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Effect of oxide buffer layers on the tribological properties of PtSe,/oxide heterostructures
in different environment conditions

Andrii Kozak*, Michaela Sojkova, Boris Hudec, Igor Pi§, Jana Hrd4, Martin Hulman, Edmund
Dobrocka, Peter Nadazdy, Milan Tapajna*

Institute of Electrical Engineering, Slovak Academy of Sciences, Dubravska cesta 9, 841 04
Bratislava, Slovakia

*andrii.kozak@savba.sk; michaela.sojkova@savba.sk; boris.hudec(@savba.sk:

1gor.pis(@savba.sk; jana.hrda@savba.sk; martin.hulman@savba.sk; edmund.dobrocka@savba.sk;

peter.nadazdy(@savba.sk; *milan.tapajna@savba.sk

Although ultrathin van der Waals layers exhibit superior sliding properties for solid lubrication,
their ultrathin nature renders them prone to rapid wear. To address this challenge, this work
investigates PtSe, thin films as environment-adaptive solid lubricants. We evaluate the influence
of different oxide buffer layers (Al,O5;, HfO,, and TiO,;) grown by atomic layer deposition
(ALD) on the structural, chemical, and tribological properties of PtSe, films on Si and stainless
steel (16MnCr5) substrates. The tribological behavior was evaluated in ambient air and vacuum
conditions by ball-on-disc test with Si;N, counterpart. On Si substrates, PtSe,/TiO, exhibited
transfer-film-driven sliding in both air (COF~0.18) and vacuum (COF~0.33). Meanwhile,
PtSe,/Al,0; degraded rapidly in air but achieved a low COF of 0.08 in vacuum due to localized
PtSe, inclusions. Finally, PtSe,/HfO, demonstrated superior interfacial stability and film
retention in both environments. Integration of the PtSe,/HfO, onto 16MnCr5 yielded similar
COF values during the initial wear stages but exhibited contrasting environment-dependent
durability. While ambient air led to early failure with a COF ~0.3, vacuum testing resulted in a

substantial extension of wear life exceeding 10000 cycles with a drop in COF to ~0.2. Structural
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and chemical characterizations confirmed that PtSe, remains intact throughout sliding, while the
HfO, buffer layer prevents its removal from the wear track. These findings demonstrate that
tailoring interfacial bonding via ALD buffer layers offers an effective strategy for developing
PtSe;, as a lubricant suitable for variable environmental conditions, such as space applications or
MEMS devices.

Keywords: friction in vacuum, 2D materials, buffer layer, PtSe,, ALD

1. Introduction

The development of solid lubricants engineered for reliable performance across diverse
environments is critical for modern aerospace, automotive, and micro-electromechanical systems
(MEMS). Among solid-state materials, two-dimensional (2D) van der Waals (vdW) materials
including transition metal dichalcogenides (TMDs), graphene derivatives, and MXenes have
emerged as the most promising candidates for lubrication at the micro- and nanoscale and under
extreme conditions [1-8]. This is primarily due to their layered crystal structures, in which strong
intra-layer covalent bonds confer high in-plane mechanical strength, while weak interlayer vdW
forces yield low shear strength during sliding [5-7]. In these systems, atomic-scale stick-slip
motion and lattice incommensurability govern solid-state lubricity [9,10].

Among 2D materials, TMDs have demonstrated the most promising tribological properties,
including superlubricity and high wear resistance [10,11]. However, the practical application of
2D-material-based solid lubricant is often limited by environmental sensitivity, because
atmospheric moisture and oxygen increase interlayer shear resistance and promote rapid
oxidation [11-14]. These limitations can be partially overcome by synthesizing highly ordered
films [15], or by doping MoS, with non-metallic (C, O, N, P, B) or metallic (Ti, Cr, Ni, Zr, Nb,

Pb, Au) elements [16]. The environmental limitations are effectively mitigated in the composite
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films. For instance, MoS,/a-C:Si composites maintain low COF at about 0.051 and 0.018 in
high-temperature air and vacuum, respectively, due to improved thermal stability and interfacial
carbon precipitation [17].

Beyond composite engineering, chemical substitution within the TMD lattice offers another
route toward environmental adaptability. TMDs, in which the chalcogen atom is Se or Te,
preserve low friction at elevated temperatures up to 450 °C [18]. Moreover, transition-metal
diselenides (such as MoSe, and WSe;) exhibit lower environmental sensitivity compared to
disulfides (such as MoS; and WS,) [5] [19]. For instance, WSe, films have been reported to
achieve nearly identical, low COF values of 0.058 in vacuum and 0.056 in ambient air [5].
Although conventional TMD coatings (MoS,, WS,, MoSe,, and WSe,) have been extensively
investigated, noble-metal TMD coatings in which the transition metal is Pt or Pd have been
studied primarily at the nanoscale [20-23]. Nonetheless, recent studies on PtSe, coatings
demonstrate that they offer high resistance to atmospheric humidity alongside thermal stability
up to 400 °C, making them promising materials for environment-adaptive lubricants [24—26].
Despite the excellent lubricity and stability of 2D TMDs, their practical performance is often
limited by poor interfacial adhesion, delamination, and coating failure [27-31]. Synthesizing
TMD films on engineering substrates requires surface modification, such as thin buffer layers,
surface patterning, or pre-treatments [32,33]. For this purpose, atomic layer deposition (ALD)
offers uniquely uniform coverage and exceptional conformality, making it widely used for
surface protection and advanced electronics [34]. Metal oxides are the most commonly grown
ALD materials, where water vapor generates reactive surface hydroxyl (—OH) groups that
readily bond with chemisorbed organometallic precursors [35], in a discrete, substrate-limited
reactions, repeated through a desired number of ALD cycles. In surface engineering, ALD buffer

layers prevent substrate interdiffusion, eliminate surface defects and dangling bonds, and allow
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tailoring the morphology and structure of the subsequently grown coating [36—38]. In the case of
PtSe,, ALD buffer layers also prevent unwanted chemical reaction between selenium gas and the
substrate [38]. However, the impact of oxide buffer layers (OBS) on overall properties of TMDS
layers remains unexplored.

In this work, we systematically investigate the synthesis, structural characteristics, and
environmental tribological behavior of PtSe, thin films grown on three different ALD-grown
OBL: amorphous aluminum oxide (Al,O;), polycrystalline hafnium oxide (HfO,), and
polycrystalline anatase titanium dioxide (Ti0,). These heterostructures were deposited on Si and
steel (16MnCr5) substrates and evaluated using ball-on-disc measurements under both ambient
air and vacuum conditions. Our comprehensive structural, chemical, and surface characterization
reveals that the choice of OBL controls interfacial stability and the resulting friction
mechanisms. Specifically, TiO, promotes transfer-film-driven sliding, Al,O; enables inclusion-
mediated lubrication in vacuum, and HfO, provides superior interfacial bonding that prevents
coating delamination. This study demonstrates the importance of interfacial oxide engineering
for TMDs film adhesion and highlights the strong potential of PtSe,/oxide heterostructures as
advanced tribological coatings for MEMS and automotive applications.

2. Materials and Methods

2.1. Oxide buffer layers and PtSe, fabrication

PtSe,/oxide heterostructures were prepared on two types of substrates: (i) single-crystal Si wafers
(10 x 10 mm size) with native SiO, surface layer and (i1)) 16MnCr5 steel substrates (16 mm in
diameter), using the same deposition parameters. To prepare heterostructures, first, three
different types of oxides: Al,O;, HfO,, and TiO,, were individually deposited using Beneq
TFS200 ALD equipment at growth temperature of 250°C. Trimethylaluminum,

tetrakis(ethylmethylamido)hafnium, and titanium tetraisopropoxide were used as the metal
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precursors for Al,O;, HfO,, and Ti0,, respectively, while water was used as the oxygen reactant.
The number of ALD cycles was 300 for Al,O3, 390 for HfO,, and 820 for TiO,, targeting a
nominal film thickness of ~30 nm for each OBL. Following ALD oxide deposition, PtSe, films
were fabricated on top of the OBL via a two-step thermally-assisted conversion (TAC) method
[39]. A thin platinum film with a thickness of 3 nm was first deposited onto the oxide-buffered
substrates via DC magnetron sputtering. The deposition was conducted using a Pt target in Ar
atmosphere (10 mbar) at room temperature. The pre-deposited Pt films were subsequently
selenized in a custom-built, single-zone chemical vapor deposition system. Both the Pt-coated
substrate and elemental Se powder were placed at the center of the furnace tube and heated to a
reaction temperature of 400 °C in N, atmosphere at ambient pressure. These TAC processing
conditions yielded a PtSe, film with an average thickness of ~14 nm [23].

2.2. Structural, chemical, and surface characterization

The structural, microstructural, and surface properties of the synthesized oxide layers and
PtSe,/oxide heterostructures were comprehensively characterized using a set of analytical
techniques. The thickness of the pre-deposited oxide layers was determined using spectroscopic
ellipsometry (SENTECH). Surface topography was investigated by an atomic force microscope
(AFM) MultiMode 8 (Bruker, USA). To achieve high-quality surface mapping, AFM
measurements were performed using probes with a nominal tip radius of 2 nm (ScanAsyst,
Bruker). Raman spectroscopy was performed to investigate the structural properties of the
samples using a WITec Alpha 300R microscope (Germany) equipped with a 532 nm excitation
laser. The laser power was set to 0.5 mW. X-ray diffraction (XRD) measurements were collected
to evaluate the crystal structure of the deposited films using a Bruker D8 DISCOVER
diffractometer equipped with a 12-kW rotating anode Cu-Ko radiation source. The surface

elemental composition and chemical bonding states were analyzed by X-ray Photoelectron
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Spectroscopy (XPS) with a Thermo Scientific Nexsa G2 Surface Analysis System (Thermo
Fisher Scientific, UK). The system used a micro-focused, monochromatic Al Ka X-ray source
(1486.68 eV). The beam size was set to 50 pm. Spectra were acquired in constant analyzer
energy mode at a pass energy of 50 eV with a total energy resolution of 0.6 eV in the normal-
emission geometry. Energy scale calibration was performed using the internal Au, Ag, and Cu
standards. No charging compensation was required for the films deposited on the steel substrate.
For oxide buffer layers deposited on silicon, a dual-beam charge-compensation system was
implemented to mitigate sample charging. For the oxide samples, binding energies were
referenced to the C Is peak of adventitious carbon (284.8 eV). The XPS spectra were fitted with
the KherveFitting open-source software [40] using Voigt functions after subtracting a Shirley
background. The Pt 4f spectra were fitted with asymmetric Gaussian convoluted Doniach—Sunjic
line shapes. The Fe 3p peak from the steel substrate was modeled using an asymmetric
Lorentzian function [39], with the asymmetry and width parameters determined from the Fe 3p
spectrum measured on a Fe reference sample under the same system setup. Relative atomic
concentrations were determined from peak areas and relative sensitivity factors provided in the
Avantage software package (Thermo Scientific).

2.3 Tribological analysis

The tribological performance of the heterostructures was evaluated using an Anton Paar TRBV
tribometer operated in a reciprocating configuration. A silicon nitride (SizN4) ball with a
diameter of 6.3 mm was selected as the sliding counterbody. All tribological tests were
conducted under a constant applied normal load of 0.5 N at a sliding velocity of 0.5 cm/s. To
evaluate the impact of environmental conditions on the friction and wear mechanisms, tests were

systematically performed under ambient air and vacuum (1 + 0.2x10-> mbar) conditions.
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Following the friction tests, the resulting wear tracks were analyzed using AFM, Raman
spectroscopy, optical profilometry, Scanning Electron Microscopy coupled with Energy-
Dispersive X-ray Spectroscopy (SEM/EDX), and XPS. Surface morphology and elemental
mapping across the wear tracks were examined using a Quanta FEG-250 Schottky field-emission
microscope. Additionally, ball surface topographies and wear track depth profiles were evaluated

using a 3D optical profilometer (ContourX-500, Bruker, USA).

3. Results and discussion

3.1. Structure and topography of oxide buffer layers

The as-deposited ALD oxides (Al,O3, HfO,, and TiO,) on Si substrates were first investigated by
AFM (Figures la—c), Raman spectroscopy (Figure 1d) and XRD (Figure le). AFM images
demonstrated a relatively low root-mean-square surface roughness (Rrys) of 0.3 nm for Al,Os,
compared to significantly higher values of 2.3 nm and 1.8 nm for HfO, and TiO,, respectively
(Table 1). The smooth surface topographies of Al,O; films suggest their amorphous nature,
whereas HfO, is characterized by fine nanoscale surface features, and TiO, displays a
polycrystalline surface morphology. These observations were confirmed by Raman and XRD
analysis. Raman spectra (Figure 1d) revealed characteristic vibrational modes peaks for the TiO,
samples, while no Raman active modes were detected for the Al,O5; and HfO, layers. In fact, thin
layers of HfO, are frequently Raman-inactive [41-42]. Further XRD characterization (Figure 1e)
confirmed the amorphous nature of the Al,O5 layer and revealed a weak diffraction signal from

HfO,, along with more intense peaks from TiO,, indicating their respective crystalline structures.
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Figure 1. AFM images of as-deposited Al,O5 (a), HfO, (b), and TiO, (c) oxides on Si substrates.

Corresponding Raman spectra (d) and XRD pattern (e) of the as-deposited oxides.

Table 1. Rpys of the as-deposited ALD OBL and top PtSe, films, along with the average

crystallite domain size of the PtSe, films measured by AFM.

Substrate / OBL Rrms of OBL (nm) Rrms of PtSe, | PtSe, crystallite size
(nm) (nm)

S1/ALOs 0.3 1.7 8.6

S1/HfO, 23 1.9 12.5

S1/Ti0, 1.8 1.7 11.5

Si/-/- 0.1 1.2 (1.0% 11.1(7.1%)

* - Crystallite size and Rgys values estimated by excluding large irregular features.
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XPS analysis further confirmed the successful growth and near-stoichiometric elemental

composition of all ALD films (Figure 2 and Table 2).
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Figure 2. Al 2p, Hf 4f, and Ti 2p core-level XPS spectra of the as-deposited ALD Al,O3, HfO,,

and TiO, layers on Si substrates.

Table 2. Apparent atomic concentrations for the buffer layers determined by XPS.

OBL Main components concentration (at.%)

ALO; Al-31.6;0-48.4;C-20.0

HfO, Hf -22.3; 0> - 41.5; O(-OH) - 10.8; C - 25.3
TiO, Ti—24.5; 0> - 45.6; O(-OH) — 21.1; C - 8.7

Increased Ryys of HfO, and TiO, is primarily due to a higher density of nanoscale step edges
and oxide grain boundaries. These morphological effects could promote localized surface
oxidation and moisture adsorption, thereby increasing the concentration of hydroxyl (—OH)
group components in the films observed in XPS [43]. The oxide phase composition is also
known to affect the surface free energy [43], which can subsequently modulate the interfacial
adhesion at neighboring interfaces [44] (e.g. bonding with the underlying substrate or the

overlying PtSe, layer).

3.2. Structure and topography of PtSe, layers

9
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Topographical analysis of the samples after PtSe, conversion (Figures 3a—d) showed comparable
surface roughness across all heterostructures, with Ry in the range of 1.5 - 1.9 nm (Table 1).
Furthermore, AFM measurements show that the average PtSe, grain size ranged from 8.6 nm on
the Al,0O3; OBL to 12.5 nm on the bare HfO, OBL (Table 1).

Raman and XPS spectroscopies (Figure 4) were used to verify the growth of PtSe,. Raman, in
particular, demonstrate peaks corresponding to the characteristic E, and A, vibrational modes of
PtSe, [23]. The sample composition was confirmed by XPS analysis of the Pt 4f and Se 3d core
levels (Figure 4). The Pt 417, and Se 3ds;, peak maxima, measured at 73.0 £ 0.1 and 54.4 + 0.1
eV, respectively, together with the Se:Pt stoichiometry of 2.0 £ 0.2, determined from the
integrated areas of the Pt-Se related components of the Se 3d and Pt 4f spectra, confirm the
formation of near-stoichiometric PtSe; [39]. In addition to PtSe,, a weak signal corresponding to
off-stoichiometric Pt,Se, with a Pt4f;,, peak at 72.0 £ 0.1 eV was detected in the Pt 4f spectrum,
while the Se 3d core level displayed additional doublets with Se 3ds,, peaks at 55.2 and 58.0 eV,
attributed to elemental Se [45] and oxidized Se species [46], respectively. Overall, the XPS
measurements confirmed stoichiometric PtSe, bonding with negligible surface oxidation,
demonstrating remarkably high film quality despite the varying oxide chemistry and the
relatively low synthesis temperature compared to benchmark PtSe, layers reported previously

[39].

10
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Figure 3. AFM topographical images of PtSe, layers synthesized on different ALD buffer layers:

(a) Al,O3, (b) HfO,, (¢) TiO,, and (d) PtSe; on a reference Si substrate.
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Figure 4. (a) Raman spectra of the PtSe, layers synthesized on Al,O3;, HfO,, and TiO, ALD
buffer layers compared to a reference PtSe, film grown on Si. Deconvolution of XPS (b) Pt 4f

and (c) Se 3d core level spectra of the PtSe, grown on the HfO, buffer layer.
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In previous study, in situ grazing-incidence wide-angle x-ray scattering of TAC PtSe, on
sapphire suggests that high-temperature processes promote horizontally aligned epitaxial layers,
affected by lattice mismatch and interfacial strain [47]. In contrast, vdW substrates such as mica
could provide an atomically flat, inert surface that facilitates strain-free planar growth for layered
crystals, whereas Si substrates exhibit active surface states that prevent epitaxial alignment [48].
In turn, the ultra-smooth Al,O; and Si surfaces enable uniform solid-state conversion during
TAC, yielding random rotational orientations [48], while, a high density of nucleation centers
prevents subsequent flake merging, resulting in the smallest average PtSe, grain sizes (7.1-8.6
nm). Vice versa, the higher surface roughness, grain edges, and nanoscale valleys of HfO, and
TiO, can act as barriers that suppress planar lateral expansion [48]. TAC occurring around these
defect sites could force the out-of-plane rotation of neighboring domains, leading to their
localized clustering and merging. This reorientation and localized clustering ultimately yield
larger observed inclusions and grain sizes (11.5-12.5 nm) on HfO, and TiO,, which may affect

their environment-dependent sliding properties [49].

3.3. Tribological properties of PtSe, thin films with ALD buffer layers on Si substrates

To investigate the influence of ALD OBL on the tribological behavior of PtSe,, the friction tests
were conducted on both the PtSe,/oxide heterostructures as well as on the standalone oxides
deposited on Si substrates. Testing of all oxides in ambient resulted in their rapid degradation,
eventually reaching COF characteristic of the uncoated Si (Figure 5). Under vacuum conditions,
the uncoated Al,O; layer similarly failed within the first few cycles, reaching a COF of 0.2 with
friction spikes up to 0.7 (reproducing the behavior of the Si substrate). In contrats, the uncoated
HfO, and TiO, layers exhibited extended tribological durability over 1000 cycles with COFs of

0.7 and 0.6, respectively.

12
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PtSe, improved tribological performance

(Figure 5). In particular, in ambient air, PtSe,/HfO, and PtSe,/Ti0O, maintained stable COFs of

~0.13 and ~0.18, respectively, for over 600 cycles, whereas PtSe,/Al,0; failed within 130 cycles

with a COF of ~0.30 (Figure 5). Under vacuum, PtSe,/Al,O5 showed a sharp reduction in COF

to 0.08, maintaining over ~750 cycles, while the PtSe,/HfO, and PtSe,/TiO, demonstrated

significantly higher COFs of 0.65 and 0.33 over ~1000 cycles, respectively. To gain insight into

underlying sliding mechanisms, friction tests were interrupted during the low-COF stage, and

resulting wear tracks were then analyzed using optical profilometry (Figure 5, insets), AFM, and

Raman spectroscopy (Figure 6).
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Figure 5. COF as a function of sliding cycles for PtSe, films synthesized on Al,O3;, HfO,, and

TiO, oxides and bare ALD oxides under (a—c) ambient air and (d—f) vacuum environments.
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Corresponding optical profilometry images of the sliding counterbody balls and wear tracks,

taken after the interruption of the test in the low-COF stage, are shown as insets in each figure.

Arrows mark AFM and Raman analysis positions.
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Figure 6. Wear track AFM topography (a—c, g—i) and corresponding Raman spectra (d—f, j-1) for

PtSe, heterostructures tested in ambient air (a—f) and vacuum (g-1). (a, d, g, j) — PtSe,/ALL,Os, (b,

e, h, k) — PtSe,/HfO,, and (c, f, 1, 1) — PtSe,/Ti0O, heterostructures. Raman spectra in Figure 6]

are taken from the largest residual particles within the wear track (Figure 5 d).

Analysis of the samples tested in ambient air showed that PtSe,/Al,O5 heterostructures suffered

adhesive wear as confirmed by AFM (Figure 6a). Both, PtSe,/HfO, and PtSe,/TiO,

heterostructures demonstrate adhesive delamination and transfer film onto the counterbody ball
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(Figure 5 b, c, e, f, insets). However, these heterostructures demonstrated different wear track
topography and structural properties (Figures 6 b, c, e, f). In particular, PtSe,/HfO,
heterostructure retained residual PtSe, within the middle of the wear track, whereas the
PtSe,/TiO; heterostructure underwent complete removal of the PtSe, film, exposing only TiO,.
Under vacuum conditions, residual PtSe, was observed in wear tracks of both, PtSe,/Al,0; (as
small inclusions) and PtSe,/HfO, (across the entire track surface) heterostructures (Figures 6g—h,
6j-k). In contrast, it was completely absent in the PtSe,/TiO, heterostructures (Figures 6i, 61).
Counterbody ball analysis in vacuum (Figure 5) showed no transfer layer for Al,O3 and HfO,,
but its appearance was observed for TiO,.

The COF, structural, and surface analyses demonstrate the different environment-dependent
tribological mechanisms for each heterostructure. For the PtSe,/Al,0; heterostructure under
vacuum, small PtSe, inclusions formed within the wear track effectively protected the Al,O;
layer from wear, enabling a low COF of 0.08, similar to MoSe, tribolayer in sliding interface in
Mo-Se-C coatings [50]. Conversely, for PtSe,/HfO, heterostructure, strong oxide adhesion
prevents eventual coating wear and retains PtSe, throughout the wear track. This interfacial
bonding results in a gradual increase in COF to 0.65 in vacuum, while supporting a low, stable
COF of 0.13 in ambient air, followed by gradual failure. Similar friction behavior for PtSe,/HfO,
heterostructure in both testing environments can indicate continuous abrasive coating removal
[51], while steady-state friction is primarily caused by wear-track morphology and the chemical
nature of the interface [52]. Finally, the PtSe,/Ti0O, heterostructure behaved similarly in vacuum
and in ambient air, where sliding friction was primarily governed by the contact interface
between the transferred PtSe, film on the ball and the exposed TiO, OBL, consistent with
transfer-film-driven sliding mechanisms reported for WC/a-C solid-lubricant systems [53]. The

formation of a transfer film on the counterbody ball for PtSe,/TiO, heterostructure can be

15
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attributed to weaker bonding to a rough, polycrystalline surface. In particular, grain boundaries
and surface facets of these TiO, grains could create localized shear-stress during sliding [54],
thereby facilitating the cleavage and delamination of the PtSe,. This sliding behavior differs from
that of widely used solid lubricants such as MoS, and graphite. While perfect MoS, relies on
pristine basal-plane shear and is theoretically moisture-resistant, synthesized polycrystalline
films undergo rapid degradation at reactive edge sites and vacancies in humid environments [55].
Furthermore, carbon-based lubricants such as graphite require moisture to passivate reactive
edge bonds and enable lubrication [56]. The tribological performance of the PtSe,
heterostructures, in turn, is not affected by environmental passivation, but rather by localized

wear and the residual and transferred particles within the interface.

3.4. Tribological performance of PtSe,/HfO, heterostructures on 16MnCrS5 steel

Taking into account the sliding performance of PtSe,/oxide heterostructures on Si substrates,
where HfO, demonstrated gradual, simultanecous wear across varying atmospheres whereas
ALLO; and TiO, OBL exhibited rapid coating wear, tribological testing was conducted on
PtSe,/HfO, heterostructures on 16MnCr5 steel substrate. During the initial sliding stage, the
COF of these samples remained at ~0.3 in both ambient air and vacuum (Figure 7a). However, in
ambient air, a sharp increase in COF was observed within 300 cycles, accompanied by severe
wear of both the coating and the counterbody ball (Figures 7b, d, f). In contrast, vacuum testing
demonstrated a gradual reduction in COF to 0.2 and an extended tribological durability above
10000 cycles. Under vacuum conditions, no wear was detected on the sliding ball (Figure 7c,g),
while the wear track is characterized by a similar wear depth but consisted of numerous high
inclusions (Figures 7f,g). This environment-dependent behavior aligns with observations in

MXene coatings, where low humidity and vacuum delay mechanical coating breakthrough,
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extending tribological lifetime from under 100 cycles in humid air to over 4000 cycles in dry
conditions [57]. However, unlike 2D materials such as MXenes or MoSe,, in which water
intercalation weakens interlayer bonding and shifts nanosheets from the central contact zone to
the track edges [57-58], the interfacial stability in our PtSe,/HfO, heterostructure binds PtSe,
inclusions at the wear-track center, ensuring continuous solid lubrication. For comparison, the
uncoated 16MnCr5 reference substrate exhibited high friction (COF ~0.8) and severe adhesive
wear during vacuum sliding (Figure 7). As reported for steel-on-steel contacts, the absence of
environmental moisture in a vacuum prevents the formation of protective, water-assisted surface
oxide layers, resulting in un-passivated metallic adhesion and high wear rates [57]. Here,
PtSe,/HfO, heterostructures on steel exhibited severe SizN,4 ball wear in air (Figure 7b) but no
wear in vacuum (Figure 7¢). Further, optical topography analyses (Figure 7f, g) confirmed the
complete absence of a transfer layer. Unlike carbon materials, MXenes, and MoS, that typically
rely on friction-induced transfer tribofilms [54], the chemical inertness of PtSe, most likely
prevents surface bonding and inhibits transfer film formation under vacuum. To gain insight into
the underlying wear mechanisms, compositional and chemical analyses of the wear tracks XPS,

and EDX elemental mapping (Figures 8-9) were performed.
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Figure 7. (a) COF versus the number of sliding cycles for PtSe, coatings with a HfO, OBL on
16MnCr5 steel substrates, evaluated in ambient air and in vacuum. Bare steel references are
included for comparison. Optical micrographs of sliding counterbody balls (b, ¢) and PtSe,/HfO,
wear tracks on 16MnCr5 steel substrates (d, e) after 10000 cycles, along with corresponding
wear depth profiles (f, g) taken in the middle of the wear track and crated on the ball. (b, d, f)

correspond to tests in ambient air, while (c, e, h) correspond to tests in vacuum.

EDX mapping revealed relatively large regions where the Hf signal was significantly reduced for
samples tested in ambient air (Figure 8a), whereas a nearly continuous Hf signal was maintained
across the wear track for samples tested in vacuum (Figure 8b). These changes indicate that
sliding in ambient air causes severe wear on both, PtSe, coating and underlying HfO, buffer
layer. Conversely, the Pt concentration across the wear track in both environments was
significantly reduced, existing as localized, weak inclusions. However, the Se distribution
exhibited a clear retention pattern, where Pt-containing inclusions inside the wear track
overlapped with Se in most cases, suggesting a localized retention of PtSe,, alongside Se-
enriched regions where the Pt signal was absent. Moreover, prominent overlapping of Si and O
signals observed mostly in the air-wear track indicats SisN4 counterbody wear and its transfer

onto the sample surface.

18



Page 22 of 35

a) Ambient air b) vacuum

Figure 8. SEM micrographs and EDX elemental maps of the wear tracks formed on

PtSe,/HfO,/16MnCr5 steel heterostructures tested in ambient air (a) and vacuum (b).

XPS analysis supports the EDX observations and, in addition, demonstrates excellent chemical
stability of the heterostructures. High-resolution Pt 4f and Hf 4f core-level spectra (Figure 9)
showed no PtSe, degradation nor HfO, reduction in either testing environment. In particular, the
peak shapes and binding energy positions within the wear tracks remained nearly identical to
those of the unworn reference area, showing only a reduction in overall intensity due to the
decreased amount of material remaining in the contact zone after sliding. In addition to the PtSe,
characteristic Se 3ds;, and Se 3d;, doublet peaks, which overlapped with Fe 3p from the steel
substrate, the spectra also showed a pronounced signal from elemental Se (Se%), and a minor

contribution from oxidized Se—O states.
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Figure 9. High-resolution (a) Pt 4f, (b) Se 3d, and (c) Hf 4f XPS spectra of the PtSe,/HfO,/Steel
heterostructure recorded at the unworn sample surface (top), the center of the wear track after

testing in ambient air (middle), and the wear track after testing in vacuum (bottom).

These results suggest that relatively high inclusions observed in the wear track depth profiles
correspond to retained PtSe; inclusions. This retention could be caused by high thermal stability
and chemical stability of HfO, [59][60], which promotes strong interfacial adhesion with the
TMDs film [61]. Combined with low adhesion of PtSe, to the sliding counterbody ball, strong
interfacial bonding allows the PtSe, inclusions to resist removal from sliding contact zone and
form easy-shear tribo-film [57]. Anchoring of environmentally stable PtSe, inclusions within the
wear track suppresses atmospheric effects during early sliding stages. These inclusions can then
act as a localized tribofilm that eliminates direct contact between the Siz;N, counterbody ball and
the steel substrate, thereby reducing friction and wear rate in both ambient air and vacuum. In
contrast to MoS, coatings, where adsorbed water molecules were proposed to form a protective
boundary layer and mitigate oxidation on the inert basal planes of pristine MoS, [55][62], PtSe,

heterostructures studied here are polycrystalline. Therefore, rather than interacting with the inert
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PtSe, lattice, atmospheric moisture likely adsorbs onto exposed grain boundaries and wear debris
[56]. This trapped interfacial water increases capillary drag and facilitates third-body
abrasive/adhesive wear in ambient air, resulting in rapid coating failure compared to that under

vacuum.

4. Conclusions

The synthesis, structural characteristics, and environmental tribological mechanisms of PtSe,
films grown on ALD-grown oxide buffer layers (Al,O3;, HfO,, and TiO,) were systematically
investigated on Si and 16MnCr5 steel substrates. The choice of interfacial oxide chemistry was
shown to play a key role in determining film adhesion, crystallite domain size, and environment-
dependent sliding behavior.

On Si substrates, TiO, maintained a transfer-film-driven sliding mechanism in both air (COF =
0.18) and vacuum (COF = 0.33) environments. The Al,O; buffer layer exhibited rapid wear in
ambient air but achieved a remarkably low COF of 0.08 in vacuum due to localized PtSe,
inclusions. In contrast, HfO, exhibited strong interfacial stability, which supported uniform
coating retention across both testing environments.

When applied to 16MnCr5 steel substrates, the PtSe,/HfO, heterostructure demonstrated
exceptional solid-lubrication durability under vacuum conditions, exceeding 10000 sliding cycles
with a stable COF (~0.2). Structural and compositional characterization revealed that this
extended lifetime is driven by strong interfacial bonding between PtSe, and HfO,, combined
with low adhesion to the sliding Si3N4 counterbody ball. This enables PtSe, inclusions to remain
strongly anchored within the wear track, providing continuous solid lubrication and preventing
substrate damage. In cotrast, ambient air exposure accelerates chemical oxidation and film

breakdown, limiting wear life to under 300 cycles.
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Our findings demonstrate that tailoring interfacial oxide chemistry, specifically utilizing HfO,
buffer layers, is a highly effective strategy for designing durable PtSe, solid-lubricant coatings

for vacuum and aerospace applications.
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Nomenclature

2D — Two dimensional

TMD - Transition metal dichalcogenide

OBL - Oxide buffer layer

AFM - Atomic force microscopy

ALD - Atomic layer deposition

TAC - Thermally assisted conversion

COF - Coefficient of friction

EDX / EDS - energy dispersive X-ray spectroscopy

MEMS - Micro-electromechanical systems

RF - Radio frequency

Rrwms - Root-mean-square surface roughness (nm)
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SEM - Scanning electron microscopy

vdW - van der Waals

XPS - X-ray photoelectron spectroscopy

XRD - X-ray diffraction
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