectiveness of Gr-NDs functionalization comes
from the wear analysis conducted at the end of the tribological
tests on both the DLC coating and the steel counterpart. While
the traces left on the coating are barely perceptible and are only
identified by the accumulation of debris at the edges (see
Figure S1, Supporting Information), the optical images on the
counterpart reveal a circular contact region typical of ball-on-flat
geometry (Figure 4C and E). The removed wear volume, calcu-
lated as a spherical cup, results in 0.57 10~ * and 2.6 10~ *mm?
using Gr-NDs and GFs+ NDs functionalization, respectively.
This indicates that the wear rate is also drastically reduced
through the use of Gr-NDs. A systematic Raman analysis was
carried out to get insight into the nature of the nanostructures
constituting the TLs formed by sliding in humid air. In the fol-
lowing, the TL formed by sliding on DLC functionalized with Gr-
NDs in a single-step deposition (I) will be denoted “TL-1”, while
that formed by sliding on DLC functionalized with the double-
step procedure (II) - GFs followed by NDs - will be denoted
“TL-IT7.

As a reference, we first measured the Raman spectrum of
pristine Gr-NDs deposited from an alcohol solution on a silicon
substrate (see Figure S2, Supporting Information). The charac-
teristic features related to G and D bands are clearly visible
respectively around 1340 and 1590 cm™!, thus reflecting the
presence of multilayer graphitic shells wrapping ND core.
Nevertheless, a careful peak analysis revealed the need for four
different contributions to best fit experimental data. We intro-
duced two broad G and D components most probably related
to the accumulation of carbon residues from the deposition pro-
cedure, plus two other narrow contributions at around 1333 and
1593 cm™". In line with recent literature, the latter respectively
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indicate the contribution due to NDs cores and the presence
of graphitic layers and/or functional groups on the NDs
surface.*17°!

Raman analysis on TL-I (Figure 4D) shows very similar fea-
tures compared to pristine Gr-NDs, confirming the presence
of the core-shell arranged nanostructures embedded in the
TL-I. On the contrary, the TL-II gives rise to very different
Raman features (Figure 4F): in particular, the two broad compo-
nents related to the amorphous carbon (a-C) accumulation are
predominant while the other two narrow ones are almost
completely knocked down, confirming that the core—shell NPs
were not produced during the sliding. Moreover, the intensity
ratio of D and G broad peaks is higher on TL-I (ID/IG = 0.8) with
respect to TL-II (ID/IG = 0.5). These results clearly indicate that
in humid air, the use of Gr-NDs results in the formation of a TL
rich in core—shell structures, and it is a first indication of a larger
presence of sp® graphitic domains in TL-I.

To elucidate the role of the core—shell arrangement in humid
conditions and for disentangling the contribution of the nano-
structures within the TLs, a complete TEM analysis was per-
formed. The TEM lamellae were extracted from the steel
counterface by FIB milling following the preparation method
depicted in Figure 5 and described in paragraph 2.6.

Figure 6 shows HRTEM characterization of both TL-I and
TL-II. Panel A presents a portion of the lamella extracted from
TL-I, showing a thickness of 85 nm (see Figure S3, Supporting
Information). Panel B is a zoom inside TL-I highlighting the
presence of diamond-structured nuclei and, in some areas, even
the graphitic planes. Panels C and D refer to a portion of lamella
from TL-II. Here, TL thickness varies from 45 up to 80 nm.
These variations might reflect the intrinsic nonuniformity of
the TLs within the contact area. However, analysis of extended
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Figure 3. DLC functionalization through carbon-based nanostructures and related tribological behavior in humid air and dry nitrogen. A) Not-to-scale
scheme diagram of tribological test performed on DLC substrate functionalized using three different strategies: GFs + NDs (orange box), CNOs (pink
box), and Gr-NDs (green box). The pin counterpart is depicted as a spherical steel ball. B, C) CoF as a function of sliding time for DLC functionalized with
different carbon nanostructures presented in (A), tested in humid air (RH 50%-60%) and in dry nitrogen (RH 15%) atmosphere, respectively. Different
colors indicate different functionalization strategies, while pristine DLC behavior is shown in black (black lines): GFs + NDs (orange lines), CNOs (pink
lines), and Gr-NDs (green lines). Tests were performed using a ball-on-disk tribometer under 1 N load, at room temperature.

low-magnification images of the lamellae (see Figure S3,
Supporting Information), indicate that the thickness of the
TL-I is more uniform than that of the TL-II, possibly reflecting
the different influence of the steel surface erosion phenomena in
the two systems. The diamond-structured nuclei are still visible,
while graphitic planes are more challenging to identify.

The elemental composition of the TLs was obtained by EELS
performed in STEM from rectangular regions inside the layers.
The extended EELS spectra in the range 240-750 eV (see Figure
S4, Supporting Information) show traces of iron and chromium
which reasonably result from the steel counterpart erosion in
addition to the carbon and oxygen main structures. To get insight
into the carbon nanostructures’ configuration that compose the
TLs, a detailed EELS analysis was performed on the C-K edge
(Figure 7). The representative spectra for TL-I and TL-II were
obtained by averaging the EELS signal from an area ~50 nm
by 50nm wide. The information extracted from this analysis
relates to the excited state electronic structure, bonding, and
the orbital hybridization of the specimen, thus providing con-
crete help in deciphering the different degree of sp® and sp’
carbon-based orbitals within the TLs. The carbon sp® content

Small Struct. 2025, 2500236 2500236 (5 of 13)

can be quantified from the ratio of the integrated intensity of
the n* peak at 285eV with respect to the whole spectrum.
The sp? fraction was calculated according to,*® and is quantified
as follows for three reference samples and the two TLs
(Figure 7A): 100% for CNOs, 46% for Gr-NDs, 35% for NDs,
49% for TL-1, and 65% for TL-II. We have used an asymmetric
shape for the n* peak, and the ratio was calculated in the inte-
grated range 282-305 eV, to avoid the effect of multiple scatter-
ing at higher energy, which cannot be completely removed by
deconvolution with a low-loss spectrum. We used the C-K spec-
trum from CNOs as a reference for 100% sp?, because of the very
close result compared to crystalline graphite (within the error of
the fitting procedure). Moreover, since the particles are oriented
in all directions, there is no need to use magic angle conditions
for EELS acquisition.””) An error of 4% has to be considered in
these estimations.

The fine structures of the C-K edge were also exploited to dis-
tinguish the different carbon allotropes within the two TLs of
interest and are reported in Figure 7B and C. Assuming that
NPs utilized for functionalization are present in the TL as
indicated by Raman analysis, EELS signals from both pristine
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Figure 4. DLC functionalized substrate of interest; not-to-scale scheme diagram of DLC substrates functionalized using A) Gr-NDs and B) GFs + NDs
slid against steel counterparts in a humid environment. Optical images of the contact regions, size 1 x 1 mm?. C) Optical image of the wear scar on the
steel ball counterpart after sliding on DLC functionalized with Gr-NDs in humid air, scale bar: 250 pm. D) Corresponding Raman spectrum of the TL-I. TL-I
exhibits narrower D and G bands and a higher I/l ratio (0.8), suggesting the presence of nanocrystalline graphitic shells and a more ordered sp? carbon
structure. E) Optical image of the wear scar on the steel ball counterpart after sliding on DLC functionalized with GF+NDs, scale bar: 250 pm. F) Raman
spectrum of the corresponding TL-Il shows broader, less defined D and G bands, and a lower Ip/I ratio (0.5), consistent with a disordered or amorphous
sp? carbon phase. These spectral differences correlate with the observed tribological behavior (see Figure 3B), highlighting the structural robustness of
the Gr-ND-derived TL in humid environments. In all cases, the phonon confinement model®! gives a good fit (light green lines) to experimental data

(blue circles).

FIB
lift-out

Figure 5. Preparation method of TEM lamella samples by FIB lift-out tech-
nique. The process entails the deposition of a protective Pt-C strip at the
center of the area of interest. A) Milling of two opposite trenches to obtain
a slab, B) which is attached by FIB deposition to the tip of a micromanip-
ulator, cut free, and lifted-out to be attached onto a TEM grid. The end of
the slab is finally thinned down by FIB milling and becomes an ultrathin
lamella C) ready for TEM analysis.

Gr-NDs and NDs were used as references together with a refer-
ence for amorphous carbon (a-C) taken from the holey support
film of the TEM grid (see Figure S5, Supporting Information).
Figure 7B and C show the results of the fit of the pristine
NPs references and the a-C reference to the TLs. The two TLs
are well described by the presence of an amorphous network plus

Small Struct. 2025, 2500236 2500236 (6 of 13)

a contribution corresponding to Gr-NDs on TL-I and a contribu-
tion from NDs on TL-II. The amorphous network is more evident
in the case of TL-II. Regarding the n* peak region at 285¢eV, a
single peak is clearly visible in the case of TL-II, whereas in the
case of TL-I, new features appears between the n* peak—still vis-
ible as the first step in the spectra at 285 eV—and the rise of o*
states, marked Dby the second step at 290 eV. In agreement with
recent literature, these features can be attributed to the bonding
of various oxygen-containing functional groups. Indeed, within
the energy range of 285 to 289 eV, different energy-loss near edge
structure (ELNES) features have been identified and assigned in
order of increasing energy to specific oxygen functional groups,
such as C—OH in hydroxyl groups, C—O in epoxides and ether
groups, C=0 in carbonyl groups, and O—C—OH in carboxyl
groups.P¥** Therefore, the O-K edge was analyzed in detail,
and interestingly, new features were also identified in TL-I within
the energy range of 530 to 540 eV. These features are typically
attributed to the same functional groups identified in the C-K
edge, namely O=C carbonyl groups at 533.6 eV, C—O—C bonds
in epoxy groups at 534.9eV, C—O—C bonds in ether groups
at 536.2eV, and O—H bonds in hydroxyl groups at
538.5eV.*5*" The spectra shown in Figure 8A-D confirm
the increase in oxygen functional groups in TL-I compared to
TL-II, particularly the presence of C—O—C (epoxy and ether)
groups. Furthermore, the analysis of extended EELS spectra
(see Figure S4, Supporting Information) enables the evaluation
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Figure 6. HRTEM images from the cross-sectional sample of TL- and TL-Il. A—C) 310 k x magpnification, showing the full interface with the steel substrate
of the ball, the TL, and the protective capping layer (a-C and Pt deposition) for FIB cutting and lift-out. B-D) 820 k x magnification, showing ND domain
with lattice fringes corresponding to (111) and (110) diamond planes (dashed white lines). In panel B, remnants of graphitic shells surrounding the ND
core as well as fragments embedded in the TL are visible and emphasized by dashed green lines.

of the O/C fraction in both TLs, measured at 0.22 + 0.04 for TL-I
and 0.10 + 0.02 for TL-II. In these estimations, we have excluded
the oxygen fraction arising from a possible oxidation of Fe and Cr
due to the very low presence of these metallic species compared
to the carbon component.

The presence of oxygen in the contact region was further
verified by SEM-EDS measurements, as reported in detail
in Figures S6 and S7,Supporting Information. The Fe signal
was distributed uniformly over the beads’ surface, being
masked only by some thick carbon debris particles outside
the contact area. Indeed, the carbon signal was also visible
within the contact region and highlighted the formation of
the TLs. Interestingly, the oxygen signal was particularly
localized in the contact area, being superimposed to the C
signal from the TLs. No oxygen signal was found in correspon-
dence to the thick carbon debris, which indicates that oxygen-
containing functional groups mostly formed under the action of
contact pressure and sliding friction, and they ultimately
localized on the TLs. A schematic representation of the struc-
tures directly involved in the mechanism responsible for
reducing friction is shown in Figure 8E and F for TL-I and
TL-II, respectively.

Small Struct. 2025, 2500236 2500236 (7 of 13)

3. Discussion

The tribological results presented here demonstrate the overall
effectiveness of the single-step functionalization by Gr-NDs
(Table 1 and 2). Their use significantly enhances the perfor-
mance of the industrial DLC coating under both humid (RH
50%-60%) and dry (RH 15%) environments.

Unlike functionalization with the physical mixture of GFs and
NDs (GFs + NDs), which requires dry conditions to effectively
form the nanoscroll-type structures, the preformed core—shell
structure of Gr-NDs ensures ultralow friction even for a relevant
value of RH. This behavior depends on the peculiar characteris-
tics of the TL that forms in the contact area. In fact, it is now
widely recognized that the tribological performances of a
metal-DLC sliding contact are dictated by the TL forming on
the metal counterpart.*>>% For this reason, a comprehensive
analysis of the two TLs formed in humid air—namely that result-
ing from Gr-NDs functionalization (TL-I) and that involving
GFs + NDs functionalization (TL-II)—has been presented. The
HRTEM images clearly reveal diamond-type nuclei embedded
in both the TLs. However, traces of graphitic planes have been
identified exclusively in TL-I (Figure 6B, green lines). Directly
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Figure 7. Comparison of the ELNES of C-K edges from the carbon nanostructures and the two TLs discussed in this work. A) Results of quantification of
sp? fraction for the pristine materials and the different TLs. The CNO sample is used as a reference for full sp® carbon. The dotted orange lines mark the
position of the diamond sp® features. B, C) ELNES of C-K edges from the two TLs; both samples reveal more pronounced sp? features with respect to the
pristine materials. The increased sp? fraction is well described by the spectrum from a-C, and more evident in the case of TL-II (C) with respect to TL-I (B).
The a-C reference spectrum gave a sp” fraction of 88%. The region of the MLLS fit is indicated by the shaded blue area.

resolving the graphitic planes of core-shell NPs presents a sig-
nificant challenge due to the combined effects of TEM lamella
thickness relative to particle size and the random orientation
of NPs within the lamella. In fact, initial experimental studies
identified these structures in the wear debris rather than in
the TL itself.*>*"% More recent papers presented HRTEM
images in which planes of 2D structures are identified in the
lamella, though they typically appear as tiny traces within an
amorphous matrix.'**>%¢! To overcome these difficulties, we
combined HRTEM images with Raman analysis. The Raman
analysis shown in Figure 4D and F strongly confirms the pres-
ence of Gr-NDs within TL-I, as the spectra retained the original
specific features of the Gr-NDs core—shell structure. In contrast,
Raman spectra from TL-II, which did not contribute to friction
reduction as effectively, exhibited a more amorphous carbon-like
structure. This evidence confirms that NPs with core-shell mor-
phology are embedded in TL-I and pivotal to achieving ultralow
friction conditions in metal-DLC contacts. Moreover, the
Gr-NDs used in this work for the first time prove to be an excel-
lent solution across a wide range of environmental and contact
conditions. Similar nanostructures obtained by mixing GFs and

Small Struct. 2025, 2500236 2500236 (8 of 13)

NDs in solution!*®! have proven effective only on ultraflat model
surfaces, in low humidity environments (RH =10%), and for
contact pressures 2 or 3 times lower than those used in our
experiments. The distinctive characteristics of TL-I and TL-II
have been further explored by a detailed TEM-EELS analysis.
A comparison of the n* peak on the C-K edge quantifies the rela-
tive sp” content, which is higher in TL-II (65%) compared to TL-I
(49%) (Figure 7A). However, it is important to emphasize that
the sp” relative content includes contributions from both gra-
phitic shells and a-C. By extending the fitting procedure to the
entire line shape, the amorphous fraction has also been assessed
(Figure 7B and C). Although not fully quantitative, this approach
suggests that TL-II contains a significantly larger amorphous
component than TL-1. Therefore, we conclude that the sp* com-
ponent in TL-I is still largely attributed to the presence of gra-
phitic shells. This finding highlights that the superior friction
reduction performance is not solely related to the sp* content,
but also to its structural quality. Specifically, the presence of gra-
phitic shells appears to be a key factor in achieving ultralow fric-
tion conditions,”* whereas the sp® component in amorphous
carbon does not provide the same lubricating effect. This is in

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

B5U017 SUOWIWOD SAIES.ID d|geal|dde 3y Aq pausenob afe safo1Le YO ‘38N JO 3| 10J Aeiq 1 8UIUO AB]IA UO (SUO 3PUOD-PUE-SULLBIW0D A8 | 1M Afeuq] 18U UO//:SdNY) SLORIPUOD PUe SWS L 3U) 835 *[GZ02/L0/70] uo ARiqiautiuo A1 ‘AiseAiun Aid uliana A 9€2005¢02 11S/200T 0T/10pALI0d"A3| ImAzelq 1ol |UO//:SAY WOl papeo|umod ‘0 ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

== C-OH hydroxyl
== C-O-C epoxy/ether

== C=0 carbonyl
== O=C-OH carboxyl

== 0O=C carbonyl
== C-O-C epoxy

www.small-structures.com

C-O-C ether
== HO-C hydroxyl

A Cc

o o o

TL-NI

S e EEE PR EEE T

PR SRS SRSyt SRR SRS SRS
" SO QYN SN ———

T
I
L}
[}
L}
[}
1
}
L}
I
|
I
L}
1
1
1
L}
1
_———
I
1
1
I
1
I
I
1
I
I
L}
1
L}
L}
[}
[}
[}
|
-

1
[}
[}
[}
}
}
]
}
}
]
-

e e e e J

SO = =
L/ // §T§\ Graphitic
@gi\\\\@ )</® SF

280.0 282.5 285.0 287.5 290.0 292.5 295.0
Energy-Loss (eV)

530.0 532.5 535.0 537.5 540.0 542.5
Energy-Loss (eV)

Figure 8. Identified ELNES features of C-K and O-K edges and not-to-scale schematic representation of the two TLs presented in this work.
A, B) Comparison of ELNES features of C-K edges from TL-I and TL-ll reveals an increase of C—OH (hydroxyl) and C—O—C (epoxy and ether) functional
groups in TL-1 compared to TL-Il. C, D) Comparison of ELNES features of O-K edges from TL-I and TL-II shows the rise of C—O—C (epoxy and ether)
functional groups in TL-| compared to TL-Il. The average ratio of oxygen with respect to carbon is lower in the case of TL-Il. TL-| presents a filling of the
valley between the first peak and the second peak, which resembles the feature in the ELNES from C-K. E-F) Schematic representation of both TLs
resulting after sliding including all the structures embedded in, namely a-C, Gr-NDs, and NDs. The amorphous component is present in both layers
but is less abundant in TL-I. Gr-ND and ND are selectively incorporated into TL-| and TL-II, respectively. Graphitic shells are present only in TL-I likely

caused by their detachment from respective nuclei.

Table 1. Collection of CoF values, measured in dry condition, extracted
from the works indicated in the last column (Ref.). The first column
briefly indicates the materials in contact (sliding interface), on the left
the substrate and on the right, separated by the short horizontal line,
the counterpart. The last row shows parameters and results related to
our experiment.

Table 2. Collection of CoF values, measured in humid condition, extracted
from the works indicated in the last column (Ref.). The first column briefly
indicates the materials in contact (sliding interface), on the left the
substrate and on the right, separated by the short horizontal line, the
counterpart. The last row shows parameters and results related to our
experiment.

Sliding Functionalization Environment Roughness  CoF Ref.
Interface

Si-DLC GFs + NDs Dry N, 0.02 ym 0.004 [22]
Si-DLC MoS; + NDs Dry N, 0.02 ym 0.005 [23]
Si-DLC GFs + FeNP Dry N, 0.02 um 0.009 [24]
Si/DLC-Steel GFs + NDs RH 10%  0.02pm 0024  [l§]
Si/DLC-Steel h-BN + NDs Dry N, 0.0015  [26]
Si/DLC-Steel h-BN + NDs Dry N, 0001  [27]
Industrial GFs + NDs Dry N 0.5pum 0.07 [28]
DLC-Steel (RH 15%)

Industrial Gr-NDs Dry N, 0.5 pm 0.07 This
DLC-Steel (RH 15%) study

agreement with current models!*>>* that actually explain the
self-lubricating effect of DLC coatings with the formation of a
graphitic-type TL on the counterpart (in particular on a metallic

Small Struct. 2025, 2500236 2500236 (9 of 13)

Sliding interface  Functionalization Environment Roughness CoF Ref.

Si-DLC GFs + NDs RH 30% 0.02 pm 0.2 [22]

Si/DLC-Steel Carbon NP + RH 50%  0.002pm  0.01 [25]
h-BN nanosheet

Industrial GFs + NDs RH 50% 0.5 um 0.2 [28]

DLC-Steel

Industrial Gr-NDs RH 50% 0.5pum  0.09 This study

DLC-Steel

counterbody). It follows that this effect should be naturally
emphasized by functionalization with CNOs, i.e, NPs with a
complete sp® character. On the contrary, our tribological results
(Figure 3B and C) indicate that NPs with a reduced sp” content
(~49%), in the form of closed shells wrapped around diamond-
type cores, give better results both in humid air and dry
N,. Berman et al.”**! already observed that the DLC-steel contact
functionalized by “stiff” CNOs, i.e., onion-like structures of 15-20
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graphitic layers formed in operando via tribochemical reactions,
performed better than with “soft” CNOs (i.e., onion-like struc-
tures with 5-7 layers thick walls). In other words, in order to
obtain ultralow friction, carbon-based lubricating nanoscrolls
must possess two concurrent features. On one hand, sufficient
hardness to withstand the high contact pressure and, on the
other hand, a relatively soft structure exposed to contact with
self-lubricating characteristics. These are essentially two main
characteristics displayed by the Gr-NDs nanostructures used
in this work. Finally, the detailed EELS analysis of both the car-
bon and oxygen K-edge spectra (Figure 8) provides deeper insight
into the tribochemical processes influencing TL formation
and stability. In particular, the carbon K-edge analysis of TL-I
(Figure 8A) reveals an alteration in the n* peak shape compared
to the original Gr-NDs (Figure 8B), characterized by a reduction
in intensity and a slight shift toward higher energies. This alter-
ation is not observed in TL-II (Figure 8B) and can reasonably be
attributed to oxidative processes affecting the graphitic shells,
specifically the formation of oxygen-containing functional
groups such as C—OH (hydroxyl) and C—O—C (epoxy and ether)
groups, appearing at 286.0 eV and 286.6 eV, respectively. This
assumption is further supported by the analysis of the oxygen
K-edge (Figure 8C), which reveals the emergence of new contri-
butions in TL-I, compared to TL-II, at 534.9 and 536.2 eV, indic-
ative of the presence of C—O—C (epoxy and ether) groups.***4
These observations suggest that the tribolayer generated by Gr-
NDs exhibits localized graphitic domains that are chemically
active under tribological stress. These regions undergo selective
oxidation, leading to the formation of oxygen-containing groups
that support water-mediated lubrication. The ability of Gr-NDs
to maintain ultralow friction in humid air can be attributed
to the unique chemical and structural characteristics of their
graphitic shell. The presence of oxygen-containing groups
(e.g., C—O—C and C—OH), as confirmed by EELS, promotes
the adsorption of water molecules via hydrogen bonding. This
leads to the formation of a stable, hydrated boundary layer that
facilitates lubrication. Unlike amorphous carbon films, the gra-
phitic shell of Gr-NDs remains structurally ordered and does not
degrade in the presence of moisture, enabling a robust TL even at
moderate RH (50%—-60%). In contrast, TL-II shows a lower
oxygen content, with a prevalence of C=0 (carbonyl) groups, sug-
gesting that oxidation primarily affects the amorphous carbon
regions in the absence of pre-existing graphitic shells. These
differences are visually summarized in the schematic represen-
tations in Figure 8E and F, where TL-1 is depicted as a structured
network of Gr-NDs and graphitic shells, while TL-II consists
mainly of amorphous carbon and dispersed NDs. This compari-
son reinforces the idea that both the structural integrity of the
core—shell NPs and their tribochemical evolution play a crucial
role in achieving ultralow friction. The formation of these
oxygen-containing functional groups may enhance lubrication
by modifying interfacial interactions and improving tribochemical
stability. For instance, in partially hydrogenated DLC (H content
18%) a lower CoF was measured in an oxidizing atmosphere
(air or oxygen) with respect to that measured in dry atmosphere."*
Moreover, oxygen-containing functional groups can improve com-
patibility with humid environments by promoting interfacial water
lubrication effects.****8 Under steady state conditions, oxygen-
rich, hydrophilic carbonaceous TLs may in fact help to stabilize
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along the sliding interface a network of physisorbed water mole-
cules supplied from the gas phase. These in turn may act as a
molecular boundary lubrication film. Lubrication by physisorbed
water was suggested to effectively operate up to 1 GPa contact pres-
sure for both graphitic and DLC-based TLs,”®in fact providing a
slightly higher COF (x0.10-0.15) than that measured for the Gr-
NDs case (=0.09, Figure 2B).

4, Conclusion

This study demonstrates that functionalizing industrial, microm-
eter rough DLC coatings with Gr-NDs enables ultralow friction
(CoF < 0.1) and a significant reduction in wear losses in both
humid (RH 50%-60%) and dry (RH 15%) environments.
Unlike previous methods relying on in situ nanoscroll formation,
Gr-NDs provide a stable core—shell structure that enhances tribo-
logical performance without requiring controlled conditions. The
formation of graphitic structures exclusively within TL-I (i.e., TL
resulting from Gr-NDs functionalization) is the key factor in
achieving a substantial reduction in the CoF. The presence
of well-organized sp® domains in the TL, as confirmed by
Raman and HRTEM analysis, enables the formation of a lubri-
cating interface that remains effective even under standard
humidity conditions. This structural feature, absent in TL-II
(involving GFs + NDs functionalization), highlights the critical
role of preformed graphitic shells in stabilizing the tribological
response of DLC coatings. Furthermore, the detailed EELS anal-
ysis underscores the influence of oxidation and the water layer in
enhancing lubrication. The presence of oxygen-containing func-
tional groups, particularly C—O—C and C—OH, in TL-I suggests
a tribochemical evolution of the graphitic shells, promoting a
hydrophilic interface capable of retaining a molecular water layer.
This hydration-assisted mechanism provides an additional lubri-
cation pathway, preventing adhesion and wear, and explaining
the superior performance of Gr-NDs compared to conventional
functionalization approaches. The proposed approach offers a
scalable and environmentally friendly solution for reducing fric-
tion and wear in DLC coatings, and in particular, it allows to over-
come the operating limit of partially hydrogenated DLC films in
humid environments. Its simplicity and effectiveness make it
particularly attractive for industrial applications, including auto-
motive components, aerospace systems, and mechanical devices.
Possible future developments include optimizing the Gr-ND syn-
thesis process or integrating other nanomaterials to further
improve performance. Nevertheless, testing and validation of
this approach under high humidity (>70% RH) remains the
main challenge. In this regime the tribological behavior of
carbon-based systems is still an open and complex problem
because additional interfacial mechanisms—such as capillary
condensation, galvanic corrosion, and humidity-driven tribo-
chemistry of carbon species—may significantly affect TL stability
and interfacial shear dynamics.

5. Experimental Section
DLC Substrates: The DLC coatings were deposited on a disc-shaped

metal substrate (diameter 45 mm) via industrial processes (STS Group,
Italy) according to a specific multilayer architecture developed to optimize
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tribological properties and resistance to corrosion. Briefly, the samples
were composed of aluminum alloy (AISi10Mg) metallic disks and different
functional layers grown between metallic substrate and the final DLC film,
respectively: 25 pm thickness of electroless nickel phosphorus plating, and
a 2pm thickness of chromium-based buffer layer. The DLC coating,
deposited through PA-CVD at a temperature of 250 °C, resulted in a hydro-
genated amorphous carbon coating (a-C:H%=~23) with a typical thickness
of 2.5 um and hardness of 2600 Hv according to the manufacturer spec-
ifications. The surface morphology was investigated by atomic force
microscopy (AFM) (see Figure S8, Supporting Information). The surface
roughness was Sq = 0.50 & 0.05 pm according to the procedure previously
developed by the authors.?%>%¢0

CNMs and Deposition Techniques: NDs: Pristine NDs with an average
particle size of 4-6 nm were purchased from Carbodeon Ltd. and used as
received. Gr-NDs: Gr-NDs were synthesized by thermal annealing of pris-
tine NDs using a similar procedure to that of CNOs. Briefly, 400 mg of
NDs were placed in a graphitic crucible and annealed under helium, with
the final temperature set to 1300°C and held for 60 min. The process
yielded ~350 mg of Gr-NDs. CNOs: Pristine CNOs, measuring 67 nm
in diameter with 6-8 concentric shells, were synthesized by thermally
annealing of NDs, following a previously reported procedure!®'! and a pat-
ented protocol (Figure 1A, right).[? Briefly, 1.1 g of NDs were placed in a
graphitic crucible and annealed in a GSL-1750X-S60 tube furnace under a
helium atmosphere. The process involved successive heating ramps until
1650 °C, a 60-minute dwell at the final temperature, and controlled cooling
to RT. This yielded ~750 mg of pristine CNOs. All the carbon nanostruc-
tures were stored in isopropanol suspension; just before the deposition
they were sonicated for 45 min to break up relatively large agglomerates
naturally formed in the stationery suspension. In detail, a small volume
(70 uL) of the carbon nanostructures’ suspension (1 mgmL™") was con-
secutively deposited on the substrates of interest for a total volume of
~0.42 mL resulting in 0.420 mg of carbon nanostructures per 15 cm?.
The samples were then dried under nitrogen flow to ensure complete sol-
vent removal. GFs: GFs were purchased by Graphene Laboratories Inc.
(Calverton NY) as a colloidal alcohol solution with a final concentration
of 1 mgL™". The colloidal solution contains mainly single-layer GFs with
an estimated size between 0.5 and 2 pm, suspended in ethanol. The depo-
sition over the DLC coating was performed by the drop-casting technique:
in detail, a small volume (70 puL) of the colloidal solution was consecutively
deposited on the DLC substrate, for a total volume of ~1 mL, promoting
the ethyl alcohol evaporation after each drop deposition under a gentle
nitrogen flow.

Material Characterizations: TGA: TGA measurements were conducted
with a TA Q500 analyzer, using a platinum pan sample holder. After equili-
brating the sample at 100 °C for 20 min, measurements were carried out
under air flow (20 mLmin~") at a 10°C min~" heating rate up to 800 °C.
XRD: XRD measurements were performed with a PANalytical Empyrean
instrument (Cu Ka radiation source) using a zero-diffraction Si substrate.
HighScore 4.5 dedicated software was used for data analysis. HRTEM:
TEM images taken with a parallel beam (HRTEM), annular dark-field scan-
ning TEM (ADF-STEM) together with spatially resolved EELS were per-
formed on a ThermoFisher Scientific Talos 200S microscope, operated
at 200 kV and equipped with a postcolumn spectrometer (Gatan Inc.).

Tribological Characterizations: Ball-on-Disc Tribometer: Tribological tests
were carried out using a CSM ball-on-disk tribometer. The instrument con-
sisted of a rotatable sample holder, where the sample disk was secured,
and an upper arm that applied an external load through a dead mass.
A 100Cr6 steel sphere with a 4 mm diameter was used as the counterpart,
simulating a typical industrial tribological contact between DLC and stain-
less steel. The system operated within a sealed chamber equipped with a
venting orifice and a gas line, allowing a constant nitrogen (N;) flow. The
tests were performed at a fixed linear velocity of 10cms ™' for 1800,
which corresponded to about 180 m of sliding distance. The duration
of the tribological tests was set to capture the full transition from run-
in to steady-state friction and assess the stability of the TL formation.
Multiple tests were conducted on the same sample by varying the contact
position on the disk (track radius). The applied load was set to TN,
generating a maximum Hertzian contact pressure of ~0.8 GPa. Due to
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the pronounced surface roughness of the DLC coating, the actual contact
pressure was expected to be at least an order of magnitude higher (see
Supplementary Information, Contact pressure at the steel-DLC contact).
This elevated pressure exceeds the elastic limit, ultimately leading to the
significant surface wear of the steel balls. Before applying the test load, a
counterweight system ensured a zero-load condition, and this zeroing pro-
cedure was repeated for each measurement. The chamber included a ther-
mometer and a hygrometer to monitor environmental conditions during
testing. Each test was conducted under two different sliding conditions:
standard humidity conditions, referring to ambient air with a relative
humidity (RH) of 50%—-60%, and dry N, characterized by a RH of 15%
and reduced atmospheric oxygen. The latter condition was achieved by
introducing high-purity N, into the chamber. Throughout all tribological
tests, experimental parameters were maintained constant to ensure repro-
ducible and comparable results. Wear analysis: The wear scars on the steel
balls were analyzed based on the removed volume, calculated using top-
view optical microscopy images (Olympus BX51M, 10x magnification).
The wear scars were approximated as circular areas with an area A=z r*,
and the worn volume was modeled as a spherical cap with base A and
height h. The cap height h was determined using the relation:
h=R—(R*~A)"? and V pai=7z h* (R— h/r) where R=2mm and
r= (A/m) %, Raman Spectroscopy: Raman spectra were acquired using a
LabRAM HR Evolution (Horiba) operating at a wavelength of 532 nm.
To prevent surface damage, the laser power was carefully adjusted
between 1 and 5 mW. Measurements were performed using a 100x mag-
nification objective and a 600 g mm ™" diffraction grating. These precau-
tions ensured that no visible surface damage or spectral shape
alterations occurred during the measurements. Spectra were recorded
in the range of 500-3500 cm ™. Focused lon Beam (FIB) lamella prepara-
tion: To investigate the contact region of the steel counterpart by TEM, we
prepared cross-sectional views of the samples (ultrathin lamellae) with FIB
milling, performed on a Dual Beam FIB-SEM system (FEI DB Strata 235M)
using the lift-out technique. At the center of the 100Cr6 steel sphere, a
protective Pt—C strip was first deposited by the electron beam to prevent
any ion damage to the surface, followed by ion beam deposition to thicken
the layer. A slab of material, ~5 pm deep, was obtained below the Pt-C
strip by milling two opposite trenches, and the slab was FIB cut at the
bottom and on one side. The tip of a micromanipulator was