Agentura na podporu vyskumu a vyvoja

Formular ZK

Zavereéna karta projektu

Nazov projektu Eviden¢né ¢islo projektu APWV-17-0560

Tribologické vlastnosti 2D materialov a pribuznych nanokompozitov

Zodpovedny riesitel Ing. Milan Tapajna, PhD.
Prijemca Centrum pre vyuzitie pokrocilych materialov SAV, v. v.i.

Nazov pracoviska, na ktorom bol projekt rieSeny

Centrum pre vyuZzitie pokroCilych materidlov SAV, v.v.i. (CEMEA SAV);
Elektrotechnicky ustav SAV, v.v.i. (EIU SAV);

Fyzikalny Gstav SAV, v.v.i. (FU SAV);

Ustav materialov a mechaniky strojov SAV, v.v.i. (UMMS SAV);

Nazov a stat zahraniéného pracoviska, ktoré spolupracovalo pri rieSeni

Institute for problem of material science (IPMS), National Academy of Sciences of Ukraine
(NASUV);

Department of Physics Chemistry, and Biology, Thin Film Physics Division, Linképing
University, Linkdping, Sweden;

Udelené patenty/podané patentové prihlasky, vynalezy alebo uzitkové vzory, ktoré su
vysledkami projektu

Najvyznamnejsie publikacie (knihy, €élanky, prednasky, spravy a pod.) zhrnujuce
vysledky projektu — uved'te aj publikacie prijaté do tlace

1. A. Kozak, et al., Nanofriction properties of mono- and double-layer Ti3C2Tx MXenes,
ACS Appl. Mater. Interfaces 14 (2022) 36815.

2. M. Bodik, et al., Friction control by engineering the crystallographic orientation of the
lubricating few-layer MoS2 films, Appl. Surf. Sci. 540 (2021) 148328.

3. A. Kozak, et al., Angular dependence of nanofriction of mono- and few-layer MoSe2,
Appl. Surf. Sci. 567 (2021) 150807 .

4. A. Kozak, et al., Effect of the crystallographic c-axis orientation on the tribological
properties of the few-layer PtSe2, Appl. Surf. Sci. 605 (2022) 154883.

5. M. Sojkova, et al., High carrier mobility epitaxially aligned PtSe2 films grown by one-zone
selenization, Appl. Surf. Sci. 538 (2021) 147936.

6. M. Sojkova, et al., Growth of PtSe2 few-layer films on NbN superconducting substrate,
Appl. Phys. Lett. 119 (2021) 013101.

7.J. Hrda, et al., Tuning the charge carrier mobility in few-layer PtSe2 films by Se: Pt ratio,
RSC Adv. 11 (2021) 27292.

8. A. AnnuSova, et al., Onthe extraction of MoOx photothermally active nanoparticles by gel
filtration from a byproduct of few-layer MoS2 exfoliation, Nanotechnology 32 (2021) 045708.
9. A. A. Onoprienko, et al., Structural and mechanical properties of Ti-B-C coatings prepared
by dual magnetron sputtering, Thin Solid Films 730 (2021) 138723.

Formular ZK, strana 1/3



10. V. I. ivashchenko, et al., Structural, mechanical, optoelectronic and thermodynamic
properties of bulk and film materials in Ti-Nb—C system: First-principles and experimental
investigations, Physica B 646 (2022) 414311.

11. A. Shaji, et al., Stepwise sulfurization of MoO3 to MoS2 thin films studied by real-time X-
ray scattering, Appl. Surf. Sci. 606 (2022) 154772.

12. P. Hutar, et al., Highly crystalline MoS2 thin films fabricated by sulfurization, Phys. Stat.
Solidi B 256 (2019) 1900342.

13. M. Sojkova, et al., Tuning the orientation of few-layer MoS2 films using one-zone
sulfurization. RSC Adv. 9 (2019) 29645.

14. M. Bodik, et al., Collapse mechanism in few-layer MoS2 Langmuir fiims. J. Physical
Chem. C 124 (2020) 15856.

15. M. Bodik, et al., Langmuir films of low-dimensional nanomaterials. Adv. Colloid Interf.
Sci. 283 (2020) 102239.

16. M. Bodik, et al., Langmuir—Scheaffer technique as a method for controlled alignment of
1D materials. Langmuir 36 (2020) 4540.

17. P. Hutar, et al., Correlation between the crystalline phase of molybdenum oxide and
horizontal alignment in thin MoS2 films. J. Physical Chem. C 124, (2020) 19362.

18. N. Mrkyvkova, et al., Simultaneous monitoring of molecular thin film morphology and
crystal structure by X-ray scattering. Cryst. Growth & Design 20 (2020) 5269.

19. M. F. U. Din, et al., A synergistic effect of the ion beam sputtered NiOx hole transport
layer and MXene doping on inverted perovskite solar cells. Nanotechnology, 33 (2022)
425202.

Uplatnenie vysledkov projektu

Projekt mal charakter zakladného vyskumu. Aj ked sme pri navrhu planovali pripravu
jedného patentu, v rpiebehu rieSenia sa ukazalo, Ze dana problematika vyZaduje detailné
Studovanie zakladnych mechanizmov trenia. Na druhej strane, rieSenie projektu za celu
dobu rieSenia prinieslo 23 karentovanych publikacii v kvalitnych zahranicnych ¢asopisoch,
¢o vysoko prevySuje planovany pocet publikacii (8).

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v slovenskom jazyku
(max. 20 riadkov)

Projekt sikladol za ciel rozvoj technoldgii pripravy tzv. dvoj-dimenzionalnych (2D)
materialov a vyskum ich tribologickych vlastnosti na nano a makroskale, za u¢elom vyvoja
ultratenkych nizkotrecich povlakov. RieSenie projektu prispelo k vyvoju technoldgie
depozicie vrstiev 2D materialov tepelne assistovanou konverziou (sulfurizacia, selenizacia)
s riadenou orientaciou fliacikov voci substratu v pripade ultratenkych vrstiev MoS2 a PtSe2.
Prispelo aj k rozvoju depozicie ultratenkych Mxénov na baze Ti2C3Tx pripravenych
pomocou modifikovanej Langmuir-Schaeferovej (LS) metddy a ultratenkych vrstiev MoS2
deponovanymi chemickou depoziciou z par (CVD). Intenzivne sme sa venovali vyskumu
nanotribologickych vlastnosti mono- (ML) a niekolko-atomarne (FL) tenkych vrstiev 2D
materialov. Zamerali sme sa na efekt uhlovej anizotropie trecich sil medzi AFM hrotom a
fliagikmi ML a FL MoSe2 vrstiev rastenych CVD. Dalej sme skumali anizotropiu trecich sil
FL vrstiev MoS2 s podobnou povrchovou topografiou ale odliSnou kry$talografickou
orientaciou voci povrchu substratu, kde sme pozorovali zretefne odliSné tribologické
spravanie vertikalne a horizontalne orientovanych MoS2 fliaCikov na nano- aj makrourovni.
Medzi najyznamnejSie prace patri vyskum nanotribologickych viastnosti ML a FL MXénov
na baze Ti3C2Tx deponovanych modifikovanou LS metédou na SiO2/Si substrat.
Pozorovali sme vynikajuce lubrikaéné viastnosti tychto vrstiev a ukazali sme, Ze trecia sila
monovrstiev je vySSia v porovnani s dvoj- a trojvrstvovymi fliacikmi. Originalnou metodikou
sme urcili COF skumanych Mxénovych vrstiev. PoCas rieSenia projektu sme nadviazali
Uspesnu spolupracu so zahrani€nymi partnermi (Ukrajinska akadémia vied, NASU). V
spolupraci sme skumaniu Strukturne a tribologiccké vliastnosti tvrdych povlakov na baze Ti-
B-C a Ti-Nb-C. Uspesne sme ukongili aj vyskum transferu ultratenkych poviakov na
priemyselne vyuzivané substraty oceli. Ukazuje sa, Ze pouzitie ultratenkych Mxénovych
povilakov v kombinacii s maksim ocelovym substratom vyrazne zniZuje trenie v porovnani so
substratom vo vzduchu aj vo vakuu. Takyto povlak teda méze byt vyuzity ako suchy
lubrikant v otvorenych rozhraniach mikromechanickych systémov alebo MEMS suciastkach.
Konecne, identifikovali sme mozné vyuzitie ultratenkych poviakov na baze 2D materialov
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pre zariadenia mikroaktuatorov pracujucich vo vzduchu aj vo vakuu.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v anglickom jazyku
(max. 20 riadkov)

The project aimed to develop technologies for the preparation of the so-called two-
dimensional (2D) materials and research of their tribological properties on the nano and
macro scale, in order to develop ultra-thin low-friction coatings. The solution of the project
contributed to the development of the technology of deposition of layers of 2D materials by
thermally-assisted conversion (sulfurization, selenization) with controlled orientation of the
flakes in respect to substrate surface in the case of ultra-thin MoS2 and PtSe2 layers. It also
contributed to the development of the deposition of ultrathin Mxenes based on Ti2C3Tx
prepared using a modified Langmuir-Schaefer (LS) method and ultrathin MoS2 layers
deposited by chemical vapor deposition (CVD). We have intensively studied the
nanotribological properties of mono- (ML) and few-atomic layer (FL) thin layers of 2D
materials. We focused on the effect of angular anisotropy of the frictional forces between the
AFM tip and flakes of ML and FL MoSe2 layers grown by CVD. Furthermore, we
investigated the anisotropy of the frictional forces of FL MoS2 layers with similar surface
topography but different crystallographic orientation to the substrate surface, where we
observed distinctly different tribological behavior of vertically and horizontally oriented MoS2
flakes at the nano- and macro-scale. Among the most significant works is the research of
the nanotribological properties of ML and FL MXenes based on Ti3C2Tx deposited by the
modified LS method on SiO2/Si substrates. We observed excellent lubrication properties of
these layers and showed that the frictional force of monolayers is higher compared to two-
and three-layer flakes. Using the original methodology, we determined the COF of the
examined Mxenes layers. During the implementation of the project, we established
successful cooperation with international partners (Ukrainian Academy of Sciences, NASU).
Within this cooperation, we investigated the structural and tribological properties of hard
coatings based on Ti-B-C and Ti-Nb-C. We have also successfully completed research on
the transfer of ultra-thin coatings to industrially used steel substrates. The use of ultra-thin
Mxene coatings in combination with a softer steel substrate has been shown to significantly
reduce friction compared to the substrate in both air and vacuum ambient. Such a coating
can therefore be used as a dry lubricant in open interfaces of micromechanical systems or
MEMS components. Finally, we have identified the possible use of ultrathin coatings based
on 2D materials in microactuator devices operating in both, air and vacuum.
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