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Nazov a stat zahraniéného pracoviska, ktoré spolupracovalo pri rieSeni

Velmi aktivne bola do projektu zapojena Univerzita v Osake:
Dept. of Applied Physics,

Osaka University,

2-1 Yamadaoka, Suita,

Osaka 565-0871,

Japan

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

Nie je aktualne, jedna sa o projekt zakladného vyskumu.

Najvyznamnejsie publikacie (knihy, ¢lanky, prednasky, spravy a pod.) zhriiujice
vysledky projektu — uvedte aj publikacie prijaté do tlace

1) Y. Adachi, J. Brndiar, M. KonOpka, R. Turansky, Y. Sugawara, L. Kantorovich, I. Stich,
and Y.J. Li, Tip-activated single-atom catalysis: CO oxidation on Au adatom on oxidized
rutile TiO2 surface, under review in Science (2022); v druhom kole receného konania.

2) Y. Adachi, J. Brndiar, H. F. Wen, Q. Zhang, M. Miyazaki, S. Thakur, Y. Sugawara, H.
Sang, Y.J. Li, I. Stich, and L. Kantorovich, Electron dynamics of tip-tunable oxygen species
on TiO2 surface, Comms. Mat. 2, 71 (2021); Casopis skupiny Nature.

3) Q. Zhang, J. Brndiar, Y. Adachi, M. Konépka, H.-F. Wen, M. Miyazaki, Y. Sugawara, R.
Xu, Z. H. Cheng, H. Sang, Y. J. Li, L. Kantorovich, and I. Stich, Voltage- and Redox State-
Triggered Oxygen Adatom Conductance Switch, J. Phys. Chem. C 125, 26801-26807
(2021).

Uplatnenie vysledkov projektu

Nie je aktualne, jedna sa o projekt zakladného vyskumu. Vysledkami su najma publikacie v
Casopisoch s vysokym impaktom (Science, Nature), ktoré tvoria poznatkovu bazu, ktoru
méze vyuzivat a uplatnit flubovolny vedec.
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Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v slovenskom jazyku
(max. 20 riadkov)

V projekte sme sa venovali najma Studiu povrchov oxidov prechodovych prvkov SPM
metddami. Z tejto oblasti sme publikovali najviac publikacii, aj ked nielen z oblasti chemickej
katalyzy, ako sme predpokladali pri koncipovani projektu. Vyvinuli sme Uplne novi metodu
merania rychlosti tunelovania elektronov (tunnelling rates) medzi hrotom AFM mikroskopu a
nanocasticami na povrchu. Pre tuto novi metdédu sme vyvinuli analyticku tedriu, ktora sa
vyuziva pri interpretacii experimentalnych merani. Metéda je minimalne o jeden rad
rychlejSia ako uz existujuce metddy, a tak umoznuje merania uskuto€nit aj pri vysSich
teplotach (explicitne sme uskutoCnili merania pri 78K), na rozdiel od existujucich metéd,
ktoré vyzaduju ultra-nizke teploty (< 5K). Skonstruovali sme a detailne popisali
mechanizmus spinania atomarneho prudového spina¢a na baze adatému kyslika na TiO2
povrchu kontrolovaného hrotom AFM mikroskopu. Atomarny spina€ spina z dévodu zmeny
redox stavu atomu kyslika (Oad1- je vodivy/ Oad2- nevodivy). Na rozdiel od ¢asto
Studovanych spinaCov na baze molekul, ktoré obvykle spinaju z dovodu zmeny konformacie
molekuly, t.j. ich spinacie €asy su na atomarnej Casovej Skale, atomarny spina¢ spina z na
Casovej Skale tunelovania elektrénu, t.j. o mnoho radov rychlejSie. Ukazali sme
(experimentalne aj pocitatovymi simulaciami), Ze kyslikovy adatom na TiO2 povrchu ma 3
redox stavy: Oad2-, Oad1- a Oad0. Nabojovy ground-state je Oad2-. Oad1- je ~1.5eV
vySSie v energii, ale napriek tomu je beZzne pozorovatelny experimentalne, zrejme z dévodu,
Ze mu chyba v blizkosti polarén, ktory by ho mohol nabit na energeticky vyhodnejSi stav
Oad2-. Oad0 predstavuje lokalne minimum na povrchu potencialnej energie, ktoré je vSak o
~3.5 eV vysSie v energii ako Oad2- a tento stav sa bezne na povrchu TiO2 nepozoruje, a na
jeho pripravu je potrebné pomerne silné elektrické pole. Ak je adatom kyslika privedeny do
redox stavu Oad0 experimentalne sa pozoruje, Ze je (meta)stavilny na experimentalnych
Casovych Skalach (radovo desiatok minut). Zaoberali sme sa aj katalyzou CO na
nanoklastroch zlata na TiO2 povrchu, a ukazali, ze nanoklastre zlata su nabité kladne a
pomerne silne. Toto pravdepodobne zohrava vyznamnu ulohu v katalytickom procese.
Ukazali sme tiez ako je mozné nabojovy stav zmenit pomocou triboelektrického efektu. S
katalyzou silne suvisi aj praca v recenznom konani v ¢asopise Science, ktora sa zaobera
katalyzou CO na (jednom) atdme (single atom catalysis) zlata na povrchu TiO2. Ukazali
sme meodami AFM mikroskopie, Ze nabijanie atdbmov zlata (pozitivne aj negativne) na
oxidovanom povrchu TiO2 vyrazne podporuje adsorpciu CO. Ziadnu adsorpciu
nepozorujeme na neutralnych Au atdbmoch. Zistili sme dve adsorpéné geometrie CO na Au
atdbmoch. Ukazali sme, Ze pomocou AFM dokazeme plne kontrolovat' redox stav
adsorbovanych Au atémov, adsorp&nu geometriu CO a adsorbciu/desorbciu CO hrotom
AFM. Na nabitych Au atbmoch sme hrotom AFM mikroskopu aktivovali Eley-Rideal reakciu
medzi molekulou CO a atdmom kyslila v blizkosti. Dve prace nesuvisia s SPM metédami. V
prvej sme Studovali koloidne silne dopované, kremikové kvantové bodky, ktoré maju viaceré
pozoruhodné viastnosti, napr. Sirku zakazaného pasu a luminiscenciu zavislu od velkosti
nanocCastice a od povrchovej terminacie v kombinacii s ich netoxicitou. Malé, sub 2.5 nm,
nanocastice su amorfné vo vonkajSich atomarnych Supkach, a preto je ich Struktura a
distribucia dopantov malo znama. Vyvinuli sme novl metddu na simulaciu tychto systémov
z prvych principov (DFT), ktora umoznuje modelovanie atomarnej, elektrénovej a fonénovej
Struktury tychto nano bodiek a aplikovali sme ju na generovanie viacerych modelovych
systémov réznej velkosti a réznej koncentracie dopantov. V druhej praci sme sa venovali
fonénovym vlastnostiam 2D systémov, konkrétne jednovrstvovému a niekolkovrstvovému
(single and few-layer) fosforénu. 2D systémy su mimoriadne deformovatelné v porovnani s
ich 3D protipdlmi a deformacia (strain) ma zasadny vplyv na ich vlastnosti. V tejto praci sme
analyzovali vplyv compresivnnej a tensilnej deformacie na vibraéné viastnosti. Projekt mal aj
vyraznu vzdelavaciu dimenziu. V ramci projektu sme sa podielali na aktivitach suvisiacich s
Turnajom mladych fyzikov a Olympiadou mladych vedcov. V €ase trvania projektu sa na
popularizanych aktivitach zu€astnilo viac ako 1000 ucastnikov.

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

In the project we have mainly studied transition metal oxide surfaces using SPM techniques.
Most publications are from this reserach area, albeit not all on catalysis as assumed when
the project was conceived. We have developed an entirely novel method for measurement
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of tunnelling rates between the AFM tip and nanoparticles on the surface. We have
developped an analytical theory used in interpretation of experimental measurements. The
method is at least an order of magnitude faster than the current customary methods, hence
making measurements possible at higher temperatures (we have explicitly demonstrated the
method at 78K), at variance with alternative methods which require ultra-low temperatures
(< 5K). We have constructed and described in detail switching mechanism of atomic current
switch based on oxygen adatom on TiO2 surface controlled by AFM tip. The atomic switch
is driven by redox state modification (Oad1- is conducting/ Oad2- nonconducting). At
variance with the frequenty studied molecular switches which switch due to conformational
change (their switching times are on the atomic time scale), atomic switch switches on the
time scale of the tunnelling electron, i.e. several orders of magnitude faster. We have shown
(experimentally and with computer simulations) that an oxygen adatom on TiO2 syrface has
3 redox states: Oad2-, Oad1- a Oad0. The ground state is Oad2-. Oad1- is ~1.5 eV higher
in energy but easily experimentally observable most likely because of dearth of polarons in
its vicinity which would recharge it to Oad2-. OadOQ is a local mionimum on the potential
energy surface which is ~3.5 eV higher in energy than Oad2- and this state is not normally
found on the TiO2 surface. In order to observe it, a fairly strong electric field is needed. If an
adatom is brought into the neutral state, it is (meta)stable on experimental time scales of
tens of minutes. We have also studied CO catalysis on gold nanoclusters supported on TiO2
surafce and have shown that the gold clusters are all positively and relatively strongly
charged. This probably plays a crutial role in the catalytic process. We have also
demonstrated how the charge state can be modified with use of triboelectric effect. A work
under review (second round of refereeing process) in Science deals with CO catalysis on
single-atom Au catalyst supported on TiO2 surface. Using AFM methods, we have
demonstrated that charging the gold atoms (both positively and negatively) on oxidized TiO2
surafe significantly promotes Co adsorption. No adsorptioon was observed on neutral gold
atoms. We have found two CO adsorption geometries on single-atom Au. We have shown
that using AFM microscopy we can fully control the redox state of the adsorbed Au atoms,
CO adsorption geometry and adsorptioon/desorption of CO with the AFM tip. On charged
Au atoms we have succeeded to activate Eley-Rideal reaktion between CO molecule and a
nearby O adatom by AFM tip. Two papers do not deal with SPM techniques. In the first we
have studied colloidal strongly doped silicon quantum nanodots, which have several unique
properties, such as size and termination controlled band gap and luminiscence, combined
with nontoxicity. Smal, sub 2.5 nm, nanoparticles are amorphous in their outer shells and
their atomc structure and dopant distribution are unknown. We have developed a novel first-
priciple (DFT) simulation technique which makes modeling of atomic, electronic, and
phononic structure of these nanodots possible and applied them to generation of several
model systems of different sized and dopant concentration. In the second paper we
modeled phonon properties of 2D systems, specifically of single- and few-layer
phosphorene. 2D systems are extraordinarilly strainable, compared to their 3D counterparts,
and strain has a fundamental effect on their properties. In this paper we analyzed the
influence of compressive and tensile strain on vibrational properties. The project had also a
prominent education activities. As part of the project we have coorganized the Tournament
of young physiciscs and the International Junior Science Olympiad. More than 1000
participants took part in the popularization activities in the project life time.
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