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Abstract

Two-dimensional (2D) layered materials such as transition metal dichalcogenides (e.g., MoS,,
WS,) and MXenes (e.g., TizCoTx), as well as hybrids of these materials are the focus of current
research in solid lubrication due to their outstanding performance. Transition metal carbo-
chalcogenides (TMCCs), consisting of an MXene core and a TMD-like surface, represent an
inherent combination of TMDs and MXenes without the need to construct hybrids out of the
individual layers. Due to their layered structure and surface chemistry, favorable tribological
properties can be expected from these novel materials. Here, multilayer Ta>S>C and Nb2S>C
TMCC:s are deposited solely as a powder onto a steel substrate and their tribological properties
under linear sliding against different counterbodies, i.e., Al,O3;, SiC, 100Cr6, and
polytetrafluoroethylene (PTFE) are discussed. Advanced materials characterization techniques
are used to detect the presence of TMCCs inside the wear tracks and to reveal their 2D structure
within the tribofilm. Finally, density functional theory (DFT) simulations are used to unravel
the easy shearability of TMCCs at the nanoscale. The results demonstrate the great potential of
this new 2D material family, which also offers many possibilities for defined tuning of the

solid-solid interface.

Keywords: Friction; Wear; 2D layered materials; Transition Metal Carbo-Chalcogenides
(TMCCs); Solid Lubrication.

1. Introduction
Many technological advances are only possible through the discovery of new and advanced
materials. An example is the transition to clean energy, which is fueled by applied material
science, making it possible to further reduce the cost of electricity from solar and wind or
improve the efficiency of electric vehicles.! A possibility to save energy is often overlooked,
which is to reduce friction and wear. However, the amount of energy wasted by friction and
wear is excessive. This inspires the search for new lubricating materials, which demonstrate
lower friction, protect the surfaces more from wear, and are stable over a wide range of
conditions. Problems associated with the disposal of liquid lubricants and their limited thermal
and chemical stability favor solid lubricating materials for example in space applications.>
Two-dimensional (2D) materials with layered structures have been the focus of research as
solid lubricant materials due to their exceptional mechanical, physical, and chemical

properties.*”” These properties stem from their unique structure, where the atoms within a layer
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(in-plane atoms) are held together by a mixture of ionic and/or covalent bonds, providing high
strength. Meanwhile, adjacent out-of-plane layers are weakly bonded, interacting mainly
through van der Waals (vdW) forces. This configuration results in atomic planes with a high
strength yet can easily shear over each other. Nanosheets can exhibit very low friction (i.e.,
superlubricity with a coefficient of friction lower than 0.01), provided adequate operation

8 Due to their advantages in terms of vacuum and temperature stability,

conditions.
contamination resistance, and low friction, solid lubricants such as MoS> or WS; (Dicronite®)
are the lubricating materials of choice for many space applications (e.g., Mars Rover, James
Webb Space Telescope).!” However, challenges remain, such as their short wear life and the
dependence of their tribological performance on the environmental conditions.* For instance,
MoS; produces very low friction in vacuum or inert gas but reacts with humidity and oxygen
in air to form MoO3, thereby losing its exceptional tribological performance.!! A possibility to
further improve the properties of 2D materials and to unlock synergistic effects is to stack
different 2D materials into vdW heterostructures or nanocomposites.'> Numerous examples
demonstrate that the friction and wear performance of 2D heterostructures and nanocomposites
is greatly improved compared to their individual components. These include
graphene/transition metal  dichalcogenide (TMD) heterostructures,'> TMD/TMD
heterostructures, e.g., MoS2/MoSe,"* or TizC2T»/MoS, nanocomposites.'*!> Often, even
superlubricity is achieved in these systems due to the intrinsic lattice mismatch between two
different 2D materials, rendering the systems naturally incommensurate. '

MXenes, which are layered transition metal carbides, nitrides, or carbonitrides first synthesized
in 2011,'® represent an extensive family of 2D materials. Their properties can be tuned by
leveraging their significant structural and chemical versatility.!” Their tunability has sparked

interest in the tribological community,'s!”

and experimental testing has demonstrated very
interesting performance, specifically in terms of outstanding wear life compared to MoS: or
even WS,.2%! Additionally, under the right conditions even superlubric regimes can be
achieved.’>? Nevertheless, the issue with environmental sensitivity remains a challenge.?*
Utilizing the aforementioned heterostructures or nanocomposites might be a viable option to
expand the parameter space for sustaining effective lubrication. Indeed, combinations of
MXenes i.e., Ti3C.Ty with MoS: ! or MoSe, ?° have proven to provide very low friction (even
in the superlubric range between 0.007-0.01). In recent years, considerable effort has been
devoted to understanding and designing interfaces involving TMDs and MXenes.

On the other hand, the tribological community completely overlooked a family of new 2D

materials, which can be considered an inherent and exciting combination of MXenes and
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TMDs, so called transition metal carbo-chalcogenides (TMCCs).?® Although the synthesis of
many TMCCs in bulk 3D-form such as Ta,S>C and Nb,S,C had already been achieved in the

27.28 it is only thanks to the successful exfoliation of TMCCs into single layers

past century,
achieved by some of the authors,?¢ that this family of 2D materials has definitely gained the
attention of the scientific community, especially in the fields of electrochemical energy
conversion and storage.?’ However, we could not find any extensive report on their usage as
solid lubricants in the literature. To date, there is only one study investigating the tribological
properties of Ta»S>C and (Ta, Nb)>S,C transition metal carbo-chalcogenides.’® In their 1998
work,*® Wally and Ueki reported promising tribological properties of bulk carbosulfides, but
the research did not continue, and the family of 2D materials remained unexplored until today.
Compared to heterostructures, TMCCs have the advantage that the solid/solid interface can be
engineered in a very controlled fashion, they can be considered as an interface-free hybrid of
TMD and MXene. The intriguing combination of a MXene core and a TMD surface might give
important insights into the role of mechanical stability provided by the layer core, and the
chemical composition of the surface determining environmental stability, reactivity, and
interlayer binding, all of which affect tribological behavior.

Herein, we describe the tribological properties of multilayer Ta;S>C and Nb2S:C TMCCs
deposited solely as powders onto 100Cr6 steel substrate, in linear reciprocating sliding against
different counterbody materials, i.e., Al2O3, SiC, 100Cr6, and polytetrafluoroethylene (PTFE).
Despite the simplicity of this first explorative approach, the presence of TMCC powders in the
contact area is sufficient in most cases to maintain a coefficient of friction (COF) lower than
0.2, which is considered a threshold for effective solid lubrication.’!*? The lubrication ability
of TMCC is traced back to the tribo-induced formation of a compacted patchy tribofilm, which
reduces the COF and prevents the substrate from wear. X-ray photoelectron spectroscopy
(XPS) and Auger-Meitner electron spectroscopy (AMES) highlighted the presence of TMCCs
inside the wear tracks. The 2D structure of TMCCs was detected inside the tribofilm by
transmission electron microscopy (TEM). Finally, density functional theory (DFT) simulations
were carried out to confirm the easy-to-shear ability of TMCCs, suggesting that their 2D

structure can accommodate shear between layers.

2. Materials and Methods
2.1. Synthesis and Characterization of TMCCs

4



Niobium carbo-sulfide (Nb2S>C) and tantalum carbo-sulfide (Ta>S>C) were obtained by solid-
state synthesis followed by chemical purification. Fe.Nb>S:C was synthesized using
commercial precursors of niobium (Nb, 99.8%, <45 um, Alfa Aesar), niobium carbide (NbC,
99%, < 10 um, Alfa Aesar), iron (II) sulfide (FeS, 99%, 60 — 200 um, STREM). Powders with
an atomic ratio of Nb: NbC: FeS = 1.0: 1.0: 1.5 were weighed inside an Argon (Ar)-filled
glovebox. Yttrium stabilized zirconia balls (10 balls, 5 mm each) were added to high density
polyethylene container as mixing media along with the powders. The container was sealed with
parafilm in the glovebox, then transferred outside the glovebox to a Turbula T2F mixer, where
it was mixed at ~56 rpm for 3 h. The mixed powders were returned to the glovebox and cold-
pressed under 300 bars into 1-inch pellets. These pelletized samples were then placed in an
alumina crucible inside a tube furnace and heated under a constant Ar flow at a rate of
10 °C/min to 1550 °C, where they were held for 30 min. The pellets were then allowed to cool
to room temperature. After cooling, the pellets were pulverized and sieved through a 325 mesh
(< 44 um). Nb,S>C was obtained by etching FexNb,S>C using aqueous hydrochloric acid (12 M
HCI) with a ratio of 20 ml HCIl for each 1 g of starting powder. The solution was heated to 30
°C using a hot plate for 48 h and mixed with the aid of a Teflon-coated magnetic stir bar. The
sample was washed with deionized (DI) water until near neutral pH was reached. Similarly,
FexTa;S2C was synthesized by mixing tantalum (Ta, 99.9%, < 150 um, Alfa Aesar), tantalum
carbide (TaC, 99.5%, < 44 um, Alfa Aesar), and iron (II) sulfide in a molar ratio of Ta: TaC:
FeS = 1.0: 1.0: 1.75. TaxS>C was obtained from Fe,Ta>S,C by mixing the ground sample (<
44 um) with 12 M HCl at 30 °C for 48 h followed by washing. After washing the sample with

DI water to a pH ~ 7, the dried sample was obtained by vacuum-assisted filtration.

The crystal structures of the investigated samples were analyzed using a Rigaku D/Max-2200
X-ray diffractometer with a Cu Ka source. Scans were performed with a 20 step size of 0.02 °
and a sweep rate of 1 °/min. Scanning electron microscope (SEM) images were obtained using
a Hitachi S-4800 microscope at an acceleration voltage of 3 kV, while images were processed
with an image processing software (ImagelJ). Chemical compositions were confirmed through
energy dispersive x-ray spectroscopy (EDS) analysis with an Oxford-Hitachi S-3400

microscope at an accelerating voltage of 30 kV.

2.3. Tribological Experiments:

Frictional testing of the TMCCs was conducted using a ball-on-disk tribometer (Rfec

Instruments, MFT-20004) in linear reciprocating sliding with a stroke length of 1 mm. As
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substrate material we used AISI 304 steel platelets with a size of 20 x 20 x 1 mm?, Young’s
modulus of 200 GPa, Poisson ratio of 0.29, and an initial roughness Sq of 0.18 um. Various
counterbody materials were employed (Al>O3, SiC, 100Cr6, and PTFE). All had a diameter of
6 mm, except for PTFE, which was 6.35 mm. The linear sliding velocity was set at 1 mm/s and
the normal force was 0.25 N. This load corresponds to Hertzian contact pressure of 0.45, 0.48,
0.40 and 0.012 GPa for Al,Os, SiC, 100Cr6 and PTFE. The temperature during the
measurements ranged between 19.5 and 24.8 °C, and the relative humidity between 23% and
46%. After mounting the sample in the tribometer, we deposited the synthesized TMCCs
powder onto the substrate using a spatula. Although this method does not ensure strong
adhesion to the substrate, it served as a useful test to evaluate the performance of the TMCCs
powder without employing more advanced deposition techniques. About 10 + 2 mg of powder
was spread over the steel substrate. Then, the counterbody was brought into contact with the
TMCC powder, ensuring visible transfer of the loose powder from the substrate to the
counterbody. Afterwards, the sliding tests started. Additionally, tests without powder addition
were run. The tribological experiments were repeated three times for statistical representation,
and the curves were used to calculate the corresponding mean values and standard deviations.
Linear reciprocating sliding tests were repeated using WS. and TisC.Tx MXene powders as
benchmark materials. We used the same tribological parameters as previously described (i.e.,
stroke length = 1 mm, sliding velocity = 1 mm/s, normal force = 0.25 N) with an Al.Os
counterbody, resulting in a Hertzian contact pressure of 0.45 GPa. Details about the
benchmarking materials (WS and Ti3C,Tx) are summarized in the Supporting Information,

according to Ref.3* and Ref**.

2.4. Surface characterization after wear:

All samples were imaged by confocal laser scanning microscopy (CLSM, Keyence VK-X1100)

before and after the friction tests.

The XPS measurements were carried out on a PHI Versa Probe I1I-spectrometer equipped with
a monochromatic Al-Ka X-ray source and a hemispherical analyser (acceptance angle: £20°).
Pass energies of 55 eV and step widths of 0.1 eV were used for XPS detail spectra (Excitation
energy: 1486.6 eV; Beam energy and spot size: 12.5 W onto 50 pum; Mean electron take-off
angle: 45° to sample surface normal; Base pressure: < 8x107!° mbar; Pressure during
measurements: < 1x10® mbar). Samples were mounted on double-sided polymer tape.

Electronic and ionic charge compensation was used for all measurements (automatized as
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provided by PHI). Surface cleaning was carried out using a gas cluster ion source (2.5kV,
10nA, 15min). Data analysis was performed using CASA XPS and Multipak software

35,36 and

packages, employing transmission corrections, Shirley/Tougaard backgrounds,
customised Wagner sensitivity factors.?” Deconvolution of spectra was carried out by using a
Voigtian line shape (LA(50)). The assignment of specific binding energies to chemical

38-40 Two

components and/or bonding environments was primarily done using Refs.
characteristic peaks were used to characterize Nb2S>C (in Nb 3ds. at 202.8 eV, assigned to S-
Nb-C bonding) and Ta2S>C (in Ta 4f7,> at 23.7 eV, assigned to S-Ta-C bonding), according to

Majed et al.?®

All Auger-Meitner Electron Spectroscopy (AMES) and EDS measurements were carried out
on a PHI 710-spectrometer equipped with a field emission gun electron source, a cylindrical
mirror analyser (AMES) and an Oxford Instruments Ultim©OMax 100 detector (EDS).
Excitation energy: 10 kV@10nA used for AMES and EDS. AMES/EDS maps are recorded
using 256x256 and 512x512 pixels (1024 channels, process time: 5ms), respectively. Image
stabilisation is used for AMES maps. AMES survey spectra were recorded in a range from 50
to 2200 eV in 0.5 eV steps (3 scans). The base system pressure was <I1x10? mbar and pressure
during measurements: < 1x10°® mbar. While the samples were on the same holder also used in
XPS, additional Cu/Be clamps were added for a better electrical contact of the sample surface.
Data analysis was carried out using PHI Multipak (AMES) and Oxford AZTEC (EDS) software

packages. The relative sensitivity factors are provided by PHI.

Transition electron microscopy (TEM, FEI TECNAI F20) was used to image the structure of
the formed tribofilms. EDS inside the transmission electron microscope was performed using
an EDAX-AMETEK Apollo XLTW SDD system. For TEM investigation, a thin lamella was
prepared by ThermoFisher Scios II Focused lon Beam (FIB). The TEM lamellae had a size of
~30 x 10 pm?, with a thickness of < 100 nm at the regions of interest. Selected Area Electron
Diffraction (SAED) patterns were used for phase analysis. Additional, high resolution-TEM
(HR-TEM) imaging was performed for phase analysis using Fourier Transformation (FT) and

the measurements of lattice spacings in the HR-TEM images.

2.5. Numerical Simulations:

We carried out Density Functional Theory (DFT) simulations by using the Quantum
ESPRESSO software (version 7.2).*'# The Perdew-Burke-Ernzerhof (PBE) exchange-



correlation functional was employed,* with the inclusion of van der Waals corrections
according to Grimme’s D2 method.* In particular, the standard Cs coefficient and the van der
Waals radius Ry parameters of the metal atoms (Nb and Ta) have been replaced with those of
the preceding noble gas in the periodic table (Kr and Xe, respectively). This scheme (referred
to as D2nG) was widely validated by some of the authors, providing a better description of the
dispersion forces involving transition metal atoms with positive oxidation states inside 2D-
materials.*® The electronic wave-function (charge density) was expanded on a plane-waves
basis truncated with a cutoff of 50 Ry (400 Ry), while ionic species were treated with “rrkj”
ultrasoft pseudopotentials. Convergence thresholds of 10~* Ry and 10> Ry/Bohr for the total
energy were adopted for atomic relaxations. We adopted a Gaussian smearing of 0.02 Ry to
describe the electronic states occupation around the Fermi level. Both Nb,S>C and Ta,S,C were
modeled through trigonal unit cells (group symbol R3m, group number 166), whose Brillouin
zone was sampled with a 16x16x1 Monkhorst-Pack grid.*” WS, (group symbol P6;/mmc,
group number 194) was modelled with hexagonal unit cell, using a 20x20x1 grid to sample the
Brillouin zone. To avoid artificial interactions between replicas, 15 A of vacuum were included
along the out-of-plane direction. The work of separation (Wsgp) is calculated as the opposite of

the adhesion energy (Eapn):

2Epm—Ep

—ZEutn (1)

Wsgp = —Eapn =

where Ewm is the total energy of the relaxed monolayer, Eg is the total energy of the bilayer in
its most favorable configuration, and A is the area of the cell. To evaluate the potential energy
surface (PES) we repeated the calculation of Wsgp at different relative lateral positions. The
potential corrugation (AWsgp) rises from the difference between the maximum and minimum
Wsgp of the PES (i.e., AWsgp = W™* - W™ Details about the lateral positions used to
construct the PES and about calculations underload can be found in the Supporting

Information.

3. Results and Discussion

3.1. Characterization of the TMCCs.

The TMCC powders studied here are multilayered, featuring a transition metal carbide core
and chalcogen surface chemistry (Figure 1a). They exhibit strong intralayer bonding
(covalent/ionic) and weak out-of-plane vdW forces between layers, allowing atomic layers to

slide easily due to shearing. Nb2S>C and TazS>C multilayer powders were synthesized using a

8



simple and scalable powder metallurgy process, followed by a chemical treatment to remove
excess Fe (FeS was used as the source of S during synthesis). Figure 1b presents SEM images
of Nb2S>C and Ta>S>C multilayer particles and EDS elemental maps of Nb/Ta, S, and C,
confirming uniform distribution. The Fe signal remains quite intense, despite the use of various
etching trials to reduce the iron content.?® Indeed, EDS quantitative analysis revealed ratios of
Nb:Fe = 2.00:0.14 £ 0.06 and Ta:Fe = 2.00:0.31 £+ 0.01, indicating incomplete Fe removal.
However, to date, there are no reports in the literature of successfully achieving complete Fe
removal from TMCC multilayers using hydrochloric acid etching. The average particle size of
Nb2S2C is 16.7 £ 3.06 um, while for Ta,S>C the average particle size is 11.0 £4.57 um. XRD
patterns in Figure 1c¢ confirm the successful phase formation of Nb2S>C and Ta,S,C after
chemical treatment, although secondary phases such as Nb,SC, NbC, and TaC were also
observed. The lattice parameters of TMCCs have been determined from the recorded powder
x-ray diffraction patterns.’® The crystal structure of TMCCs is trigonal with space group
symbol R3m, the lattice parameters in the x, y, and z directions are denoted as a, b, and c,
respectively, with @ = b. For Nb2S>2C, @ and c are 3.31 A and 26.68 A, respectively, while for
Ta2S>C a and ¢ are 3.29 A and 26.59 A, respectively. Since three TMCC layers are stacked
within a single unit cell, the resulting interlayer distance is approximately 8.88 A, calculated
by dividing the ¢ vector by three. Further visualizations of the TMCCs crystal structure are
provided in Figure S1 of the Supporting Information. The XPS analysis of the as-synthesized
TMCCs nanolayers was conducted and reported in our previous work,?® where Nb, S, and C

peaks were detected, while no Cl signal from HCl etching was observed in neither TMCCs.
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Figure 1. Multilayer TMCC powders: (a) Schematic for the typical atomic structure of TMCC
showing layered morphology, (b) SEM images of Nb,S,C and Ta>S,C particles in addition to
EDS elemental map of Nb/Ta, S, C, and Fe. (c) XRD pattern of Nb>S>C with references of 3R-
Nb2S2C PDF#01-070-8925, Nb2SC PDF#00-021-0604, NbC PDF#01-070-8416, 3R-TaxS2C
PDF#00-024-1258, and TaC PDF#03-065-8264.

3.2. Frictional performance of the TMCCs.
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We assessed the tribological performance of the different as-synthesized TMCC multilayer
powders on a ball-on-disk tribometer in linear sliding mode. Figure 2a demonstrates the
evolution of the COF of TMCC samples (viz., TaxS2C and Nb2S>C) against counterbodies
(CBs) of different nature: Al,Os;, SiC and PTFE, to assess the dependence of TMCC’s
tribological performance on the material pairing. Their frictional behavior is compared to a

steel reference sample without the addition of any lubricating material.

Concerning the steel sample against the AlbO3 counterbody without the addition of TMCC
powders, we observe the typical behavior of a non-lubricated metal surface sliding against a
ceramic counterbody, with pronounced fluctuations during the running-in period and a rapidly
rising COF.* Specifically, the COF started at around 0.4 and quickly increased during the first
500 s, after which the COF remained steady and stable between 0.7 and 0.8. On the other hand,
TMCC-lubricated surfaces started at a much lower COF of ~ 0.15. Afterwards, the COF
slightly increased constantly but remained overall low (around 0.2) throughout the entire
measuring duration of 1800 s, almost identically for both Ta>S>C and Nb2S>C. These low COF
values are astonishing especially since they were achieved by simply adding lubricious material
in the form of powders to the contact area, without the need of a coating process. This
unambiguously confirms the lubricant potential of the multilayer TMCC powders, especially
considering that the COF is mostly below 0.2. The wear track morphologies after the tribo-
tests with AbO3 CB are reported in the bottom part of Figure 2 for (b) the reference case, (¢)
Nb2S>C and (d) Ta2S>C. Height maps of the same areas are also provided beneath the optical
images in addition to profiles along the dashed lines (Figure 2e-j). Significant abrasion marks
were found when the Al>O; ball was rubbed against the steel plate without the addition of any
lubricious material. This was also clearly observed in the depth profiles (Figure 2e) and height
maps (Figure 2h), which showed wear up to a maximum depth of ~ 0.5 um in addition to the
debris pile up at the reversal point as well as along the sides of the wear track. Conversely, no
wear was detected in the TMCC-lubricated steel substrate (Figure 2f-g). Instead, volume build-
up along the wear track length can be observed due to the formation of a protective layer, thus
preventing the direct contact between the tribo-pair. This holds true for the case of Nb2S>C
powder, where a patchy tribofilm covered the substrate all along the wear track. For Ta,S,C,
the tribofilm appeared less thick and patchier; although showing some discontinuities and
reduced compactness, such a layer was sufficient to prevent abrasive wear, since no remarkable
wear scar can be identified inside the wear track. Similar tribofilm morphologies have been

found for other loosely bound solid lubricant films.!>*?> Height profiles across the Nb,S>C- and
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TayS,C-based tribofilms (Figure 2i-j) highlight their similar shape with a concave form
resulting from the ball’s shape. The formation of the protecting tribofilm relates to the
uncontrolled compacting of TMCC powder over the substrate, thanks to the mechanical force
exerted by the counterbody. Therefore, the morphology and thickness of the resulting tribofilm
were somehow affected by stochastic parameters (e.g., the amount of TMCC particles in the
contact area and their size). That would explain the minor differences observed between
Nb2S2C and TazS2C, as well as small deviations between various repetitions (shown in Figure

S2).
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Figure 2. (a) Tribological performance of Ta;S>C and Nb,S>C powders against an Al>O3 (left),
SiC (middle) and PTFE (right) counterbodies. (b-d) laser scanning microscopies and (e-g)
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corresponding depth profiles of the wear tracks of Al,Os3 vs. steel, for the reference and TMCC

cases. (h-j) 1D cross-section height profiles acquired along the white dashed lines.

Clearly, the tribological performance greatly depends on the used CB (Figure 2a). The COF
was found to be generally low and quite stable when using Al>O3, SiC and PTFE. While Ta,S,C
and Nb2S>C demonstrate nearly identical frictional behavior when using an Al,O3 CB, the
friction values increase significantly faster for Nb2S>C in case of the SiC CB. This indicates a
tribofilm with lower adhesion and, therefore, faster removal from the contact area.

In case of the PTFE CB, friction was even higher than the reference sample, which can be
associated to the friction reducing effects of PTFE.* While this might seem like a negative
result at first, it is nonetheless clear proof of the formation of a tribologically active tribofilm
composed of TMCC, which shields the rubbing surfaces and accommodates shear. This
shielding is why PTFE cannot be effective as a lubricating material and the COF of the tests
with the TMCC powder is higher, in fact almost identical to the tests with the Al,O3 CB.
Images of the wear tracks were profiled by laser scanning microscopy for each of the
considered materials are shown in Figure S3. AlbO; (Figure 2e-j) and SiC (Figure S3a) lead
to indiscernible tribofilms of similar compactness and thickness. For the PTFE counterbody,
the resulting film was much less compacted (Figure S3b), although it effectively hosted the
sliding interfaces (same COF trend). The less compacted film when using PTFE can be
explained by the much smaller acting contact pressure due to the lower elastic modulus of
PTFE. Interestingly, a tiny abrasive scar was also visible in the upper part of the wear track.
Since PTFE is not hard enough to scratch the steel substrate, such abrasion may be traced back
to the direct action of TMCC particles. In summary, the morphology of the TMCC-based
tribofilm seems to be affected by the Hertzian contact pressure induced by the paired material,
i.e., 0.45 GPa for Al>O3, 0.48 GPa for SiC, 0.40 GPa for 100Cr6 and only 0.012 GPa for the
PTFE CBs.

We also carried out experiments with a 100Cr6 steel CB, suggesting very little beneficial
effects of the lubricious Ta,S>C powders (Figure S3c¢). Indeed, the COF starts very low (~0.2)
and increases to the reference value after a few initial cycles, coinciding with the removal of
the TMCC powders from the tribological contact. Such behavior is confirmed by deep abrasion
marks covering the entire wear track (Figure S3c¢). Moreover, the accumulation of debris at
the reversal points and around the entire perimeter confirms the occurrence of pronounced
abrasive processes, typical of a steel-steel contact. The observations made for the wear behavior

and the trend of the friction values strongly indicate that the adhesion of the Ta,S>C powder to
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the steel CB is much lower compared to the ceramic CBs, resulting in a significant reduction
in the wear life of the tribofilm.

Overall, the results with the different CBs suggest that both adhesion to the CB and contact
pressure play a role in the formation of beneficial TMCC tribofilms. In case of high adhesion
of the TMCC powders to the CB (such as for Ta;S>C to Al,O3 or SiC), the powders remained
in contact during tribological testing, forming a beneficial tribofilm. Meanwhile, the low
contact pressure for the PTFE counterbody did not efficiently densify the TMCC powders on
the substrate, resulting in a less compacted tribofilm. On the other hand, if adhesion to the
counterbody was weak, as in the case of the steel CB, the lubricious powders were easily carried
out of the contact zone, leading to high friction. We hypothesize that using TMCCs in the form
of'a coating instead of weakly adhered powder may help improve adhesion to both the substrate
and the counterbody, thus extending the applicability of this new 2D material family.

To further confirm the formation of TMCC tribofilms and to understand the underlying
tribological mechanisms we carried out multiple analyses of the substrate surfaces after sliding.
To provide a complete picture in terms of both chemical composition and structural features,
in the following paragraphs we report the results from SEM-EDS, XPS, AMES, and TEM. As
the most promising results were obtained during sliding against an Al,O3 counterbody, we

focused subsequently on this tribo-pair.

3.3. Wear track analysis.

Elemental map overlays by EDS inside the AMES system provide more information about the
distribution of the elements inside the tribofilms (Figure 3). More information on the
measurements’ position inside the wear tracks can be found in Figure S4. The SEM images
and the elemental mappings of the EDS analysis clearly show the formation of a patchy
tribofilm for both Nb2S>C and Ta,S>C, which is often found for solid lubricant coatings.?>>°
The SEM/EDS images demonstrate that the tribofilms were basically composed of compacted
flake-like particles similar in size structure and size to the original powder. The overlaid
elemental mappings for Nb>S>C (Figure 3a) and Ta>S,C (Figure 3b) verify that the patches
inside the tribofilms were mainly composed of Nb/Ta and S, with only minor contributions of
oxygen. Outside the wear tracks the iron signal from the steel substrate prevailes, while no iron
can be detected through the tribofilm (Figure 3c-d). Interestingly, the Fe signal in the EDS
mapping was quite intense for the as-synthesized TMCCs (Figure 1b), but it was not detected

14



in the tribofilm after the sliding experiment. This suggests that the residual Fe may be loosely
bonded to the TMCCs and therefore easily removed during friction.

These results conclude that the TMCCs added to the contact area as powders were compressed
to form a relatively thick tribofilm, whose functionality did not rely on any specific
tribochemical reactions. The fact that no significant oxygen and iron contributions appeared in
the EDS measurements inside the tribofilm underscores the stability of the TMCC particles and

suggests that a protecting tribofilm was formed preventing tribochemical wear of the substrate.

Figure 3. EDS/SEM elemental map overlays (Fe, Nb/Ta, S, O, C) of tribofilms Nb>S,C (a) and
TaxS>C (b). Elemental map of Fe to show coverage of the tribofilm on Nb2S>C (¢) and Ta»S>C

(d).

Further chemical analysis was performed by XPS and AMES to characterize the chemistry of
the wear tracks in detail, specifically capturing the surface chemistry and the chemical bonding
environments. XPS spectra with the corresponding deconvolution fits for the Nb3d (Ta4f), S2p,
Cls and Ols peak areas are shown in Figure 4 (For more details see Table S1) for (a) Nb2S>C
and (b) TaxS>C. Nb3d (Ta4f) regions confirm the presence of TMCCs inside the tribofilm,

since we observed the presence of doublets centered at 202.8 eV (23.7 eV) in accordance with
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S-Nb-C (S-Ta-C) chemical bonds.?® Moreover, the TMCC presence is also highlighted by
peaks centered around 160.8 eV in the S2p region and at 284.3 eV inside the Cls region, all
related to the S-Nb(Ta)-C bond. It is also worth noting a doublet connecting with metallic
tantalum (22.2 and 24.2 eV inside the Ta4f region), that was also reported in Ref.?® from the
XPS analysis on the delaminated TMCCs. The presence of Ta(0) signal in Ta>S>C is not clear.
It may be connected with the presence of unreacted Ta and TaC from the TMCC synthesis (as
observed in Figure 1b) and/or it may be related to surface defects and damage caused by ion-
sputtering. Inside the sulfur region, chemical states involving oxygen are also clearly visible
(peak located at 162.3 eV related to SOx and a small contribution of sulphates around 168.3
eV). Similarly, inside the Ols region we detected the presence of metal oxides (529.7 eV) and
carbon-oxygen bonds (531.3 eV). Together with the peaks of C-Nb(Ta)-S at 284.3 eV, the Cls
signals reveals four additional components: adventitious carbon (285 eV), C-O (286.4 eV) and
C=0 (288.2 eV), as well as small amounts of carbide (282.3 eV). Interestingly, almost
negligible oxygen signal was observed in the SEM-EDS mapping, whereas from XPS analysis,
whose depth typically reaches only up to 7-10 nm, oxygen bonding environments are
evidenced. Therefore, we can assume that oxidation is limited exclusively to the near-surface
region of the particles. The presence of oxides from XPS analysis may suggest that oxidative
reactions happened during rubbing, although traces of native oxides can be observed even
without tribological testing.?® Since the experiments were conducted in air environment, rich

in Oo, it is reasonable to believe that oxide layers are repeatedly removed and re-formed.
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Figure 4. XPS of the Nb3d/Ta4f, C1, Ols and S2p regions of tribofilms Nb>S>C (a) and Ta>S>C
(b) after surface cleaning. Intensity scales are normalized to the maximum signal for each of
the elements. Color code: light green S-Nb/Ta-C, olive (Metal oxide), blue (C, O-

contamination), magenta (SOx), dark orange (sulphates), violet (carbides).

AMES results are included in Figure S5 (and Table S2) for (a) Nb2S>C and (b) Ta»S2C,
referring to similar areas analyzed by SEM-EDS (Figure S4). All the expected elements (Nb,
Ta, S, C) were detected, confirming once again the presence of TMCC inside the tribofilm.
From Table S2, the oxygen contribution was almost negligible, while the iron signal originated
from the underlying steel substrate. Both XPS and AMES/EDS confirm the presence of the
expected elements in compacted tribofilms with a thickness of at least 1 pm (deduced from the
absence of the iron signal from underneath the tribo track in EDS). The bonding environments
found in powder TMCC samples can also be detected in the tribofilms, which allows us to
assume that most of the TMCC remains stable. However, small changes are found when

compared to Ref.?® in increased amounts of Nb/Ta/S oxide and the formation of small amounts

of sulphates and carbides on the particle surface.
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To gain structural and morphological insights into the tribofilm after the friction experiments,
we first prepared a FIB cross-section in a representative wear track and performed TEM
analysis on it afterwards. The FIB cut on a Nb2S>C-based TMCC tribofilm was done on a
specific area (Figure 5a), so that both loose and compacted parts of the tribofilm were included
inside the same TEM-lamella (Figure 5b-¢). The cross-sectional view of the compacted
tribofilm area (Figure 5d) reveals a flat tribofilm with a homogeneous thickness of about 1
um. The voids observed are mainly generated by the thinning process during FIB processing,
since originally the tribofilm appeared fully dense consisting of TMCC particles of different
sizes, including micron sized large TMCC particles with a low degree of wear, as well as
powders that have been frictionally ground down to the nanoscale. Selected area electron
diffraction (SAED) in Figure Se-g highlights that the large micron-sized TMCC particles have
a crystalline structure, while the smaller-sized particles exhibit mainly nanocrystalline and
amorphous phase diffraction patterns. The Nb>S>C presence is clearly confirmed by the
subsequent EDS mapping (Figure Sh), where Nb, S, C, and O are detected. Interestingly, no
significant oxidation occurred inside the larger TMCC particles, while the oxygen signal is
more intense for those areas surrounding the particle surface. This is in accordance with the

assumption that tribochemical reactions are more pronounced at the locations with more wear.

W protect layer
Substrate

i)

W
1.0 pm 1.0 um 1.0 pm

Figure 5. TEM results for Nb,S>C powder after sliding: (a-c) FIB lamella preparation, (d)

cross-sectional morphology of the compacted part of the tribofilm inside the wear track, (e-g)

corresponding SAED patterns at different positions, and (h) EDS mapping results.
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The high-resolution TEM morphology of the tribofilm is reported in Figure 6. In the region
close to the surface of the tribofilm, the TMCC layers show a distribution trend parallel to the
surface (Figures 6c,d). The measured interlayer distance is about 0.88 nm, which connects
well with the {001} Nb2S>C crystal plane. These 2D TMCC planes are the ones with weak
interacting forces and, therefore, they are the ones supposed to accommodate interlayer sliding.
Such evidence can explain the excellent tribological performance observed for the TMCC
powder. In addition, figures 6e-h show high-resolution images of some small particles inside
the tribofilm, highlighting the presence of an amorphous phase embedding these particles.
From the TEM-EDS results of Figure S, it seems that such amorphous phase is composed of
oxides, most likely originated from the particle’s surface during the tribological process and
pressed together with unoxidized Nb,S,C layers.>® The high-resolution image of TMCC small
particles (Figure 6g) reveals a crystalline interior where the {001} and {012} crystal planes
are clearly visible (Figure 6h). The interlayer distances measured based on HR-TEM are
almost identical to the simulated values for Nb2S>C (inset in Figure 6h). These results confirm
that the tribofilm is mainly composed of unoxidized TMCC crystalline nanoparticles,
embedded in an oxide-based amorphous matrix. Compared with TMD materials, TMCCs seem
to have higher thermal and chemical stability, which may be traced back to the strong Nb-C
bonds. Because they are more chemically inert, oxidative processes are limited to the outermost
TMCC layers. However, the presence of an oxidic phase inside the tribofilm is not necessarily
negative, as it may help prevent the rapid exfoliation of TMCCs flakes. More studies are needed
to investigate the role of oxides, whether they are also lubricious or have a mere retention

function.

19



—
(2]
-

W protect layer
W protect
layer

Surface .
interface

50 nm

@ .
-~ E ]
&g g
o]
> , e
-
‘ kl
A

Figure 6. TEM results for Nb2S>C powder after sliding: (a-b) TEM images of the near-surface
region of the wear track and (c-d) corresponding high-resolution TEM images of the TMCC
particle near the surface. TEM images of the region close to the substrate (e-f) and
corresponding (g-h) high-resolution TEM images of the small TMCC particles. The inset inside
panel (h) shows the crystal structure of Nb2S>C simulated in this work, as well as the observed

interplanar distances.

3.4. Interlayer sliding of TMCCs by DFT simulations.

TEM-EDS analysis confirms the presence of intact and crystalline 2D TMCC layers within the
effective tribofilm. Supported by this experimental evidence, we carried out numerical DFT
calculations to model the interlayer sliding for Nb,S>C and TaxS,C bilayers, exploring their
easy-to-shear properties from a nanoscale perspective. The amount of energy required to
separate two layers, i.e., the work of separation (Wsgp), and the potential corrugation values
(AWsgp) are listed in Table 1. These two quantities represent a good predictor for the

3152 since they correlate with the shear strength.>® In addition to

lubricating ability of materials,
Nb2S>C and TaxS»>C, we also provide a comparison with well-established solid lubricants, i.e.,
MoS,, graphene, WS, and TioCTx (T = Fi53, O13, OHi3). The low Wsgp and AWsgp values
observed for Nb,S>C and TaS>C connect well with the vdW nature of their interlayer
interactions. Ta2S>C (0.33 J/m?) shows a slightly higher binding energy than Nb,S>C (0.24
J/m?), since electronic correlation effects are more pronounced for Ta than Nb, leading to

stronger Van der Waals interactions. However, the maximum energetic barriers experienced
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during mutual sliding are almost the same for the two TMCCs (AWsgp = 0.08-0.10 J/m?), being
in the range observed for graphene, MoS, and WS,.>* The comparison between TMCCs and
titanium-based MXenes (Ti.CTy) strictly depends on the termination types of MXene (T),
which are known to be poorly controllable when following a top-down HF etching approach.>
As documented by some of the authors,*® MXene layers with mixed terminations have a
significant interlayer adhesion (0.52 J/m?), due to the formation of hydrogen bonds and dipole-
dipole interactions between layers, making them more adhesive to each other and reducing the
interlayer slipperiness. Nb2S>C and TaxS>C layers, conversely, only expose to the interface
homogeneous sulfur terminations, leading to pure vdW forces acting between the layers and
hence low interlayer adhesion. Although MoS. and WS: layers are also passivated by sulfur
atoms, Nb2S:C and Ta:S:C exhibit lower AWsgp values, suggesting better performance for
TMCC:s, at least in principle. It is important to note that DFT calculations presented here serve
as an ideal predictive tool and do not account for other potentially significant factors acting at

the micro- and macro-scales (surface roughness, grain boundaries).

Table 1. Work of separation (Wsep) and Potential Energy Surface corrugation (AWsgp) values

for a selected list of 2D materials.

2D-bilayer Wskep (J/m?) AWskp (J/m?)
Nb2S2C 0.24 0.08
TaxS2C 0.33 0.10
Graphene (0.25)* (0.06)*
(0.26)° (0.08)"
MoS; (0.26)" (0.12)°
(0.27)° (0.10)°
WS, 0.29 0.12
Ti2CTx (T = Fi153, O13, OHi3) ~ (0.52)* (0.46)*
aRef. 4
bRef.

To further confirm the lubrication ability of TMCCs, in Figure 7 we report the potential energy
surface (PES) for Nb2S:C and Ta>S>C bilayers as a function of the external load applied (from
0 to 5 GPa). Since a PES describes the interlayer interaction between two surfaces as a function
of their relative lateral position, it provides precise information about the energetic barriers
experienced during mutual sliding, or in other words, about the amount of energy that can be
dissipated by frictional processes. Both Nb2S>C and Ta>S,C show hexagonal crystal structure

with similar a lattice parameter (3.284 A and 3.268 A, respectively, in very good agreement
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with Ref.?®) and the same most favorable stackings (labeled ‘min 1’ and ‘min 2’ in Figure 7).
The minimum energy path (MEP, i.e., the most favorable sliding path during reciprocal sliding)
is highlighted with a yellow dashed line, while the corresponding energy profile is reported on
the right side of Figure 7. The energy barriers faced during interlayer sliding along the MEP
are surprisingly low, with almost no difference between Nb>S>C and TayS,C. Indeed, for
applied normal loads ranging from 0 to 5 GPa the maximum energy barrier never exceeded
0.05 J/m?. Such numerical results are in perfect agreement with our experimental findings as
they confirm the easy-to-shear ability of TMCCs. Moreover, they predict a similar lubricant
behavior between Nb,S>C and TaxS>C, which has also been observed in our experiments

whenever the TMCC-based tribofilm was formed.
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Figure 7. Potential energy surfaces (PES) for bilayers of Nb2S>C (above) and Ta>S>C (below)
from 0 to 5 GPa load. The minimum energy path (MEP) is highlighted by a yellow dashed line,
with the corresponding energy profile depicted on the right. Schematics on the relevant lateral

configurations (minl, min2 and max) are shown below the PESes.

3.5. Comparison with WS> and Ti;C>T.
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So far, we have widely discussed the tribological performance of TMCC powders in both
reducing the COF and preventing wear. While no complicated coating process had to be
applied, but the TMCCs were simply added to the contact area in powder, the results were still
impressive. The exceptional tribological performance can be traced back to their ability to form
an adhesive and protective tribofilm, where the TMCC layers are oriented in parallel to the
surface. Once the TMCC-based tribofilm is formed, the 2D nature of the Nb2S>C/TaxS»C flakes
ensures easy shearing, thus leading to low friction. Therefore, to further highlight the
remarkable performance of the used TMCC powders (Nb2S>C and Ta»S>C) in reducing the
COF, in Figure 8 we report on the results we obtained for WS, and Ti;C,T, MXene as-
deposited powders under the same tribological conditions as described before against Al,O3
counterbody, i.e., Hertzian contact pressure of 0.45 GPa, stroke length of 1 mm and sliding

velocity of 1 mm/s.
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Figure 8. Tribological performance of Nb2S>C (red line) and Ta>S>C (blue) TMCCs compared
with tungsten disulfide (WS, green) and MXene (Ti3C,Tx, yellow) powders, against Al,O3

counterbody.

Figure 8 clearly indicates that Nb2S>C and Ta>S>C outperform WS; and Ti3C>Tx powders in
terms of frictional performance. It is worth mentioning that WS, and Ti3C>Ty are usually not
tested as powders, instead they are commonly applied as coatings to optimize their
performance. However, the resulting COFs from Figure 8 are close to earlier observed values
when WS: or Ti3C2Tx were applied as coatings and tested under similar conditions.>*>¢7 In
the first few minutes, the WS, powder could efficiently lubricate the tribological contact,
leading to COF similar to the TMCCs. The standard deviation (e.g., highlighted by the faded
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area in the diagram) reaches even values well below the limit of 0.2 observed for TMCCs.
However, after a while the WS, powders were rapidly removed from the contact, with the effect
that the COF reached the reference value. Instead, Ti3C>Ty powder was completely dislodged
from the wear track from the very beginning of the experiments, being indicative of low
adhesion to the sliding surfaces. These comparative results highlight the importance for 2D
materials of establishing a good adhesion to the substrate, so as to resist the peeling-off during
rubbing. Further benchmarking and comparisons with other Niobium- and Tantalum-based
TMDs (NbS: and TaS:) or MXenes are expected to enhance the understanding of TMCCs’
potential usage as lubricants.

The excellent performance of TMCC powders depicted in this paper, also supported by DFT
simulations, demonstrate the easy-to-shear-ability typical for layered materials in combination
with high adhesion to the sliding surfaces. These results will pave the way for further
investigations involving more advanced deposition techniques (e.g., air-spraying, electro-
spraying) and all sort of tribological testing conditions under different environmental
conditions (e.g. under nitrogen or vacuum). It is worth noting that the samples tested here
contained secondary phases such as rock-salt carbides and MAX phases, which are known to
have strong bonding in all directions and lack the weak out-of-plane forces found in TMCC.
Thus, it is reasonable to assume that with pure samples, one can predict better lubricity
behavior. Therefore, increasing the purity of the vdW-TMCC phase is essential for accurate

performance benchmarking against other vdW structures.

4. Conclusions

This research article first aimed at introducing a new 2D layered family of materials namely
Transition metal carbo-chalcogenides (TMCCs). TMCCs are until today nearly unexplored in
the tribological community but they inherently combine interesting features of TMDs and
MXenes thus potentially leading to mechanically and environmentally stable properties when
applying them as solid lubricants.

In this work we have broadly discussed the tribological behavior of 2D layered TMCCs
(TazS2C and Nb2S>C) when added only as powder onto steel substrates (AISI304), exploring
the effect of different counterbody materials (Al2Os, SiC, PTFE, and 100Cr6 steel) in a ball-
on-disk setup, in ambient air. Overall, in most cases the presence of Ta;S>C and Nb2S2C in the
contact area turned out to be beneficial in terms of effective lubrication, significantly
outperforming traditional 2D materials like WS> and MXenes as we showed in Figure 8.

Responsible for this was the quick formation of a not continuous but patchy tribofilm due to

24



compacted TMCC powder during rubbing tests against ceramic materials (Al,O3 and SiC
balls), capable of protecting the tribo-pair from excessive wear and ensuring a stable and low
coefficient of friction (COF < 0.2; typical for solid lubricants). For the case of a PTFE
counterbody, featuring a much lower elastic modulus, we observed a less compacted but still
effective tribofilm (same COF trend). In contrast, when using a steel counterbody, after a few
cycles the TMCC powder is completely removed from the substrate, leaving the contact
unlubricated. Therefore, we concluded that high adhesion of the TMCC particles to the
counterbody and a sufficiently high contact pressure are requirements for the formation of a
beneficial tribofilm, as observed for ceramic counterbodies in our study.

The SEM-EDS measurements on the wear tracks revealed that the tribofilms are not continuous
and consist of patches out of compacted TMCCs particles (Nb/Ta, S and C signals). Similarly,
XPS and AMES analysis of the near-surface region highlighted the proper binding
environments (S-Nb/Ta-C) and elements (Nb/Ta, S, C) expected for TMCCs. TEM-EDS
imaging coupled with SAED revealed that TMCC particles compacted within the tribofilm
have different sizes: large micron-sized particles with a crystalline structure, as well as
nanocrystalline smaller-sized particles embedded in an amorphous oxide phase. While SEM-
EDS mapping revealed only a negligible amount of oxygen signal, from XPS analysis, whose
depth is localized within 7-10 nm, oxygen bonding environments were visible (SOx, sulphates,
metal oxides, C-O, C=0).

From these results we assumed that although oxidative processes occur in the near-surface
region, the functionality of the tribofilm does not rely on any highly-transforming
tribochemical reactions, but rather on the layered structure of TMCCs, which facilitates easy
interlayer shearing. Indeed, the high-resolution TEM images in the near-surface region
revealed the presence of TMCC flakes that are oriented parallel to the sliding surface. The low
oxidation degree also demonstrates the high environmental stability of the TMCCs under
tribological loading in the air environment.

The experimental results are additionally supported by comparative DFT simulations, which
demonstrated low energy barriers for interlayer sliding in TMCCs, confirming their potential
as efficient solid lubricants.

For the application as solid lubricants, it is finally not only about the absolute value of the COF
but also about the capability to mitigate wear and to provide a reliable and easy to apply
possibility to lubricate contacts. Superlubricity for example has been shown so far for many
different systems, but it still fails on macroscale when used in real machine elements to

guarantee a low and reliable friction coefficient without severe wear and the looming ban of
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PFAS products such as PTFE additionally requires looking further for candidates with an
interesting portfolio. However, future research in the field of TMCCs should focus on
optimizing the synthesis and application methods, exploring more advanced deposition
techniques (e.g., air- or electro-spraying), and conducting comprehensive tribological testing
under a wide range of conditions such as higher temperatures or under nitrogen/vacuum
environment to further screen this new class of materials. The presented results are a first
nucleus to introduce TMCCs to the materials science and in particular tribology community

elucidating possibilities for more durable, efficient and sustainable solid lubricants.
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