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1. Uvod

1. Uvod

V poslednich letech jsou experimentdlné zaméiené studie nanomaterialti ¢im dal Castéji
doplnény i teoretickymi udaji ziskanymi na zaklad¢ vypocti zaloZzenych na kvantové mechanice.
Pomoci vypoctl jsme schopni popsat chovani systémd na atomarni Grovni, ¢imz lze doplnit
experiment o vyznamné (daje, které ¢asto nejsou méfitelné. Zaroven jsme schopni vyuZzit vypoéta
a predurcit vlastnosti systému jes$té pied provedenim samotného experimentu; lze tak cilit
experimenty a zkratit jejich ¢asovou naro¢nost. Benefiti vypocetni chemie bylo vyuzZito i v této
praci, kdy jsme se zaméfili na popis vlastnosti 2D materiald za vyuziti vypoétt teorie funkcionalu

hustoty (density functional theory, DFT).

2D materidly ziskdvaji nové fyzikalné-chemické vlastnosti prav€é omezenim
dimenzionality v jednom sméru, nicméné pro jejich aplikovatelnost v naSem svété (3D) je nutné
zachovat nékteré vlastnosti jako napft. fyzikalné-chemickou stabilitu za norméalnich podminek.
Chalkogenidy ptechodnych kovi (transition metal dichalcogenides, TDMs) byly povazovany za
stabilni az do roku 2016, kdy byla experimentalné prokazana strukturalni zména u vrstevnatého
MoS; vlivem vné&jSich standartnich podminek. DFT vypoty nam umoznily popsat
termodynamickou i kinetickou stranku oxidace probihajici u 1T a 2H polytypti MoSz. Doplnéni
experimentalnich udaji o jednotlivé kroky oxidace véetné limitujicich bariér pro dané polytypy
podavaji tak uceleny piehled, co se u materidlu odehrava. Navic lze vyuzit téchto znalosti
a predpovédét fyzikdlné-chemické chovani jiz zoxidovaného materidlu, jako napiiklad jeho
katalytickou aktivitu, ¢imz jsme se zabyvali v piipadé zoxidovaného 1T-MoS; polytypu (vice

v kapitole 4.1., ptiloha A-C). Zamezeni oxidace lze vyfesit funkcionalizaci vhodnymi skupinami.

Rada vlastnosti 2D materialtt miize byt upravena/vyladéna pomoci funkcionalizace, kdy
danému materialu doddme pozadované vlastnosti pomoci funkéni skupiny. Funkcionalizace mize
byt trvald anebo doc¢asnd. V ptipadé trvalé dochazi k pevnému navazani skupiny, nejéastéji pomoci
kovalentni vazby a ovlivnéni tak strukturniho uspotfadani systému. Vliv funkéni skupiny na

vlastnosti materialu lze predurcit opét DFT vypocty.



1. Uvod

2D material-germanen se strukturné¢ podoba grafenu. Jedna se o pravidelné usporadani
germaniovych atomu ve tvaru Sestithelniku, kdy na rozdil od grafenu neni planarni, ale jeho atomy
tvoii dvé vzajemné vertikalné posunuté podmiizky. Ackoliv se jedna o prvek ze stejné skupiny
periodické tabulky prvku, a dalo by se pifedpokladat, ze bude mit velmi podobné vlastnosti jako
grafen, tak opak je pravdou. U germanenu nedochazi k « interakci p; orbitald, typické pro grafen.
Jedna o polovodi¢, tudiz, 1ze o¢ekavat jeho vyuziti v elektrotechnice a elektrochemii. Dale ma
oproti grafenu (0,5 meV) vétsi spin-orbitalni mezeru (24 meV), coz z germanenu déla vhodného
kandidata na realizaci kvantového spinového Hallova jevu. Germanen je diky strukturnimu
zakfiveni jednotlivych atomu v Sestithelniku je velmi stabilnim materidlem. Navic jeho miizka
umoznuje oteviit zakdzany pds pomoci vngjSiho elektrického proudu, funkcionalizace c¢i
propojenim se substratem. V priloze E lze nalézt experimentélni préci zabyvajici se
funkcionalizaci germananu za ucelem vyuziti takto p¥ipraveného materialu pro katalyzu reakce za
vyvoje vodikem. Nase DFT vypocty doplnily tuto studii o informace strukturniho uspotadani

a pasovych struktur pro jednotlivé nanomaterialy.

V piipadé¢ nanocastic stiibra (nanoparticle Ag, AgNP), které jsou znamé pro svoji vysokou
antibakteridlni aktivitu, byl experimentalné vyuzit kyanografen jako vhodny podklad. Je
vSeobecné¢ znamo, Zze AgNP snadno agreguji a ztraci tak svou antibakteridlni aktivitu.
Experimentalné byl ptipraven kyanografen funkcionalizovany navazanim AgNPs, kdy spojenim
téchto dvou materidlll byla zachovéana antibakterialni aktivita AgNPs a zaroven podpotena jejich
cytokompabilita v porovnani se samostatnymi Ag* ¢asticemi ¢i Ag koloidem. Nicméné pro jejich
aplikovatelnost v praxi je nutné vylouéit, Ze nebude dochédzet k uvoliiovani nanoc¢astic. DFT
vypocty byl potvrzen kovalentni charakter vazby mezi Ag/AgNpS a kyanografenem, ktery

zabrafiuje uvolfiovani stiibra (vice kapitola 4.3 a priloha D).

V této préaci se v prvni ¢asti vénujeme kvantové chemii, protoze vybér vhodné metody
a funkcionalu je zékladem pro spravny popis dané vlastnosti. V druhé ¢asti jsou piedstaveny 2D
materialy s pozornosti vénovanou tém, kterymi jsem se zabyvala ve svych studiich: TMDs,
kyanografen a germaneny. V dalsich kapitolach jsou rozebrany vysledky z téchto studii a v pfiloze

1ze nalézt kopie vSech publikaci.



2. Kvantova chemie

2. Kvantova chemie

Kvantova chemie je védni obor vyuzivajici Kk feSeni chemickych problému samotnou
kvantovou mechaniku. Kvantova mechanika ma své zaklady postaveny na postulatech, které na
zaklad¢ zkuSenosti z experimenti z pocatku 20. stoleti zavedly pojmy jako vinova funkce,
méfitelné veliCiny a maticova reprezentace fyzikéalniho systému. Jednd se o soubor pravidel
vyuzivanych pii feSeni kvantové — mechanickych vypoéti vedouci k popsani chovani elektronové
funkce a tim padem i popsani fyzikalné-chemického chovani pozorovanych entit. Samotné
vypoclty vyuzivaji fadu aproximaci, proto je nutné pii interpretaci vysledk danych vypocti vzdy

brét v potaz volbu metody ¢ili i volbu aproximace, ktera byla pfi vypoctu pouzita.

Pocatky kvantov€ mechanické metody byly zaloZeny na fteSeni cCasové nezavislé

Schrddingeroveé rovnici, ktera nabyva tvaru:

Hy(R,1) = EY(R,T) (1),

kde H je Hamiltontv operator, Y (R, r) je vinova funkce veskerych elektronti zavisejici na poloze
elektronu (r) a jader (R) v prostoru. VInova funkce neni méfitelnou veli¢inou a pouze z jejiho
kvadréatu se da ur¢it pravdépodobnost nalezeni elektronu v prostoru. E je celkova energie systému.
Hamiltontiv operator — hamiltonian pro pevnou latku ¢i molekulu, tj. systém elektrond a jader

provéazanych navzajem coulombickou interakci, obsahuje nékolik ¢lenti:

a- h2 V2R z Vzra z z e? 2
2 L, MA A,|RA azj|ra — 1

j
YAVA
+Z A%
Ai]lRA—le

Prvnim ¢lenem je operator kinetickeé energie vsech jader vyjadieny ptes sumu hmotnosti jader
MaV jejich poloh&ch Ra. Druhym ¢lenem je popséana kineticka energie elektront, vyjadiend jako
suma vsech elektronti o hmotnosti me Vv poloze ra. Zbylé tii ¢leny zastupuji elektrostatické pisobeni

mezi elektrony a jadry a také vzajemnou interakci elektront. Posledni ¢len popisuje interakci mezi

3



2. Kvantova chemie

jadry. Vypocet takto sestavené Schrodingerovy rovnice (SR) je analyticky proveditelny jenom pro
par vyjimek (konkrétné H* iont, H atom a jim podobné struktury), bylo nutné tedy zavést nékolik
aproximaci, které umoziuji vypoéty mnohacéasticového systému. Obrazek 1 shrnuje aproximace,
které dovoluji provést vypoéty ipro vicecasticové systémy pomoci dvou rtznych piistupu.
Jednotlivé aproximace jsou detailnéji rozepsany v kapitole 2.1, 2.2, 2.3 a 2.4. Post-HF metody

nejsou predmétem této prace, a tudiz se jim v nasledujicich kapitolach detailn¢ nevénujeme.

[ Ay@n = ey 1) |
Il

W

Born Oppenheimerova aproximace
o Wiry...ryiRy . R) = P(ry..., r B )P(R,, .. R,),

\ﬂ, téZko popsatelny Ve Elen \ﬂ. teorie funkcionalu hustoty
W Y
jednoelektronova aproximace Kohn Shamavy rovnice
hixi = eix; Hepi(r) = epp;(T)
@ antisymetrie vinove funkce
W \/
Slaterlv determinant Vyménné-korelaéni funkcional
Exeln(r)]
p(r) ¢.0(%) .. Pn(y) 0
Y (T TN) = o () @2 () o o n()

HF
7 n(r) mes double-hybrid
I Exact |

exchange |/ n(r) + HF [meta-hybrid

=——""=s= |/ n(r) + HF| nybrid

\/
Hartree - Fockovy rovnice

foi = «o; resen SCF Thir)  |meta-Gaa
GGA
J-L pridani elektronove korelace &/ nfr)
Post-HF metody n(r) LDA
Cl, CC, MP

Obrézek 1: Schéma jednotlivych aproximaci vedouci k feSeni SR pomoci HF a DFT metod
rozebiranych v kapitolach 2.1, 2.2, 2.3 a 2.4. Post-HF metody: Cl oznaduje metodu
konfiguraéni interakce, CC metodu vazanych klastri a MP Magller-Plessetovu poruchovou

metodu. LDA a GGA jsou zakladni vyménné-korelaéni funkcionaly pouzivané u DFT.

2.1. Born Oppenheimerova aproximace

Born-Oppenheimerova aproximace (adiabaticka aproximace; BO) byla zavedena v roce 1927
a zjednodusen¢ hovofii o separaci vypoctu na dvé ¢asti — na systém pomalu se pohybujicich jader
a oproti nim systém rychle se pohybujicich elektront v ur¢ité statické konfiguraci téchto jader.

Separaci Ize provést na zakladé vyrazného rozdilu hmotnosti jader a elektront (piiblizné 10°). To
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2. Kvantova chemie

znamena, ze elektrony maji pti podobné kinetické energii vyrazné vyssi (piiblizné 1000-10000

krat) rychlost nez jadra. VInovéa funkce v BO aproximaci ma tvar:

W(ry,..., TRy, Ry = (e, 7 R D (Ry, .., Ry), 3),

kde ¥ popisuje vinovou funkci elektront ve statické konfiguraci jader R; a ¢ je vInova
funkce jader, pozice jader jsou znaeny pismeny Rj,..,Ry. Oznaceni 1i,..1, je pro polohy

elektront. Ty v druhém ¢lenu parametricky zavisi na pozici jader Rj.

Separovana vinova funkce pro elektronovy systém po dosazeni do vztahu pro hamiltonian
(2) ma vyrazné jednodussi tvar. Dochazi k zanedbani nejen kinetické energie jader, ale také i k
zanedbani ¢lenu popisujiciho repulzni energii mezi jadry, jelikoz ho lze povazovat za konstantni.

Zapis bezéasové SR je

(T +V +V_ P (r) = E¥(1). (4)

Prvnim ¢lenem je operator kinetické energie elektroni T, dale potencionalni energie V je
dana interakci jednotlivych elektroni se statickym polem jader a poslednim ¢lenem je
potencionalni energie dand interakci elektron-elektron V,_,. Lze vidét, ze aplikaci BO aproximace
dochazi ke zkraceni SR o ¢leny popisujici interakci jader mezi sebou a jejich kinetickou energii.
Nicméné tato aproximace piinasi i nékolik chyb — ztratu informace o vlivu pohybu jader na systém
elektront, tedy elektron-fononovou interakci. Ta je klicovym mechanismem stojicim za

elektrickou vodivosti a supravodivosti.

I ptesto vSak stale neni vyfesen problém mnohacasticového elektronového systému. Dalsi
Uskali tkvi v nalezeni tvaru pro ¢len V,_,, ktery popisuje vzajemné piisobeni elektrond. Pokud jsou
brany v potaz coulombické interakce mezi elektrony a také i kvantové efekty, jako je

nerozliSitelnost elektront, tak SR nelze dale analyticky tesit (obrazek 1).

2.2. Hartree a Hartree Fockova metoda

V Klasické Hartree-Fockoveé metodé (HF metodé) je operator popisujici vzajemnou interakci

elektronti V,_, nahrazen tzv. jednoelektronovu aproximaci. Jejiz podstatou je nahrazeni ¢asové-
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zavislych, bezprostiednich repulzi vSech elektronovych dvojic, stacionarni repulzi jejich casové
zprumérované distribuce. Elektron se pohybuje v efektivnim potencialu ostatnich elektrond.

Hartreeho operator potencialni energie je

| (1")|2 (5)

ef_z flrl—r’l

VInova funkce, ziskana dosazenim Hartreeho operatoru potencialni energie do rovnice 4,
neni antisymetricka. Nespliuje tedy podminku nerozliitelnosti elektrond, jinymi slovy nespliiuje
Pauliho princip vylucnosti. Z tohoto divodu se vlnova funkce pouziva ve tvaru Slaterova
determinantu, kde je N-elektronovd vinovéd funkce reprezentovdna determinantem tvofenym
N-jednoelektronovymi funkcemi. Tyto jednoelektronové funkce se nazyvaji spin-orbitaly a jsou
slozeny z prostorového orbitalu a jedné ze dvou spinovych funkci (tzn. spin-up, spin-down).
Nasledné je varia¢nim principem hledan Slateriiv determinant s nejnizs$i energii. Soucasné se vSak
musi zachovavat u spin-orbitaldi jejich ortonormalita. Minimalizace EMF, ziskané pomoci
varia¢niho principu aplikovaného na stfedni hodnotu hamiltonianu pro vinovou funkci ve tvaru

Slaterova determinantu, vede k HF rovnicim. Ty nabyvaji tvaru

foi = €9 (6)
kde f je Fockiv operator, ktery v sob& obsahuje efektivni potencial popisujici coulombickou,
(prvni ¢len) a vyménnou interakci (druhy ¢len) i-tého elektronu se zprimérovanym
elektrostatickym polem ostatnich elektroni:

, NGOV , 7
— e 2f|¢(7')| B - e zwr)f 5T g3 (7)

! A
Ir—r'| LT wim r—r']

HF rovnice se obvykle fesi metodou self-konzistentniho pole (z angl. self-consistent field,
SCF), protoze Fockiiv operator zavisi na spin-orbitalech, které jsou hledany. SCF metoda vyuziva
iterativni feSeni, kdy je nejdtive zvolena piiblizna vinova funkce, pomoci které je ziskan tvodni
tvar Fockova operatoru. Poté je stimto Fockovym operatorem vyteSena HF rovnice a ziskéna
,,nova“ vinova funkce. Tento cyklus je opakovan do té doby nez se vysledna vinova funkce a ji
odpovidajici spin-orbitaly nemeéni oproti vlozené vinoveé funkce [1]. Celkova energie odpovidajici

feseni HF rovnice vsak neobsahuje energii elektronové korelace, ktera vyjadiuje miru ovlivnéni
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pohybu elektronu pfitomnosti ostatnich elektronti. Pro ziskani piesné energie systému je
nezbytnym krokem vyuziti post-HF metod, anebo pouziti metod postavenych na teorii funkcionalu

hustoty (z angl. Density Functional Theory, DFT) viz obrézek 1.

2.3. Teorie funkcionalu hustoty

V poslednich dek&déach je DFT jednou z nejpouzivanéjSich vypocetnich metod vibec,
protoze umoznila nasazeni kvantové mechanickych vypocti na celou fadu systému a vlastnosti.
Hlavni vyhodou je vyrazné rychlejsi vypocetni ¢as vétsich systémi oproti HF a post-HF metodam
s relativné dobrou piesnosti. Pfi vypoétu HF a post-HF metodami je feSena mnohacasticova vinova
funkce, kterd pro N elektroni obsahuje 3N soufadnic. U DFT je vyrazné sniZzena komplexita
problému, protoze kli¢ovou veli¢inou je pouze elektronova hustota. V tomto piipadé dochazi ke
snizeni poétu neznamych pouze na tfi proménné — a to prostoroveé soutadnice X, Y, z, elektronové
hustoty. Teorie funkcionalu hustoty byla postavena na dvou matematickych teorémech detailnéji

popsanych v kapitole 2.4

2.4. Hohenberg-Kohnovy teoréemy

Vyuziti elektronové hustoty pro kvantové-mechanické vypoclty piedstavili Vv letech
1964-1965 panové Kohn a Hohenberg a navazujici praci rozvinuli Sham a Kohn. Kohn
a Hohenberg matematicky dokazali dva teorémy — existen¢ni a varia¢ni, umoznujici popsat

chovani systému elektronti pomoci elektronové hustoty [2,3].

Existenéni teorém: Energie zakladniho stavu mnohacasticového systému je jedine¢nym
funkciondlem externiho potencialu v,,; (1) a jemu odpovidajici jedine¢né elektronové hustoté

n(r). Funkcional energie E[nr) mizeme napsat ve forme:

Efnay = f N(1)Veye (r)dr + Fyg[n(r)] 8

a Uy (1) pro elektrony v elektrostatickém poli jader 1ze vyjadiit nasledovné (9):

Zi

lr—r;|"

Vorte 1) = =3 ©)
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Fyg[n(r)] v sobé zahrnuje veskeré potencialni energie a kinetickou energii interagujicich ¢astic.

Varia¢ni teorém: Elektronovou hustotu zakladniho stavu a jemu odpovidajici energii 1ze ziskat

pomoci varia¢niho principu.

Eo = min (E[n(r)]), (10)

Jinak feCeno, E, vyjadiuje energii elektronového systému v zdkladnim stavu, druhy ¢len fika, ze
minimalizaci funkcionéalu (jedn& se o funkci funkce) elektronové hustoty je ziskana hodnota

energie zakladniho stavu daného systému a tomu odpovidajici vlastnosti.

Z vyse uvedenych teorému vyplyva, ze veskeré vlastnosti systému v zakladnim stavu jsou
zcela uréeny elektronovou hustotou zakladniho stavu a jeji minimum lze nalézt pouzitim
variaéniho principu. Nicméné ziskani elektronové hustoty komplikuje ¢len Fyg[n(r)], pro ktery
neni zndm presny analyticky tvar. Za piedpokladu, Ze by byl znam piesny tvar tohoto ¢lenu bylo

by mozné iterovat elektronovou hustotu neZ funkcional energie E[n ()] nenabude svého minima.

Obvykle E[n(r)] se déli na tfi ¢leny: funkcional kinetické energie elektroni T[n(r)],
funkcional vzajemné elektrostatické interakce elektront V,.[n(r)]a funkcional popisujici

interakci elektronti s jadry V,,.[n(r)]. Funkcional hustoty odpovida pak tvaru (11):

E[n(m)] = T[n(@)] + Vee[n(1)] + Ve [n(1)]. (11)

Clen T[n(r)] Ize rozepsat jako kinetickou energii pro neinteragujici systém T,;[n(r)]
a skute¢nou kinetickou energii T.[n(r)], jejiz tvar neni zndm. Zaroven &len V,.[n(r)] se da
rozepsat na coulumbicky piispévek Jo.[n(r)], ktery lze spocitat pomoci Coulumbova zakonu
vyjadfeného pomoci elektronové (tj. ndbojové) hustoty a na neklasicky piispévek Vi [n(r)]
zahrnuji kvantové mechanické efekty jako elektronova vyména a korelace. Jeho ptesny analyticky

tvar ovSem také neni znam a je nutné jej aproximovat.

Vysledny funkcional hustoty energie nabyva tvaru:

E[TL(T)] = Tni [n(r)] + Tc [n(r)] +]ee [n(r)] + Vncl [n(r)] (12)
+ Vae[n(1)]
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V rovnici (12) neni analyticky tvar ¢lent V. [n(r)] a T.[n(r)] znam, a proto se pouziva
jejich aproximace. V tomto piipadé jsou oba ¢leny spole¢né zahrnuty do jednoho, tzv. vyménné-

korela¢niho funkciondlu Exc[n(r)], ktery lze vyjadiit jako:

Exc = f n(r)ee.(n(r))d3r, (13)

kde &, je hustota vyménné-korelaéni energie.

Aproximace vedouci k rovnicim 12 a 13 umoziuji praktické vypocty SR pomoci DFT; rovnice

(12) byva oznacovana jako Kohn-Shamova rovnice.
Kohn Shamova rovnice

V predeslé kapitole byly predstaveny teorémy DFT, které zjednoduSené ftikaji, ze
elektronova hustota zakladniho stavu plné popisuje energii systému. Problematickym ¢lenem vSak
zustava vyménné-korelaéni funkcional, jehoz analyticky tvar neni znam, coz znemoziiuje exaktni
feSeni. Praktické, i kdyz piiblizné, feSeni DFT bylo umoznéno Kohn-Shamovou rovnici, ktera je
zaloZena na piedpokladu, ze elektronova hustota interagujicich elektrontt miize byt ziskana pomoci
,,pomocné“ hustoty neinteragujicich c¢astic, tedy elektront v efektivnim potencialu ostatnich
elektrontl Ver. Je namisté pfipomenout podobnost s efektivnim potencialem v HF metodé feseni

Schrédingerovy rovnice.

Stejné jako Vv ptipadé feSeni HF, i nyni je separovan mnohacasticovy problém na

jednoelektronovy, ktery je dan Kohn-Shamovou rovnici [4].

Hoji(r) = g@;(r) (14)
Hamiltonian ,,pomocné* hustoty elektronového naboje nabyva tvaru:

h? (15)

H=- V2 + Vopr (1)

2m,

Efektivni potencial V(1) je vyjadien jako:

i , , OE
Verr(r) = Vexe (1) + € [ 25 dr” + 222 (16)
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kde V..(r) je vné&jsi (externi) potencial popisujici interakci elektronti s coulombickym
potencialem atomovych jader. Dalsi ¢len popisuje coulombickou interakci mezi elektronem
a ostatnimi elektrony a posledni ¢len je vyménné-korelaéni funkciondl. KS rovnice lze fesit stejné
jako Fockovy rovnice iterativné. Schéma vypoctu je vyobrazeno na obrazku 2. V tomto
hamiltonianu nezname pouze konkrétni tvar posledniho ¢lenu, ktery musime aproximovat a bude

rozebran v kapitole 2.5.

PocatecCni odhad
elektronové hustoty

i

Vypocet efektivniho
potencialu

{

Reseni Kohn-Shamovy
rovnice

l

Vypocet elektronové
hustoty
0

NE
Selfkonzistentni?

§-ANO

Celkova energie zékladniho
stavu,
vystupni vlastnosti systému

Obrazek 2: Schéma DFT vypoctu od pocatecniho odhadu elektronové hustoty az po feSeni ve

formé celkové energie zakladniho stavu a z ni vyplyvajici vlastnosti systému.

2.5. Funkcionaly

Metoda DFT tedy umoziiuje nalezeni zakladniho energetického stavu elektronti pro dany
systém, obvykle definovany polohami jader. Pro popis vlastnosti systémi, jako jsou délky a thly
vazeb v molekulach/strukturach, adsorpce a desorpce molekul na povrchu, vypocet velikosti

disocia¢ni bariéry ¢i nalezeni velikosti transla¢ni bariéry pii chemickém procesu, je nutné proveést

10
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nékolik vypoctl pro rizné polohy jader. Jinymi slovy, tyto vlastnosti Ize popsat na zakladé rozdila
energii pro konfigurace jader odpovidajici danému jevu nebo vlastnosti. Presnost samotného
vypoétu pak zavisi na vybéru aproximace pro vyménné-korela¢ni funkcional. Pro
vyménné-korelaéni funkcional bylo navrzeno velké mnozstvi riznych aproximaci a formulaci. Pro
ptehlednost Ize jednotlivé funkcionaly rozdé€lit do n€kolika kvalitativnich Grovni — prozatim péti
pticek tzv. Jacob’s ladder [5] — popisujicich hierarchii funkcionald se zvySujici se pfesnosti a tomu
odpovidajici vypocetni naro¢nosti. Piiklady téchto stupiiti a odpovidajicich funkcionalt jsou

vyobrazeny na obréazku 3.

|Chemické presnost

"'T

. Hybridni
| | metody: ||
»%3LYP, B3PW¢

S

L Meta-GGA:
Mo6-L, TPS

1SOUQO0JBN
Presnost

|l Gcoea:
| PBE, BLYP [}

il

LDA:

Obrézek 3: Jakob’s ladder popisujici rozdéleni zakladnich typu funkcionall na zakladé jejich
presnosti a vypoc€etni naro¢nosti.
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2.5.1. LDA

Zékladnim a také prvnim navrzenym funkcionalem je aproximace lokalni hustoty
tzv. LDA (z angl. local density approximation, LDA), kter4 vychazi z modelu homogenniho
elektronoveho plynu. Jedna se zakladni model elektronové struktury valen¢nich elektront
v kovech, ve kterem je elektronova hustota vSude Kkonstantni. V tomto piipadé pak

vyménné-korelaéni ¢len nabyva tvaru:

Ex¢d[n] = f n(r)e(n(r))dr 17)

kde &(n) vyménné-korelaéni energie pro danou hustotu vztazena na jednu castici-elektron.
Prikladem tohoto funkciondlu je VWN; — parametrizace vyménné-korelacniho funkcionalu od
Voska, Wilka a Nusaira [6]. V ptipadé molekul neexistuje homogenni rozlozeni elektronové
hustoty, jak je mozné tedy aplikovat tento pfistup? Objem molekuly je mozné rozloZzit na malé
objemové Casti. V kazdé z nich se stanovi elektronova hustota, ta se dosadi do vztahu pro
vyménné-korelaéni ¢len (17) a tim je zformulovana KS rovnice. Vysledna elektronova hustota je
ziské&na souctem ptes vSechny objemové ¢asti, v kterych byla jednotlivé vypocitana elektronova

hustota.

LDA popisuje dobfe materialy, u kterych je elektronova hustota homogenné rozloZena
napf. kovy. Dale je vhodna pro popis vibra¢nich stavii anebo dipolovych momentt. Pro molekuly
a pevné latky s nerovnomérné rozlozenou elektronovou hustotou je tento funkcional nevhodny,
protoze nadhodnocuje hodnoty vazebnych a kohezivnich energii. U polovodi¢i a izolatort

podhodnocuje velikosti zakazanych pasut [7].

252. GGA

Aproximace zobecnéného gradientu, GGA (z angl. Generalized gradient approximation),
své zaklady postavila na LDA metod¢ se zasadni zménou — vyuziva pro vyménné-korelacni energii
nejenom elektronovou hustotu v daném bodg¢, ale také i jeji gradient — v Jacob’s ladder se nachazi

na druhé pricce (viz obrazek 3)

ESS4[n] = f n(r)f (n, Vn)dr (18)

12
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Vyuzitim gradientu ziskava metoda vétsi piesnosti pii popisu realné situace v atomech
a molekulach. Oproti LDA dosahuje vyrazné piesnéjSich hodnot celkovych energii, tak
i atomizac¢nich energii. GGA ,,opravuje‘ velikosti vazebnych energii, které LDA nadhodnocuje. S
ptesnym popisem celkovych energii se poji i lepsi popis energetickych bariér a energetickych
rozdild odli$nych struktur. Tento rozdil mezi LDA a GGA funkcionalem se nejvyraznéji projevil
u vypoctu strukturniho uspoiadani Zeleza. Dle vypocétu pomoci LDA funkcionalu by mélo zelezo
v zékladnim stavu mit hexagonalni tésn¢ uspofadanou miizku - HCP (z angl. hexagonal close
packed structure) a jevilo se jako nemagnetické, zatimco GGA davad Zelezo spravné jako
feromagnetické s kubickou plo$né centrovanou miizkou — BCC (z angl. body centered cubic
structure) [8].

Analyticky tvar GGA funkcionalu je zna¢né slozity a obsahuje i nastavitelné parametry
narozdil od LDA. GGA funkcionélu je tim padem vice typt napt. B88 vytvoreny Beckem [9],
PWQ91 vytvoren Perdewem a Wangem [10] ¢i jeden z nejznaméjsich PBE od Perdewa, Burkeho
a Ernzerhofa [11]. GGA funkcionaly odstranily mnohé nedostatky LDA funkcionalt, poskytuji
vyvazeny popis jak krystalickych, tak molekularnich systému a diky tomu jsou rutinné pouzivany
ve vét§in€ DFT vypoéti. Nicméné stale Spatné popisuji vlastnosti, u kterych hraji roli nelokalni
interakce (long-range interactions), které obvykle stabilizuji vrstevnaté systémy. Jedna se o
vodikové vazby, van der Waalsovy interakce atd. Zaroven GGA funkcionaly stale podcenuji

velikosti zakazanych past u polovodicu a izolatort i kdyz v mensi mife nez LDA.

2.5.3. Meta-GGA funkcionaly

Meta-GGA DFT funkciondl ve své pivodni formé zahrnuje druhou derivaci elektronové
hustoty (Laplacian). Jde o pfirozeny stupenn rozvoje hustoty po GGA, ktera do vymeénné-
korela¢niho potencialu zahrnuje pouze hustotu a jeji gradient[12]. V dne$ni dobé jsou za
meta-GGA oznacovany funkcionaly, které obsahuji hustotu kinetické energie 7, tedy laplacian KS

orbitalu:

EMSGA[n, 7] = J d3r f(n(r), Vn(r),=(r)), (19)

kde 7 (1) = S X0V, ()2, (20)

13
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Meta-GGA funkcionaly v sob¢ tedy explicitné zahrnuji KS orbitaly ¢,. PouZitim
meta-GGA funkcionalt Ize ziskat velmi piesné hodnoty atomizacnich a povrchovych energii,
bohuzel pro nékteré vlastnosti jako geometrie a vibra¢ni frekvence doslo ke zhorseni oproti GGA
funkcionalim [13,14]. Kvili tomu, a zaroven kvili vys$si vypocetni naro¢nosti, nejsou meta-GGA
funkcionaly ve vypoctech pevnych latek tak rozsitené jako GGA funkcionaly. Nutno podotknout,
ze v poslednich letech se zajem o0 meta-GGA zvysil diky novému meta-GGA funkciondlu SCAN
(Strongly Constrained and Appropriately Normed semilocal density functional, SCAN) [15], ktery
spravné¢ predikuje geometrie a energie systémi oproti LSDA, GGA i nékterym meta-GGA
funkcionalim, tudiz je slibnym nahradnikem GGA funkcionélu, jako zakladniho univerzalniho
funkcionélu. Z tspéchit SCAN funkcionalu lze zminit vypocet piesné fazové stability polymorfi
MnO; [16], siln¢ korelovaného materialu, u kterého PBE v¢etné varianty s Hubbardovou U
korekci, nedokazali predpovédét zakladni strukturu. SCAN také poskytuje piesné geometrie pro
fazové struktury v 2D materidlech [17]. Dalsim ptsobivym uspéchem SCAN je pfesnost popisu
strukturnich, magnetickych, elektronickych vlastnosti a energetiky antiferomagnetického izolantu
La.CuO4 a dopovane kovové faze La,—xSrxCuQO4[18,19]. Jako mozny nedostatek SCAN se uvadi

jeho selhani v popisu energie tvorby vakanci [20].

2.5.4. Hybridni funkcionaly

S dalsi alternativou pro zlepseni GGA pfisel Becke, ktery navrhl nahradit ¢ast vyménné
energie v Ey. hodnotou exaktni. Exaktni vyménna energie (EXX) odpovida vyménné energii v HF
metodé, a proto byvaji tyto funkcionaly oznacovany jako hybridni funkcionaly [21]. Hybridni
funkciondly dosahuji vyrazného zlepSeni atomizacénich energii, popisu geometrie krystali-
miizkové parametry, ale hlavné popisu pasovych struktur a velikosti zakazanych pastu
u polovodici aizolatord. Jednim z nejznaméjsich hybridnich funkcionélu je B3LYP, ktery je

vhodny a ¢asto pouzivany pro vypocty molekuldrnich struktur [22—24].

Exe"'? = (1 - ao — a)Ex™ + aoEF™ + ayEX*® + (1 — ag) ¢ (21)

+ a ELYP
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Ve funkciondlu se objevuji nastavitelné parametry, jejichz hodnoty jsou: ap = 0,2, ax = 0,72

aac=0,81. B3LYP obsahuje 20 % vyménné energie z HF, procento je uréeno parametrem ay.

Pro vypocty pevnych latek je ¢asto pouzivanou alternativou B3LYP funkcional PBEQ [25],
ktery velmi dobie popisuje strukturni, spektroskopické a termodynamické vlastnosti. Vyménna

¢ast PBEO je slozena z 25 % HF s kombinaci PBE, korela¢ni ¢ast je plné pievzata z PBE.

EEE® = 0,25 EfF + 0,75 EFPE + EFBE (22)

Pomoci PBEO funkciondlu dochazi k vyraznému zlepSeni popisu pasovych struktur
a velikosti zakazanych past. Demonstrujicim ptikladem je jeho pouZiti pro vypocty pasovych
struktur pro Mottovy izolatory, napt. NiO, MnO, FeO, jejichz pasové struktury vypoctené za
pouziti LDA ¢i GGA funkcionalti odpovidaly vodi¢tim, tj. vitbec neobsahovaly zakazany pas [26].
Pro periodické systémy je ¢astéji pouzivana obdoba PBEO v podobé HSEQ6 funkcionéalu (Heyd—
Scuseria—Ernzerhof), ktery rozdéluje potencial na ¢ast kratkodosahovou (short range, SR)
a dalekodosahovou (long range, LR) [27,28]. Hlavnim divodem jeho Castéjsiho pouziti oproti
PBEO funkcionalu je rychlejsi konvergence jeho exaktni vyménné ¢asti. HSEO6 je stejné jako

B3LYP parametrizovan a je tvofen témito piispévky:

EZSE0® = 0,25 By % (w) + 0,75 Ex % (w) + Exe " (w) + EZPE (23)

A¢ hybridni funkciondly pifedstavuji vyznamné zlepSeni oproti semilokalnim
funkcionaltim, jejich rutinnimu nasazeni ve vypoctech brani vypocetni naro¢nost, ktera je fadove
vys§i. Hybridni funkcionaly navic nepopisuji disperzni sily vznikajici nelokanim rozloZzenim

naboje, pro jejichz popis je tieba zahrnout nelokalni korelaci.

2.5.5.  Slabé interakce — vybér funkcionalu

Slabé interakce, téZ Londonovy disperzni sily jsou zaloZzeny na elektromagnetické interakci
mezi molekulami, ovsem jejich energie je nizsi (2 kJ/mol — 20 kJ/mol) oproti pevnym vazebnym
interakcim jako jsou kovalentni, koordina¢né-kovalentni, iontova a kovova vazba. Londonovy
disperzni sily maji maly podil na vysledné energii systému, nicméné jejich piispévek je klicovy

ufady systémi, napt. vodikové interakce v DNA, intermolekularni sily ovliviiyjici bod varu
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u nepolarnich alkanti, ¢i zménu strukturniho chovani Clz a Bro molekuly pii 25°C. U Cl2 molekula
zustava nadale v plynné fazi, zatimco Brz dochazi ke zkapalnéni vlivem ptsobeni disperznich sil

v zAvislosti na velikosti molekul.

Slabé interakce jsou obvykle déleny do skupin: i, interakce permanentnich
a indukovanych elektrickych multipola, i, interakce mezi fluktuacemi elektronové
hustoty - disperzni interakce, iii, londonovy disperzni interakce a iv, vodikové vazby. Londonovy
interakce také vyrazné ovliviiuji vlastnosti latek. Mezi Londonovy disperzni sily patii i vdW
interakce, které hraji vyznamnou roli pii vypoctech povrchovych energii, exfoliacnich energii

vrstevnatych materiali, adsorpci molekul atd..

Existuje fada moznosti, jak tyto sily zahrnout do vypo¢tl: nejjednodussi je i, piidani
(semi-)empirického ¢lenu zalozeného na parové interakci do DFT funkcionalu (Grimmeho
funkcional D2, TS, TS-SCS, MBD), ii, implementaci samostatnych nelokalnich funkcionalti k jiz
existujicim (vdW funkcionaly), iii, explicitni vypocet nelokalni interakce v RPA aproximaci.
V nasi praci se vénujeme strukturdm, které maji vrstevnaty charakter, a proto se nyni zamétime na

volbu funkcionalu pro vypocty obsahujici vdW interakce.
EMPIRICKE FUNKCIONALY

Jednou z moznosti je zahrnuti vdW sil ptimo do funkcionalu, coz znamena, ze vyménna
¢ast vyménné-korelaéniho funkcionalu je ponechana z ,,pivodniho“ LDA ¢i GGA funkcionalu
a ke korelacni casti je ptidan ¢len popisujici nelokalni interakce. Jednou z nejpouzivanéjsich
metod je empiricky DFT-D2 funkcional, ktery byl navrzen Grimmem [29]. Disperzni sily byly
pfidany ve formé& parové interakce pochazejici ze vzorce pro Londonovy sily vedouci
k parametrizaci Co/R®, kde parametr Cs byl popsan pro viechny prvky periodické tabulky [30].
Hlavni vyhodou tohoto funkcionalu je jeho vypocetni nenaro¢nost. Funkcional popisuje dobie
nelokalni interakci u ,lehkych® prvkd, zatimco pro tézké prvky, jako jsou kovy, interakci
nadhodnocuje [29,31]. Vyrazné zlepseni bylo provedeno u DFT-D3, kdy byl systematicky zlepsen
parametr Cs a u interakce atomu je provadéna interpolace Cs-C1o Vv zavislosti na okoli, ve kterém
se interagujici atomy vyskytuji. ZlepSeni bylo testovano na skladani tripeptidu, adsorpci malych
molekul, popisu periodickych systému jako je grafen ¢i adsorpci benzenu na povrchu Au (111)
[32].
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FUNKCIONALY ZALOZENE NA ELEKTRONOVE HUSTOTE

Dalsi z moznosti je zahrnuti vdW sil pfimo do funkcionalu na zakladé elektronové hustoty.
Tato tfida vyménné korela¢nich funkcionali byva oznacovana jako vdW-DF a funkcional ma
obecny tvar:

EPaW-DF — EGGA 4 pLDA 4 pni, (24)
kde pro vyménnou energii se pouziva jeji tvar v GGA funkcionalu, pro statickou ¢ast korela¢ni
energie se vyuziva LDA a nelokalni piispévek do korelacni energie E™ se vypoéita dvojitou

prostorovou integraci elektronové hustoty [33].

T | T | T I T I T | T
0121 -
»—x 1T TaS, experiment

0 1 __ H—a 3R Tasz
’ i »—x 2H-AB Ta82
008l |*x2HAATaS,| ¥ — "

0.06}- B -

Ewt (eV/iform. unit)

-0.02__ | : | ! | ! | . | s [
3.2 33 332 3.34 3.36 3.38 34

a mrizkovy parametr(A)

Obrazek 4: Energie jako funkce mrizkového parametr a pro hlavni faze TaS; vypocitana pomoci
EXX+RPA metody (pIné ¢ary) a van der Waalsova funkcionélu optB86b-vdW (tenké preruSované
¢ary) Publikovano v [42] .

VdW-DF funkcionaly [34] jsou zalozené na plné nelokalnim korelaénim funkcionalu
energie, neobsahuji empirické ¢leny a poskytuji konzistentni a fyzikaln¢ piesné vysledky pro
asymptotické chovani funkcionalu. Jiz Gvodni formulace toho typu funkcionalu, vdW-DF1,

poskytla velmi dobré vysledky pro adsorpci molekul a mezimolekulovou interakci ve vrstevnatych
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materialech [35]. Z téchto divodu dochazi k neustalému upravovani a vylepSovani vdW-DF
funkcionald. Dalsim funkcionalem z této fady je vdW-DF2 [36], ktery vyuziva jiny semilokalni
funkciondl pro vyménnou c¢ast a také modifikovany kernel, tj. funkci ktera popisuje vzajemnou
nelokalni interakci mezi prostorové oddélenymi ndbojovymi hustotami. Diky tomu jsou vdW-DF2
funkcionalem popsany presnéji napiiklad vazebné energie v molekularnich krystalech [37]
a vlastnosti vrstevnatych materiald [38]. Mezi vdW-DF funkcionaly patiéi i optimalizované
funkciondly, tzv. opt funkciondly, u kterych lze pozorovat zachovani dobrého popisu bulkovych
vlastnosti, jako jsou mfizkové parametry, délky vazeb aenergii systémi soucasné se
zachovanim lepsiho popisu disperznich sil nez u ostatnich neempirickych metod [39,40]. Tyto
funkciondly jsou tim padem vhodné i pro popis reakci a jejich energetickych stavt [41]. V praci
Lazara a kolegti bylo porovnano s experimentem nékolik funkcionalt popisujicich vdW interakce
pro piipad adsorpce malych molekul na grafenu. Vypocty prokazaly precizni shodu
optimalizovaného funkcionalu optB88-vdW s experimentalnimi daty [40]. Opt-vdW-DF metody
prokazano pii vypoétech miizkovych parametra vrstevnatych polytypt TaS» [42]. Na obrazku 4
lze vidét shoda EXX-RPA a opt-B86b-vdW funkcionalu v hodnoté i zakfiveni vypocitaného

miizkového parametru a [49].

V naSich studiich (P¥ilohy A-E) jsme se zabyvali strukturou a vlastnostmi vrstevnatych
materialii, dale pak adsorpci malych molekul na povrchu a hranach. Na zaklad¢ vyse uvedenych
Uvah jsme pro vypocty prevazné pouzivali optB86b-vdW funkciondl, ktery velmi dobfe popisuje
disperzni energii u takovychto systémi, soucasné si zachovava i dobry popis kovalentni vazby

uvnitt kazdé vrstvy ¢i molekuly.
RANDOM PHASE APPROXIMATION

Aproximace nahodné faze (random phase approximation, RPA) je jednou z nejstarSich
neporuchovych metod pro vypocet korela¢ni energie zakladniho stavu u viceelektronovych
systémtl. Prvni ptispévky k vzniku RPA byly piedstaveny Bohmem a Pinesem v letech 1951-1953
[45-47]. Bohm a Pines se pokusili vyfesit vice-elektronovy problém pro uniformni elektronovy
plyn transformaci na mnohem jednodussi problém — systém vazanych harmonickych oscilatoru
majici dalekodosahové plazmové oscilace spolu s kratkodosahovou korekci. Bohm a Pines

ukazali, ze je mozné najit feSeni Vv pfipadé zanedbani ¢lent vznikajicich z oscilaci hustoty diky
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raznym fazim (random phase approximation). V rdmci RPA metody Bohma a Pinese je korelaéni
energie zakladniho stavu dana vibra¢ni energii nulovych vibraci (zero point vibration energy,

ZPVE) oscilatorti plus korekei kratkého dosahu, kterou lze zpracovat perturbativng.

RPA se poprvé objevila v chemii v roce 1964, kdy McLachlan a Ball poukazali na to, ze
Casoveé zavisla HF teorie je ekvivalentni k RPA s vymeénou, tzv. RPAX (random phase
approximation exchange; RPAX) [48]. V nasledujicich desetiletich byla RPAX S$iroce pouzivana
k vypoctu excita¢nich energii molekul a transitnich stavii. K vypo¢tim korela¢nich energii pro
molekuly se vyuzivala velmi ziidka, ¢aste¢né kvuli pomémné vysokym vypocetnim narokium

a Caste¢né i proto, Ze jeji aplikace pro malé systémy nedavala piilis slibné vysledky.

V polovin¢ 70. let vytvoiili Langreth, Perdew, Gunnarsson a Lundqvist formalismus
adiabatického spojeni (adiabatic connection; AC) [49-51]. AC je zakladem nejmodernéjsich
post-KS korelacnich postupti, které se pokouseji vypocitat korela¢ni energii zakladniho stavu
interagujicich elektrontt pomoci KS determinantu jako reference. Langreth a Perdew ukazali, Ze
RPA wvznikd jako pfirozend aproximace nult¢tho ftadu, pokud je AC kombinovano
s fluktua¢né-disipa¢nim teorémem [49]. RPA byla vychozim bodem pro vyvoj prvnich vdW-DF
funkcionala v 90. letech [34]. Dobson byl prikopnikem v pouzivani RPA pro bezparametricke
zpracovani disperznich interakci na velké vzdalenosti [52]. Teprve v roce 2001 byla na molekuly

poprvé pouzita RPA s pouzitim KS vinovych funkci.

Kdy RPA vyuzit? Vzhledem k tomu, ze RPA umoziuje s velkou ptesnosti popsat nelokalni
korelacni energii, metoda je vhodna pro vypocty polarizabilit, popis nekovalentnich vazeb
v molekulovych systémech [53], popis interakci malych molekul s povrchem [54]. Své uplatnéni
také nasla pti vypoctech konjugovanych systému [55]. Vyznamny rozdil mezi RPA a metodami
zahrnujicimi disperzni interakce popsanymi vyse je absence empirickych parametra a fyzikalné
konzistentni propojeni s EXX vyménnou energii. Nevyhodou je pak vypocetni naro¢nost RPA,
ktera je fadove vys$si nez u hybridnich funkcionalii a velké pamét'ové naroky, ¢asto presahujici 100
GB.
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2.6. Krystalické pevné latky

V krystalickych systémech, vykazujicich periodickou transla¢ni symetrii, je vyhodné KS
vinové funkce reprezentovat jako linedrni kombinaci rovinnych vin (plane waves). Neboli Ize

vyuzit Blochiiv teorém

Pr(r) = e Tu(r) (25)
kde u ma stejnou periodicitu jako je periodicita krystalu, k je vektor v prvni Brillouinové zoné.
Prvni Brillouinova zdna je primitivni miizka v reciprokém prostoru a jeji objem lze uréit stejné

jako objem primitivni mtizky v Bravaisové miizce pomoci Wigner-Seitzovych pravidel.

Aplikaci bazové reprezentace rovinnych vin pii vypoctech lze vyuzit i Fourierovy
transformace, ¢imz se provadi ¢asti vypocti v reciprokém prostoru. Bazova reprezentace
rovinnych vin je navic kompletni a jeji velkou vyhodou je, Ze je size-kozistentni. Pro
size-konzistentni metody plati, ze energie dvou nekone¢né vzdalenych molekul je pfesné rovna
dvojnéasobku energie jedné molekuly. Tyto vlastnosti umozituji sSnadno zvysovat piesnost vypoctu
zvétSenim poctu rovinnych vin. Narozdil od pouziti Popleovych ¢i Duningovych bazi, kdy
k zvétseni bazového setu je potieba pridat vyssi atomové orbitaly, lze v ptipadé pouziti rovinnych
vin zvétsovat bazi systematicky. Rovinné viny jsou vhodnou bazi pro volné ¢i slabé vazané
elektrony z valen¢nich orbitali. Nutno dodat, ze pravé valenéni elektrony hraji vyznamnou roli pfi
popisu vétsiny fyzikalné-chemickych vlastnosti. Pokud bychom chtéli zahrnout do vypocth
i elektrony nachazejicich se v blizkosti jader, bylo by nutné zvysit pocet rovinnych vin
mnohonasobné, coz by vedlo k vyraznému zpomaleni vypocti. Tento problém byl vyfesen

zavedenim pseudopotenciald.

2.7. Pseudopotencialy a PAW

Vypocty provadéné pomoci pseudopotencialt (pseudopotentials) jsou rychlym a uc¢innym
zpusobem vypoctu fyzikalné-chemickych vlastnosti pomoci DFT. Ve valné vétSing fyzikalné-
chemickych vlastnosti hraji hlavni roli valen¢ni elektrony. Pro popis valen¢nich elektroni staci
relativné nizky pocet PW, jelikoz nedochazi k rapidnim oscilacim vinové funkce. Proto byva
systém elektronli rozdé€len na valenc¢ni, které se pocitaji explicitn€, a vnitini, které jsou zahrnuty
nepiimo v podobé pseudopotencialu. V tomto pristupu dochazi k eliminaci a nahrazeni c¢asti

vinové funkce popisujici oblasti v okoli atomového jadra pseudofunkci, ktera je dana
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pseudopotencialem (obrazek 5). Toto rozdéleni zajistuje mezni polomér r¢, tzv. cutoff radius.
Pseudopotencialy se voli tak, aby vysledné pseudoatomy mély stejné rozptylové vlastnosti jako

ptivodni atomy [56,57].

lpp.\'uudo ’
- 7
0\ L

Fl

r

v g re
* ,lP’\’;é /

/
H\scucio

Obrazek 5: Modra kfivka popisuje skute¢né oscilace vinové funkce v oblasti jader, zatimco
¢ervena odpovida chovani pseudo vinové funkce odpovidajici pseudopotencialu. Cutoff radius r
oznacuje kriticky polomér mezi jadrem a valenénimi elektrony, od kterého dochazi k shodé mezi

skute¢nou a pseudo vinovou funkci.

V nynéjsich DFT kodech vyuzivajicich PW se nejb&znéji uzivaji pseudopotencialy ze dvou

skupin:

e Norm-conserving [58]
e Ultrasoft [59]

U obou skupin dochazi ke konvergenci vinové funkce v rozumném vypocetnim ¢ase pti zachovani
presnosti pro vétsinu vlastnosti. Hlavni rozdil mezi témito potencialy je v samotném popisu obou
Casti pseudopotencialu. U norm-conserving potencialti zavisi zména distribuce naboje valencnich
elektrond pouze na distribuci vnitiniho naboje. Pii pfekryvu naboje elektronti U jadra a valen¢nich
elektronu je elektronova hustota vétsi a tim padem dojde k podhodnoceni vyménné korelaéni

energie pro valen¢ni elektrony.
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Této chybé je zamezeno v ultrasoft potencidlech, u kterych dochazi k rozdéleni
pseudovinovych funkci do dvou ¢asti — norm conserving potencialem a piidanim i ¢asti naboje
jadra.

Dalsim souvisejicim piistupem, ktery odstrafiuje mnohé z problémut pseudopotencionald,
je metoda projektované rozsifené rovinné viny (PAW) [60], kterd je implementovana do softwaru
VASP (Vienna ab initio Simulation Package) [61] vyuZivané v této praci. Jak jiz bylo zminéno,
valen¢ni vlnové funkce maji tendenci rychle oscilovat v blizkosti iontovych jader. PAW metoda
transformuje tyto rychle oscilujici vinové funkce do ,hladkych® vinovych funkci, které jsou
vypocetné mén¢ narocné a umoziuji vypocitat vlastnosti valenénich elektronti pravé z téchto
,hladkych* vinovych funkci. Na druhou stranu, vinové funkce pro elektrony v blizkosti jadra nelze
takto transformovat. Pro tyto elektrony se pouziva frozen-core-approximace (FCA), v které se bere
V potaz, ze elektrony v blizkosti jadra nejsou soucasti interakci atomt, proto je lze nahradit
vlnovymi funkcemi atomi ve vakuu. Hustota naboje v blizkosti jadra je popsana kombinaci
vinovych funkci z FCA a pseudovinovych funkci popisujici valenéni elektrony [62]. Oproti
pseudopotencialim je u PAW je zachovavano ovlivnéni valen¢nich elektront elektrony v blizkosti
jader, ¢imz je zachovana ortogonalita mezi vinovymi funkcemi pro valenéni elektrony
a jadernymi. U pseudopotenciali nejsou jaderné elektrony brany v potaz vibec, respektive

nepiimo v podobé stinéného potencialu.
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3. 2D materialy

Dvoudimenzionalni (2D) materialy, jinak také oznacované jako ,,jednovrstevnaté* materialy,
patifi mezi nejintenzivnéji zkoumané nanomaterialy poslednich let kvuli svym specifickym
vlastnostem. Jejich struktura je odvozena z vrstevnatych krystald, ve kterych jsou atomy v kazdé
vrstvé spojeny velice pevnymi kovalentnimi vazbami, zatimco jednotlivé vrstvy mezi sebou poji
slabé van der Waalsovy sily. Diky témto slabym silam |ze exfoliovat pouze jednu vrstvu z daného
vrstevnatého krystalu, kterou oznacujeme za 2D materidl. To dokazali Geim a Novoselov v roce
2004, kdy poprvé exfoliovali grafen z grafitu [63,64] a potvrdili unikatni vlastnosti tohoto

materidlu. Tento objev rozpoutal enormni zajem o 2D materialy po celém svété.
Mezi nejznamé;jsi a v soucasnosti nejzkoumanéjsi 2D materialy patfi:

e Monovrstvy tvofené atomy jednoho prvku, nejcastéji ze 14. skupiny periodické tabulky
prvka. Prikladem je grafen a jeho derivaty; fosforen, odvozeny od ¢erného fosforu; silicen
a jeho derivaty; germanen a jeho derivaty.

e Chalkogenidy ptechodnych kovu (transition metal dichalcogenides, TMDs) — jedna se
0 nejpocetnéjsi skupinu z tohoto vy¢tu. Doposud je zndmo asi 40 materiald, ptikladem jsou
MoS;, TaSz, WSz, NbS;, NbSe;, TiS; a dalsi.

e Nitridy a karbidy — z této skupiny se nejvétsimu zajmu dostava hexagonalnimu nitridu
boritému (h-BN)

e Oxidy a hydroxidy — patfi sem slidy, oxidy médi a také oxidy dalSich ptechodnych prvka
(TiO2, M0O3, WO3), perovskity (Sr2NbzO10) a hydroxidy (Ni(OH)2,Eu(OH)2,..)
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Obrazek 6: Strukturni uspofadani typickych 2D materiald v ¢elnim a boc¢nim pohledu na
strukturu. Shora - grafen, fluorografen, fosforen, germanan, hexagonalni nitrid bority

a sendvicova struktura chalkogenidu pfechodného kovu.

Jak jiz bylo zminéno, vétsina vySe uvedenych materiali se nachazi v pifirodé v podobé
vrstevnatych 3D struktur, z nichz lze nékolika zpisoby pfipravit dvoudimenzionalni material.
V poslednich letech se podatilo pripravit nékolik 2D materialt syntetickou cestou, a to napt.
germanen [65], silicen[66], borofen[67], tzn. tyto materialy nemaji v piirodé své zastoupeni
v podobé bulki [68]. Lze rozlisit dva hlavni ptistupy z hlediska zptisobu ptipravy — tzv. ,,.bottom
up“ a,,top down®. Prvni smér se zaméfuje na ptipravu materialu od ,,zakladniho kamene* (bottom
up), ¢ili nanomaterialy jsou ptipravovany od jednotlivych atomt/nanoklastrti, zatimco ,,shora
doli“ (top down) metody vyuzivaji fyzikdlni a chemické techniky k dosazeni vysledné
nanostruktury postupnou separaci vrstev z 3D materialu - bulku. Prvni metoda byva také ¢asto
oznacovana jako chemicka, synteticka a vysledna nanostruktura se pohybuje v rozmezi 2-10 nm,
kdezto druha nese oznaceni fyzikalni ¢i rozkladnd, kde velikost materialu je v rozsahu 10-100 nm.
V obou metodach je syntéza vysledného 2D materialu ovlivnéna riznymi parametry jako je teplota

arychlost jeji zmény, doba ristu, tlak, pratok nosného plynu v ptipadé CVD a PVD technik,
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samoziejm¢e 1 pouzitymi prekurzory, atd. ~ VSechny tyto parametry hraji vyznamnou roli také

v kvalité pfipraveného 2D materialu [69-72].
Mezi bottom up metody patii:

e Depozice z plynné faze (physical vapour deposition PVD)
e Chemicka depozice z plynné faze (chemical vapour deposition CVD)[73]
e Metoda chemické redukce v kapalné fazi

e Pyrolyza

Reprodukovatelnost ptipravy piesné definovanych nanocastic s piesné pozadovanymi vlastnostmi
je vysokou vyhodou téchto metod. Reprodukovatelnost je docilena pravé termodynamickymi
a chemickymi podminkami pfi pfipravé. Dalsi vyhodou bottom up metod je, Ze ¢asto dochazi

k samouspotadani jednotlivych celkd.
Do top down technik jsou zafazovany:

e Laserova ablace
e Mechanické mleti materiala
e Chemické leptani

e Mikromechanické odstranéni (Scotch tape metoda) [74]

Vyraznou nevyhodou téchto metod je velkd variabilita velikosti vzniklych ¢astic a také
nereprodukovatelnost pfipravy danych materialti. Zaroven se jednd o metody, které jsou Casto

energeticky a finan¢né vysoce nakladné.

3.1. Funkcionalizace

Funkcionalizace je dgj, pti kterém se piidava funkéni skupina chemickych slouc¢enin na
povrch nanostruktur pro modifikaci nebo vylepseni jejich vlastnosti. Funkcionalizace je provadéna
povétsinou chemickou reakci substratu-nanostruktury s chemickou latkou obsahujici funkéni
skupiny tak, ze jedna z funkénich skupin slouzi k pfichyceni na nanostrukturu a jedna ¢i ostatni

skupiny umoziuji (ne)navazani dalsich chemickych latek na povrch struktury.

Funkcionalizace se predev§im pouziva za tUlelem pfidani specifické vlastnosti

nanomaterialu. Nejcastéjsi vyuziti funkcionalizace je za uc¢elem zamezeni agregace ¢i aglomerace
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nanomateriald, coz vede k zachovani fyzikalné-chemické vlastnosti jednotlivych separovanych

nanostruktur.

Funkcionalizaci lze d¢lit do dvou skupin na zakladé typu vazby mezi nanostrukturou
a funkéni skupinou, a to na kovalentni a nekovalentni. Pokud jde o kovalentni mechanismus,
dochazi k vytvoreni silné a stabilnéj$i vazby nez v ptipadé nekovalentniho mechanismu. Silna
vazba mize vést kvyrazné zméné vlastnosti funkcionalizovaného materialu. V piipadé
nekovalentni funkcionalizace nedochazi ke zméné krystalografické miizky a nedochazi tak

k vétsimu naruseni prvotnich vlastnosti materialu.

Kovalentni funkcionalizace je mozné docilit nukleofilni substituci, elektrofilni adici ¢i
kondenza¢nimi reakcemi, zatimco pti nekovaletni funkcionalizaci se vyuziva elektrostatické, n-,
ionické a Van der Waalsovy interakce [75]. Tyto interakce jsou slabé a jejich stabilitu Ize snadno
ovlivnit vn&j§imi podminkami. Vznik kovalentni vazby mezi nanostrukturou a k ni navazanou
funkéni skupinou ma své pro i proti. Vhodnou ukazkou je piipad grafenu [75], kdy funkcionalizaci
kovalentnim mechanismem u grafenu a jeho derivatt lze snadno ,,vyladit® jejich elektrochemické
vlastnosti, nicméné v piipadé kovalentni vazby dojde k naruseni krystalografické miizky grafenu
a tak k omezeni elektrotransportnich vlastnosti, diky kterym je grafen tak popularni [75]. Obdobna
situace je u TMDs, kdy se provadi dopace atomy dalSich kovii pro zvySeni poétu nositelti naboje
ve struktute [76].

Experimentélni studie zabyvajici se modifikaci vlastnosti pomoci funkcionalizace lze
doplnit teoretickymi vypocty. DFT wvypocty mohou odhalit typ funkcionalizace, stabilitu
navazanych skupin, ptenos naboje i vysledné vlastnosti funkcionalizovaného materidlu na
atomarni urovni. Z hlediska stability 1ze ur¢it jak adsorpéni/substitu¢ni energii, tak i silu vzniklé
vazby, ¢imZz mtzou byt nejenom potvrzeny Udaje z experimentu, ale mtize dochazet i k predikci
napt. elektrochemickych vlastnosti systému. Touto problematikou se budeme zabyvat i v této
disertatni préaci, ktera se prevazné¢ zaméfuje na funkcionalizaci nékolika 2D
materialll - funkcionalizace kyanografenu nanocasticemi stiibra (kapitola 4.2., priloha D);
funkcionalizace germananu organickymi skupinami (kapitola 4.3., pfiloha E) a jistym zptisobem
1ze pohlizet jako na funkcionalizaci i oxidaci u 2H-MoS: (kapitola 4.1.1., priloha A), 1T-MoS> a
1T-TaS; (kapitola 4.1.1 a 4.1.2 , priloha C), 2H-TaS; (kapitola 4.1.2, priloha B).
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4. 2D materialy studované v této praci

4.1. Chalkogenidy prechodnych kovu

Skupina chalkogenidu piechodnych kovi jsou slouceniny obsahujici chalkogenidovy anion
(X) a alespon jeden dalsi elektropozitivni prvek (M), nejcastéji z 4.-10. skupiny periodické
soustavy prvkt (obréazek 7a). Jejich strukturni vzorec je MXz, kde M zastupuje piechodny kov
a X je sira, selen nebo tellur. Jedna se o vrstevnaté materialy bézn¢ se vyskytujici v piirod¢.
Jednotlivé vrstvy v materidlu maji tzv. sendvi¢ové uspoiadani X-M-X, kde na pfechodny kov M
pfipadd 6 vazeb sprvkem ze skupiny chalkogenidi a mé tak oktaedrickou ¢i trigonalné

prismatickou koordinaci.

Jednotlivé vrstvy jsou mezi sebou vazany slabymi vdW interakcemi, diky nim lze z bulku
exfoliovat jednotlivé vrstvy a pfipravit tak 2D material. Tloustka jedné vrstvy se pohybuje okolo
3,5 A a vzdalenost mezi dil¢imi vrstvami v zékladni buiice je okolo 3 A v zavislosti na chemickém
slozeni materialu. Pro TMDs je charakteristicky polytypismus, kdy material o stejném chemickém
slozeni muze mit nékolik odlisnych strukturnich uspotadani. Bylo zavedeno nasledujici oznaceni
pomahajici rychlému ur¢eni polytypu: 1T-MXz, 2H-MX; a 3R-MX>. Pocet vrstev (jedna vrstva
odpovida X-M-X) v elementarni buiice je oznacen Cislici, a pismena H, T, R vyjadtuji prostorovou
symetrii elementarni bunky: T-trigonalni, H-hexagonalni a R rhomboedrickou (obrazek 7b).
Ptiprava nanomateridlu o daném polytypu je zdvisla na podminkach pfi syntéze, prevazn€ na
prekurzoru, teploté a tlaku. TMDs ve 2D formé¢ jsou stabilizovany strukturnim zvIinénim, stejné

jako je tomu u grafenu, coz je jedna vrstva grafitu [77,78].

Stejné jako u grafitu dochazi i u TMDs ke zméndm Vv pasové struktuie se snizujicim se poctem
vrstev diky redukované dimenzionalité (quantum confinement). Naptiklad MoS; se zméni
z polovodice s nepiimym zakdzanym pasem na piimy polovodi¢ (zakazany pas je piimy),
a zaroven se zvysi pohyblivost elektronti [79,80]. Velikost zakazaného pasu mize byt ovlivnéna
vytvafenim smésnych krystali TMDs [81], aplikovanim elektrického pole [82,83], elastickou
deformaci jednotlivych vrstev [84] ¢i dopaci [80]. Pravé pro tyto fyzikalni vlastnosti a jejich
aplikovatelnost v elektronice a optoelektronice jsou TMD v poslednich letech hojné studovany.
Dalsi velmi popularni uplatnéni TMDs je v elektrokatalyze, coz bude rozebrano v nasledujici

kapitole.
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Obrazek 7: a) Periodicka soustava prvku se zvyraznénymi prvky, které tvofi chalkogenidy

>0 O QO
\4.

pfechodnych kovu. b) Strukturni polytypy TMDs — 1T, 1T, 2H a 3R s vyobrazenim pohledu
na strukturu shora a z boku. Cislice udava pocet monovrstev v struktufe a pismeno znadi

krystalovou symetrii. Zelené jsou vyobrazeny atomy pfechodného kovu a zluté chalkogenidu.
Reakce za vyvoje vodiku

Reakce za vyvoje vodiku — (z angl. hydrogen evolution reaction, HER), je jednou z reakci
vznikajicich pfi $tépeni vody. Protichtidnou reakci je reakce za vyvoje kysliku (z angl. oxygen
evolution reaction, OER). Stépeni vody se provadi budto elektrokatalyticky nebo
fotoelektrokatalyticky, tzn. reakce je iniciovana elektrickym napétim nebo svétlem. HER muze

probihat dvéma rozdilnymi reakénimi kanaly. Prvnim je VVolmer-Heyrovsky mechanismus:
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H30%(aq) + e + % <> H*+ H20 (Volmer reakce, acidic), (26)
H20(l) + e + * < H*+ OH (aq) (Volmer reakce, alkaline), (27)
H20(l) + e + * & H*+ OH (aq) (Volmer reakce, alkaline), (28)

H* + H30%(aq) + e < Ha(g) + H20(l) + x (Heyrovského reakce), (29)
H* + H20(l) + e— < H2(g) + OH (aq) + * (Heyrovského reakce). (30)

Druhym mechanismem je VVolmer-Tafelav:

H30%(aq) + € + % & H* + Hy0 (Volmer reakce, acidic), (31)
H20(l) + e + * < H*+ OH (aq) (Volmer reakce, alkaline), (32)
H*+ H* & Ha(g) + 2 * (Tafelova reakce, acidic-alkaline), (33)

kde * oznacuje volné aktivni misto a H* vodikovy atom navazany v aktivnim misté katalyzatoru.
Z termodynamického hlediska je pro oba mechanismy klicovym krokem navazani vodikového

intermediatu H* na povrch/hranu katalyzatoru [85].

Pro tento krok lze dobfe uplatnit DFT vypocty, protoze vypocet vazebné energie
atoméarniho vodiku je relativné jednoduchy. Z vypoctené vazebné energie lze ziskat Gibbsovu
volna energie pro adsorpci vodiku AGh, kterd piiblizné uréuje efektivitu daného katalyzatoru pro
HER. Pokud dochazi k slabé vazbé mezi vodikem a povrchem, bude celkova rychlost reakce
ovlivnéna piedevsim adsorpci vodiku (VVolmerova reakce; rovnice 26-28 a 31-32), zatimco pokud
bude vazba piili§ silna, bude reakce limitovana desorpci molekul vodiku (Heyrovského/Tafeltuv
krok; rovnice 29-30 a 33). Z tohoto divodu je vhodné, aby mél HER katalyzator AGH= 0 [86,87],
coz vyjadiuje ze vodik neni vazan ani slab¢ ani pfilis$ silné. DFT vypo¢ty umoziuji pomérné rychle
a efektivné urcit AGH U velkého mnoZstvi materialll a zjistit tak jejich vhodnost pro pouziti jako
katalyzatoru. Pro vizualizaci se pak pouziva tzv. volcano plot, ktery ukazuje korelaci mezi
aktivitou katalyzatoru (experimentalné uréena vyménna proudova hustota) a vazebnou energii

vodiku (AGr) v duchu Sabatierova principu [88].

Katalyticka aktivita jednotlivych chalkogenidt pfechodnych kovi je rozebrana v kapitole
411a4.1.2.
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4.1.1. Sulfid molybdenicity

Sulfid molybdeni¢ity, MoS,, je jednim z nejzkoumangjsich materiala z fad TMDs.
Pramyslové se pouziva jako suchy lubrikator ¢i hydrodesulfuriza¢ni katalyzator [89] jiz pies
40 let, nicméné své nejvétsi popularity dosahuje v poslednich letech po objevu (exfoliaci) jeho
2D podoby. 2D MoS, mé vlastnosti velmi zajimavé pro elektroniku - vykazuje vyraznou mobilitu
elektronti ~200 cm?(Vs) ™ pii pokojové teplots, vysoké hodnoty on/off proudu bez jakéhokoliv
hradlového napéti ~108, a zejména ptimy zakéazany pas o velikosti ~1,9 eV oproti bulku, ktery je
nepiimy vodi¢ s hodnotou zakdzaného pasu 1,2 eV. Tyto vlastnosti z néj délaji idealniho kandidata

pro elektronické a optoelektronické zatizeni.
Struktura a polymorfie MoS;

Z krystalografického hlediska je MoS: anorganicka slou¢enina nachazejici se v piirodé
v podob¢ vrstevnatych molybdeni¢itych minerald. Jedna se o stiibfité ¢erné slou¢eniny obsahujici
prevazné 2H polytyp. 3R polytyp je zastoupen pouze z 3 % [90,91]. MoS: je tvofen Mo (+4) a S
(-2) atomy vazanymi v jedné vrstvé v sendvi¢ové podobé S-M-S, kazdy Mo atom je obklopen sesti
atomy siry. Molybden se nachazi ve dvou moznych koordinacich, a to trigonalné prismatické (2H
a 3R polytyp) a oktaedrické (1T polytyp). Jak jiz bylo zminéno, v ptirodé se vyskytuji pouze 2H
a 3R struktury, 1T faze byla pfipravena experimentalné [92].

Zvyse uvedenych informaci neni piekvapenim, ze 2H faze je nejstabilngjsi.
Experimentalni studie ukazaly, ze 1T a 3R faze jsou metastabilni [93]. 2H polytyp ma prostorovou
grupu symetrie P6/mmc a u jeho jedné vrstvy se projevuje fotoluminiscen¢éni efekt. Hodnoty
miizkového parametru a a ¢ jsou 3,16 A a 12,29 A [94], uvedené pofadi je stejné jako poradi
parametru. Jednotlivé vrstvy se vyskytuji v strukturnim uspofadani AbA AbA anebo AbA CbC
a jsou oznadovany jako 2H-AA" a 2H-AB faze.

Narozdil od 2H polytypu je strukturni uspofadani u 1T faze AbC s tetragonalni symetrii,
kde centralni atom je v oktaedrické symetrii (obrazek 7b). 1T polytyp byl syntetizovan z 2H faze
v roce 1992 a narozdil od 2H a 3R fazi se jednd o kov (2H a 3R polytypy jsou polovodice). 1T
polytyp se fadi do prostorové grupy P3m1 a ma miizkové parametry a = 3,17 A, ¢ = 6,02 A [94].
1T polytyp je nachylny k vzajemné distorzi sousednich atomt, ¢imz se 1T pfeméni do ptibuzné

struktury s dvojnasobnou velikosti elementarni buniky, 1T polytypu (obrézek 7). 1T faze je tedy
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metastabilni a proto nikdy nebyla nalezena v ptirodé [95,96]. Funkcionalizaci lze stabilitu 1T faze
ovlivnit. K funkcionalizaci a zvySeni stability 1T faze byly napiiklad pouzity tyto
skupiny: -H, -CHS3, -CFs, -OCHs, -SCHz [97]. Pti vice jak 25% pokryti 1T-MoS, danymi
skupinami byla pozorovana zvysena stabilita systému a to i v porovnani s 2H polytypem.
Polovodi¢ovy polytyp 3R je tvofeny tiemi vrstvami s rhombohedralni symetrii. V kazdé
vrstvé se molybdenovy atom nachazi v trigonalné prismatické koordinaci, stejné jako u 2H. 3R
polytyp se fadi do C3v skupiny a ma miizkové koeficienty a=b=3,1607 A, c=18,344 A [92]. Pii
jeho pfipraveé je nutné dodrzet specifické podminky, protoze velmi Casto dochazi k vytvoreni

kombinace 3R a 2H polytypu namisto ¢istého 3R [98].

Spektroskopické vlastnosti MoS;

Velmi dulezitym nastrojem k rozpoznani 3R faze od 2H je Ramanova spektroskopie.
2H-Mo0S2 ma aktivni ¢tyfi Ramanovy mody: 32 cm™ (Ex?), 286 cm™ (Ey), 383 cm (Exl)
a408 cm™ (Ay). Mod Ezq' popisuje protichiidny pohyb molybdenovych atom@ vzhledem
k atomtim siry a mod Aig vychazi z vibraci sirovych atomi ve sméru kolmém na rovinu vrstvy.
Na zaklad¢ udaju o téchto dvou modech je mozné identifikovat pocet vrstev. Pii analyze poctu
vrstev se vyuziva toho, ze vlnocet Ramanova piku pro mad Eaql s rostoucim podtem vrstev klesa,
zatimco u A1g piku Ize s rostoucim poctem vrstev pozorovat opa¢nou tendenci [99,100]. Z rozdilné

Ramanovy intenzity zminovanych dvou piki lze urcit o jaky polytyp (2H a 3R) se jedna. [101].
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Dalsi hojné pouzivanou metodou k uréeni fyzikalnich vlastnosti MoS; je fotoluminiscence.
Z fotoluminiscencnich spekter 1ze vycist velikost zakédzaného pasu, ktera je ovlivnéna poctem
vrstev MoS; (obrézek 8). Na obréazku 8 je vyobrazeno fotoluminiscen¢ni spektrum pro jednu az
Sest vrstev MoS». V této studii byl pouzit laser s vinovou délkou 532 nm za normalni pokojoveé

teploty [102]. Je patrné, Ze pro

. o, 7
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. . . = A
jeden pik — oznaCen jako A & 6 B
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(obrazek 9). Pik | je dle DFT Obrazek 8: Fotoluminiscenéni spektrum pro jednu aZ Sest
vypoéti  vyvolan ptechodem vrstev MoS,. Pro fotoluminiscenci byl pouzit laser s vinovou

minimem vodivostniho délkou 532 nm a jednotlivé kfivky byly normované vzhledem k
band

minimum, CBM) v bodé Q a maximem valen¢niho pasu (valence band maximum, VBM) v bodé T

mezi

pasu (conduction intenzité piku A. Pfevzato z [102].

v reciprokém prostoru [102]. Bod Q se nachazi mezi body K a I' a nepatii mezi body vysoké

v

symetrie (high symmetry points) (obréazek 9 a, b). Nejintenzivné&jsi je u dvojvrstvy MoS; a snizuje
svou intenzitu a energii s narustem poc¢tu vrstev. V piipadé Sesti vrstev je odpovidajici emisni
energie okolo 1,4 eV a se zvySujicim se poctem vrstev lze ocekavat jeji dalsi snizovani az na
hodnotu 1,2 eV [103] odpovidajici velikosti nepiimého zakazaného pasu u bulku 2H-MoS;. Dle
vypoctli pomoci GGA funkcionalu je 0,88 eV [104]. Velikost zakdzaného pasu vypoétena timto
funkciondlem je oproti hodnoté z experimentu nizsi, coz potvrzuje znamou chybu GGA
funkcionalu rozebiranou v kapitole 2.5.2. Piesngjsich hodnot je mozné dosahnout napt. GW

aproximaci [105] ¢i vypoéty provedené hybridnim funkcionalem (vice v kapitole 2.5.4).
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Na obrazku 9a, b lze vidét, ze v Kbodé¢ jsou VBM i CBM tvofeny pievazné
lokalizovanymi d orbitaly molybdenu. Tyto stavy téméf nejsou ovlivnény mezivrstevnou interakci
(poctem vrstev M0S). Zatimco v T bodé velkou mérou ptispivaji k elektronovym stavim p
orbitaly siry, ¢imz dochazi kovlivnéni VBM i CBM v zavislosti na poCtu vrstev

v materialu — jedna se o efekt kvantového omezeni (quantum confinement effect) [104].

Velikost i typ zakazaného pasu lze dale ladit a kontrolovat; po srolovani monovrstvy MoS;
dochézi ke zméné z ptimého (~1,85 ¢V) na nepiimy (~1,6 eV) zakazany pas [106]. Dalsi moznosti
ladéni zakazaného péasu nabizi dopovani ¢i funkcionalizace. Pomoci funkcionalizace 1ze ménit
velikost Eg u jednotlivych polytypt az o 1 eV v zavislosti na pouzité funkéni skuping [97]. To
umoznuje Specifické prizpusobeni optoelektronickych zafizeni, jako jsou solarni ¢lanky,

fotodetektory nebo svételné diody (LED) pro konkrétni aplikace.
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Obrazek 9: a, Pasova struktura pro bulk 2H-MoS; s detailem pro minimum vodivostniho pasu
v bodé Q a maximem valen&niho pasu v bodé I'. Zakazany pas vypocteny GGA funkcionalem
mé& hodnotu E4=0,88 eV a jedna se o nepfimy polovodi¢. Minimum vodivostniho pasu je
tvofeno prfevazné d orbitaly molybdenu, kdezto maximum vodivostniho pasu je tvofeno
kombinaci d.,? elektroni molybdenu a p, elektrontd siry majicich antivazebny charakter.
b, pasova struktura pro jednovrstevny 2H-MoS; s detailem pro minimum vodivostniho pasu
v bodé K a maximem valencniho pasu v bodé K. Zakazany pas vypocéteny GGA funkcionalem
mé hodnotu E4=1,71 eV a jedna se o pfimy polovodi¢. Minimum vodivostniho pasu pfevazné
obsahuje d,? orbitaly molybdenu spole¢né s 20% zastoupenim p orbitald siry, maximum

vodivostniho pasu je plné pokryto d elektrony molybdenu. Inspirovano praci [104].
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MoS:; jako katalyzator pro HER

Pii katalytickych reakcich hraje kli¢ovou roli aktivni misto katalyzatoru. Jedna se o misto,
do ktereho je katalyzovana latka navazana interakci dostate¢né slabou, aby nedochazelo
k vytvoreni silnych kovalentnich ¢i iontovych vazeb. Katalyzator jako takovy urychluje reakci, ale

nevystupuje v sumarnim vzorci reakce.

V ptipadé reakce za vyvoje vodiku, HER, je nejvhodnéjsim katalyzatorem platina. AvSak
ptirodni zdroje platiny jsou velice omezené, s ¢imz se poji i jeji vysokéa cena. Z téchto divodt neni
vhodna pro vyuziti pifi masivni vyrob¢ vodiku, 0 kterém se uvazuje jako 0 alternativnimu
a ekologickému palivu do spalovacich motort. Jako alternativa byl navrzen pravé MoS;, protoze
povrch MoS; spliiuje podminku AGH = 0 (vice v kapitole 4.1., Reakce za vyvoje vodiku) [107].
Tento navrh vzbudil velky védecky zajem o pouziti M0oS; a TMDs obecné Vv elektrokatalytickych

reakcich.

1T polytyp 2H polytyp

Pohled shora:

Pohled z boku:

Obrézek 10: Pohled shora a z boku na strukturu hrany 1T a 2H polytypu vzniklé fezem roviny
monovrstvy podél zig-zag sméru. 1T polytyp ma stejné zakon&eni hrany, zatimco u 2H polytypu
vzniknou dva typy hrany: S-hrana a Mo-hrana. Mo-hrana muze byt poté pokryta dalSimi atomy
siry a tento typ zakonceni hrany je z termodynamického hlediska nejstabilnéj$i. Atomy siry jsou

vyobrazeny Zluté a atomy molybdenu modfe, pferuSované ¢ary ukazuji linii hrany materialu.
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4. 2D materialy studované v této praci

Pozd¢&jsi experimenty ukazaly, ze povrch 2H-MoS; neni aktivnim mistem pro HER

[107,108] a ze aktivita 2H-MoS; a} 1.5 T T M LS T T
P : : | 1T-MoS, | [1T-Tas, )
souvisi spise s jeho hranami < o/a/o,—-a
= . o 0.5 . 03 :
|1010|, které jsou vysoce i ol Hols hrana . Hola hrana |
< potsssansss g st :
efektivni pro navazani vodiku 7 . S owand h o) TR0
[109,110]. 2H polytyp ma dvé L i | L % | |
T 025 05 075 1 025 05 075 |
mozné zakonéeni hrany, hranu Pokryti (ML) Pokryti (ML)
1 T
b} ] |

zakoncenou chalkogenidovym ,
g y == 5 atomy hranv (hole)

atomem (S-hrana) & atomem kovu S atomy hrany

PDOS (statesieV)

(Mo-hrana, obréazek 10). Dle P AT h'-", .
. . . . . . Ly 1 ot i = Yon af i
teoretické studie je nejstabilngjsi =t . i £ s blooenT
. -5 4 3 -2 -1 0 i 2
hrana, kterd je zakoncena = 15 : ; .
. :';','_. =Mo atomy hrany
Mo-atomy s 50% pokrytim atomy 8 0 =0 atomv
. ) , o
siry [111] (obrazek 10). Na této =
w5
hran¢ se nachazi specificky E
koordinované atomy siry, jiz v3 3 3 5 T 0 1 5
) S Energie (eV
elektronove stavy podléhaji 1D gie (V)
lokalizaci s kovovym Obrazek 11: Vlastnosti oxidované hrany 1T -MoS; a) AGx

charakterem. Prévé ten podporuje jako funkce pokryti hrany vodikem pro oxidaci

. o 1T(1T) - MoS: hrany, u které je tvofen v pribéhu oxidace
konverzi H* iontd na molekulu (1T 2 y J P

e ~intermediat S-O-Mo v porovnanim s holou hranou (bez
H[112]. K zajisténi  vysoké o L o

‘o Katal kyslikovych atomu) spoleéné s grafem analogickym pro
ti MoS: jako katalyzéatoru : ; . .
ucmnosti 052 y 1T-TaS: hranu.; b) projektovana hustota p-stavi atomu siry

Je tedy nutné vytvofit co nejvice pro oxidovanou 1T’ hranu a holou (tzn. neoxidovanou 1T)

aktivnich mist, atedy navysit pnany MoS, a c¢) hustota stava  molybdenovych

pocet hran [110]. Dale je 3 kyslikovych atomt na 1T’ hrané. Publikovano v [118].
zapotiebi zajistit co nejrychlejsi

prenos naboje mezi aktivnim mistem a danou latkou, protoze 2H-Mo0S> je polovodi¢ s vysokym
elektrickym odporem. Jednou z moznosti je vytvofeni heterostruktury s grafenem, coz vyrazné
zvysi prenos naboje [108]. Dale je vhodné pouzit grafen jako substrat, coz zvysilo kinetiku HER
jak u 1T, tak i u 2H polytypu [113,114]. Nicmén¢ i pfi splnéni vSech vysSe uvedenych podminek je

nutné kontrolovat kvalitu materialu, tzn. jeho chemickou cistotu a také zastoupeni jednotlivych
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4. 2D materialy studované v této praci

polytypt. Xing Juan Chua s kolegy porovnavali katalytickou aktivitu pro HER u sedmi komer¢né
dostupnych vzorkt MoS> [115]. Pii analyze vzorkli pomoci XRD zjistili, ze zastoupeni fazi ve
vzorku je promeénlivé. Vzorky, které obsahovaly pouze 2H polytyp mély niz$§i hodnotu
overpotencialu (okolo -0,59 V) a hodnotu Tafelovy smérnice okolo 120 mVdec™, coz prozrazuje,
ze rychlost HER byla limitovana VVolmerovym krokem [116] (viz kapitola 4.1., Reakce za vyvoje
vodiku). Dalsi tii vzorky obsahovaly krom¢ 2H polytypu i 3R fazi (u nékterych vzorkt i z 40 %
hmotnostniho obsahu). Hodnoty piepéti byly vyssi (okolo -0,78 V), stejné tak tomu bylo
i U Tafelovy smérnice (150 mVdeca vice) [115]. Z toho vyplyva, ze &isty 2H polytyp s kovovym

charakterem hrany je vhodné&jsim katalyzatorem nez 3R polytyp.

1T-MoS: je kov i v bulku, takZe lze o¢ekavat jeho vysokou HER aktivitu a i experimentélni
prace zabyvajici se jeho katalytickou aktivitou HER tomu nasvéd¢uji [85,108,117]. Dle nasich
vypoétu se 1T-MoS; polytyp (kapitola 4.1., obrazek 9b) jevi jako vhodny katalyzator pro HER
pti 25 a 50% pokrytim hrany vodikem, pti vy$§im pokryti se stava neucinnym (obrazek 11a).
Nicméné 1T je v atmosféie velmi nachylny na adsorpéni oxidaci atomd na hran¢ (vice v kapitole
Mechanismus oxidace monovrstvy 1T-MoSz). Po oxidaci hrany dochéazi ke zmén¢ struktury na
1T  polytyp a take k silnéjsimu navazani vodiku na hranu. Hodnota AGH pro 25, 50, 75 a 100%
pokryti oxidované hrany je —0,64; —0,12; —0,04 a —0,07 eV [118]. Vazba mezi vodikem
a oxidovanou hranou je tedy pevné&jsi nezli v ptipadé holé (neoxidované) hrany, a to pii jakémkoliv
pokryti (obrazek 11a). K tomu mtze dochazet proto, Ze pii oxidaci hrany jsou vznikajici vazebné
stavy pii -0,7 eV pod Fermiho hladinou v rezonanci (obréazek 11b). U atomi molybdenu, kysliku
a siry nachazejicich se na hrané dochazi k silné hybridizaci (obréazek 11c), coz ovliviiuje vazbu
vodiku k samotnym atomtim siry. Navzdory tomu jsou hodnoty AGH téméf termoneutralni a proto
i U mirné oxidované hrany by mélo dochazet ke katalyze [118]. Experimentalni studie nepiimo
potvrzuji tyto zavery, v piipadé konverze 2H polytypu na 1T-MoS2 pomoci interkalace lithiovymi
ionty byla pozorovana zvySena katalyticka aktivita HER a zaroven maly pokles hustoty
elektrokatalytického proudu po 1000 cyklech nepfetrzitého provozu [114]. Velmi slibné
katalytické aktivity bylo dosazeno i pii konverzi 2H na 1T-MoS; interkalaci pomoci
N,N-dimethylformamidu, kdy k dosazeni proudové hustoty 10 mAcm™? byl zapotiebi
overpotencial 262 mV a Tafelovy smérnice méla nizkou hodnotu 53 mV/dec [119]. U 1T-MoS;
byla prokazana katalyticka aktivita i na povrchu [120] narozdil od 2H faze, ai proto jsou tak
vyrazné rozdily v jejich HER aktivité.
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Starnuti a degradace MoS; v atmosféie

Pro tspésnou a dlouhodobou aplikaci materialt v elektronickych zatizenich, katalyze, ¢i

solarnich ¢lancich je nutné zajistit jejich stabilitu. Diky tomu, Ze mnohé TMDs byly znamy jako

nerosty, byly i jejich monovrstvy povazovany za materialy, které jsou stabilni na vzduchu

a nepodléhaji oxidaci vlivem normalniho prostiedi. Tuto hypotézu potvrzovaly i starsi teoretické

studie s poukazem na vysokou bariéru (1,59 eV) vypoétenou pro uvodni krok oxidace, rozklad

molekuly kysliku na povrchu MoS; [121]. V roce 2016 Gao a kolegoveé otevieli otazku stability

monovrstev 2H-MoS; a 2H-WS;. V pribéhu jednoho roku pozorovali u téchto monovrstev

degradaci spojenou se ,,starnutim* materialu jako je vznik rozsahlych prasklin a zmén morfologie.

Ze snimkll vzorkd ziskanych
pomoci skenovaci elektronové
mikroskopie (z angl. scanning
electron  microscope, SEM)
(obrazku 12) lze vidét, ze
degradace postupovala od hrany
do stiedu obou materiala (MoS:
a WS). XPS analyza odhalila
narist piku odpovidajici nové
vzniklym vazbam Mo-O a W-O
a také zménu atomarniho sloZeni
v materialu. U MoS2 byla
pozorovana zména z puvodniho
1:2 zastoupeni prvki Mo:S na
1:1,03 a u WSz na 1:1,33. To
naznacuje nahrazeni atomu siry
za atomy kysliku. Je nutno

zduraznit, Zze oxidace obou

a. Fresh WS,

d. FreshMoS§ ¢. 6 months f, 1 year

Obrazek 12: SEM snimky monovrstvy WS, a) d&erstvé
pfipravené b) skladované po dobu jednoho roku s desikantem
c) a bez ného. d) Snimky Cerstvé pfipravenych monovrstev
MoS,, e) skladované bez desikantu po dobu Sesti mésicu f)
a jednoho roku. Vzorky byly ulozeny za normalnich podminek

v mistnosti s tfidou Cistoty 100. Pfevzato z [130].

materiali probihala za normalnich podminek [122].

Moznost oxidace MoS; odehravajici se od hrany smérem ke stiedu materialu byla zminéna

jiz v ptedchozich studiich [123,124], nicméné detailngjsi vypocty nebyly provedeny. Zamétili
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jsme se proto na DFT model celého procesu oxidace véetné hrany [118,125]. DFT vypocty nam
umoznily popsat proces oxidace na atomarni urovni, véetné nalezeni dilezitych reakénich kroku
oxidace, odkryti intermediatt a pfimého porovnani hrany s povrchem. Tyto (daje Ize jen obtizné
(¢i vibec) ziskat pomoci experimentu, proto vyborné dopliuji experimentélni vysledky
[121,122,125-129]. Nami provedenymi DFT vypocty bylo zjisténo, ze proces oxidace se u MoS»
polytypt (1T a 1H) do zna¢né miry lisi (obrazek 13, obrazek 16) [118,125].

Vypocetni postupy pro nalezeni mechanismu oxidace u TMDs

Zde je namisté, abychom alesponi ¢aste¢né piiblizili vypocetni postupy, které jsme pouzili
pro objasnéni jednotlivych kroku oxidace 2H a 1T polytypt MoS; a TaSo.

77 D 0.Q ®
Dissociace Oz @o\‘x g
2 /

6)) f?@

ﬁ ' Adsorpce - f §a\|

§ Fetizek MoO3

Substituce m
Etorm= Eqmosz¢n*0)~ Emos2™ n*0 +n*S Eform <0 Konverze W&

Obrazek 13: Schématické znazornéni procesu oxidace na hrané 2H-Mo0S,. Proces zacina

S-hrana Mo-hrana

disociaci molekuly kysliku, diky niz zGstavaji atomy O adsorbované na hrané. Pfi vy$Sim pokrytim
kyslikovymi atomy dochazi k tvorbé SO, molekul, které maji malou vazebnou energii (0,35 eV)
a mohou se z hrany uvolfiovat. Vzniklé vakance mohou byt postupné zaplhovany kyslikovymi
atomy az do té miry, ze dochazi ke strukturni konverzi na MoOs. Vypocty formacni energie Etom
byly provedeny dle uvedené rovnice a cely proces je exotermicky. Modfe jsou vyobrazeny Mo

atomy, Zluté S a Cervené atomy O.

Nejdiive byly provedeny vypocty miizkovych parametra pro jednotlivé struktury s naslednou
optimalizaci vypocetnich parametru v softwaru VASP [61,130].
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Pro v8echny struktury byl zvolen model nanoprouzku, ktery byl ,,vykrojen* ze supercely
tvofené 4x4 zakladnich bunék. Vykrojeni je ve vypoctu realizovano piidanim vakua v sméru [010],
tedy kolmo na hranu. Z téchto divodi byl i pocet pouzitych k-bodt pro Brillouinovu z6nu 3x1x1.
U 2H-TaS> jsme pomoci vypoctu grandkanonického potenciéalu Q nalezli i nejstabilnéjsi typ hrany
a dle zavislosti energie hrany na chemického potencialu siry pak popsali jeji strukturni zakonceni
v ruznych podminkach, obrazek 20, kapitola Mechanismus oxidace monovrstvy 1T a 2H-TaSo.
Pro vypocty jsme pouzili funkcional optB86b-vdw [33] z fady optimalizovanych GGA
funkcionalii obsahujicich disperzni interakci (vdW). Vyhody optimalizovanych funkcionalii byly

popsany v kapitole 2.5.5.
Pii vypoctu formacnich energii, a tedy popis adsorpce a substituce, byly pouzity rovnice:

Eoxidace = ETMD + n*0 — ETmMp — N*Ho (34)

Esubstituce = ETMD + n*0-n*s — Etmp — N*Ho + N™* s, (35)

kde Etmp + n*o je celkova energie nanoprouzku MoS> ¢i TaS» s navdzanymi n atomy kysliku na
atomech siry/kovu. Hodnota této energie vzdy zahrnuje geometrickou relaxaci kysliku na hrané
v dané konfiguraci. Etvp je energie ¢isté — nezoxidované hrany. Etmp + n*o - n*s 0dpovida energii
zrelaxované hrany TMD, kdy n atoma kysliku nahradi n atomu siry nachazejicich se na hrané.
V ptipadé zaporné hodnoty formacni energie je proces exotermicky. V rovnicich 34 a 35
vystupuje jesté chemicky potencial kysliku po a Siry Hs. Mo byl vypocitan jako polovina celkové
energie jedné molekuly kysliku v plynném skupenstvi a s byl vypocitan jako rozdil H2S a Ha,
protoze H2S je Castym prekurzorem pii ptipravé TMDs [131]. Nutno poznamenat, ze obecné je
hodnota chemického potencialu zavisla na okolni teploté a tlaku. V naSich vypoctech jsme tuto
zavislost neuvazovali, jelikoz naSe vypolty nebyly spjaty s konkrétnimi experimentalnimi
podminkami. V piipad¢ adsorpce i substituce jsme kysliky vzdy pfidavali na hranu po jednom,
tudiz konfigurace s vice kysliky napt. dva, vychazela vzdy ze struktury jiz zrelaxované hrany,
ktera méla o jeden kyslik méné; pro uvedeny piipad tedy jeden. Vypocet tak odpovidal

postupnému zapliiovani hrany atomy kysliku.

Pro objasnéni kinetiky oxidace a vypocet reak¢nich drah jsme pouzili NEB metodu (z angl.
Nudged Elastic Band), ktera je implementovana v programu VASP [132,133]. Podstata NEB je

v optimalizaci tzv. images — souboru atomti modelujicich reakéni drahu. V kazdém kroku relaxace
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reak¢ni drahy, jinak feceno v kazdé poloze atomu images je hledano jejich vzajemné energeticky
nejvyhodnéjsi uspoiadani. Zaroven jsou vSechny images spojeny pomoci pruznych sil, které
pusobi podél reakéni drahy a drzi je mezi pocatecnim a koncovym stavem. Pfi vypocétu pomoci
NEB metody je tedy nutné zvolit dva fixni stavy — reaktanty (po¢ate¢ni poloha atomt) a produkty
(konecna poloha atomt), pro které pocitame drahy. Strukturni uspoiadani téchto stavii musi byt
jiz zrelaxované a mélo by byt také co nejstabilnéjsi. Poté je potfeba vytvorit images — POSCARY
obsahujici geometrické soufadnice jednotlivych image odpovidajicich dané draze. Doporucuje se
pouzit lichy pocet images. V souboru INCAR je nutné charakterizovat vypocet pomoci NEB,
konkrétn¢ zadat hodnotu IMAGES a definovat parametr SPRING, ktery popisuje pruzné spojeni
atomu. V naSich vypocltech jsme zvolili climbing image NEB, které odpovida hodnota

SPRING = -5. Z vystupnich dat (zrelaxovanych struktur) lze zrekonstruovat reakéni drahu.

Vypoéty XPS byly provedeny pomoci kodu FHI-aims [134]. Pro vypocty byly pouzity geometrie
z predchoziho vypocétu ve VASPU. Zvolena baze byla ,,tésna“ (tight basis set) pro kazdy prvek
(Ta, S a O) a byl pouzit funkcional optB86b-vdW. V ramci vypoctu byla zahrnuta relativisticka
aproximace nultého fadu a spin-orbitalni $té€peni. Ta 4f dublet byl vypoéten pomoci iterativniho
spin-orbitalniho couplingu dostupného ve FHI-aims. Pro vypocet procesu fotoemise byla
aplikovana metoda kone¢ného stavu. U ni je vypoctena vazebna energie XPS jako rozdil energie

zakladniho stavu a energie systému s ,,core-hole* v jadfe v dusledku excitovaného elektronu.
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Obrazek 14: Geometrické usporadani adsorpce dvou atomu kysliku na hrané 2H-MoS; a) na

dvou sousednich atomech siry; b) na dvou atomech siry, které jsou od sebe oddéleny jednim
neinteragujicim atomem siry; c) na atom siry za vytvoreni SO, molekuly. d) Energeticky profil pro
disociaci molekuly kysliku na Mo-hran& 2H-MoS:; s vyobrazenym transitnim stavem (TS). Zluté
jsou vykresleny atomy siry, modife molybdenu a &ervené kysliku.

Mechanismus oxidace monovrstvy 2H-MoS>

Na zacatku je potieba zduraznit, Ze 2H monovrstva ma dvoji zakonéeni hrany: Mo-hrana
a S-hrana. Nejcastéji se vyskytuje Mo-hrana pasivovana z 50 % atomy siry (kapitola 4.1.1, MoS2
jako katalyzator pro HER, obrézek 10) [135]. Jiz diive bylo prokazano, ze povrch 2H-MoS: je
vici oxidaci inertni (disocia¢ni bariéra pro molekulu kysliku je 1,59 eV [121]), a proto jsme se
zam¢fili na popsani oxidace vyse uvedené hrany 2H-MoSz DFT vypoéty [125]. Prvnim krokem k
umoznéni oxidace je disociace molekuly kysliku. K vypoctu pro nalezeni sedlovych bodl
a nejvyhodnéjsi energetické trajektorii drahy byla pouzita NEB metoda [133,136] (kapitola
Vypocetni postupy pro nalezeni mechanismu oxidace u TMDs). Velikost bariéry pro disociaci

molekuly kysliku na hrané je pouze 0,31 eV a nezavisi na pocate¢ni poloze molekuly vici hrang.
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Geometrie tranzitniho stavu odpovida molekule kysliku s délkou O-O vazby 1,89 A navéazanou na
dva sousedici atomy siry hrany. Koneénym krokem této reakce jsou dva kyslikove atomy
naadsorbované na téchto sousedicich atomech siry s délkou vazeb 2,21 a 2,28 A (obrazek 14a).
Pfi hledani reak¢éni drahy pro disociaci molekuly kysliku byly uvazovany rGzné pocatecni
i koncové stavy reakce, bariéra vSak nikdy nepifesahla hodnotu 0,5 eV. Velikost bariéry je vyrazné

nizsi nez pro vyse uvedenou bariéru na povrchu (1,59 eV).

Z termodynamického hlediska Ize uvazovat o adsorpci od jednoho kyslikového atomu az
po osm, bereme-li v Gvahu zvoleny model hrany. Adsorpci jednoho kyslikového atomu byla
vytvofena silna kovalentni vazba mezi sirou hrany a kyslikem s délkou S-O vazby 1,51 A.
Adsorpéni energie je -0,96 eV. Vysledné hodnoty jsou porovnatelné s vysledky pro adsorpci na
povrchu: formaéni energie je -1,12 eV a délka S-O vazby je 1.487 A [121]. P¥i adsorpci dvou
atomu kysliku jsou mozné tii pozice na hran¢: a) dva sousedici kyslikové atomy; b) dva atomy
siry, které jsou od sebe oddéleny jednim neinteragujicim atomem siry; ¢) na jeden atom siry za
vytvoteni SO2 molekuly (obrézek 14 a, b, c). Adsorpéni energie pro jednotlivé stavy
jsou -2,26, -2,37 a -2,24 eV. Hodnoty jsou uvedeny ve stejném poradi jako vyjmenovanych
geometriich. Adsorpce tii atomu kysliku miiZe probihat bud’to jako adsorpce na tii sousedici atomy
siry, anebo adsorpce jednoho kysliku na jeden atom siry a zbyvajicich dvou za vytvofeni SO
skupiny. Témto geometriim odpovidaji formacni energie -3,54 eV a -3,27 eV.
Z termodynamického hlediska se nejevi formovani SO. skupin jako vyhodngjsi, nicméné pii
adsorpci Ctyf atomu kysliku je geometrie dvou SO2 skupin daleko vhodné&jsi nez adsorpce Ctyt
jednotlivych kyslikl na ¢tyfi atomy siry. Formac¢ni energie pro vytvofeni dvou SO2 molekul na
hrané je -4,79 eV, zatimco pro étyfi jednotlivé kysliky na Ctyfech sirach je -4,46 eV. Lze vidét
trend, kdy se zvySujicim se po¢tem adsorbovanych kyslikovych atomi dochazi ke snizovani

adsorp¢ni energie, tabulka 1.

Pfi plném zaplnéni hrany kyslikovymi atomy maji O atomy tendenci tvotit SO skupiny
zachycené na hrané (obrazek 13). Velikost S-O vazeb v téchto skupinach je 1,45 A a vazby sviraji
uhel 119,6°, coz zcela odpovida pfislusnym hodnotam pro molekulu SO> v plynné féazi [137].
Vazebna energie SOz skupin v hrané je pouhych 0,35 eV, takze skupiny mohou byt velice snadno

uvolnény z hrany (obrazek 15).
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Obrazek 15: Graf zavislosti vyslednych energii vazby SO, molekuly vazané k hrané 2H-MoS;
vzhledem ke sméru x. Molekula byla postupné vzdalovana od hrany a vysledna vazebna energie
je 0,35 eV. Z grafu Ize vidét, Ze energie pro molekulu SO, ve vzdalenosti 1,5 A od hrany

konverguje.

Uvolnénim SO2 se v hrané vytvoti vakance siry, diky které se zde mtize navazat dalsi atom
kysliku pfimo na atom molybdenu (vznikne Mo-O vazba). Efektivné tak dochazi k substituci
atomu siry atomem kysliku. Substitu¢ni energie jednoho kysliku za atom siry je -1,58 eV. Nutno
dodat, ze substituce je z termodynamického pohledu vyhodnéjsi nez adsorpce (tabulka 1). Tento
proces odpovida i experimentalnim studiim, ve kterych bylo pozorovano snizovani atomového
poméru mezi atomy Mo a S a zaroven nardst piku pro Mo-O vazbu [138-140]. Po celkové
substituci a zaplnéni hrany kyslikem (Esunst = -6,22 €V) dochazi pii dalsi interakci s kyslikovymi
atomy k vytvoieni MoOs fetizku (detail v obrazku 13). Strukturni uspofadani atomu v MoOs3
fetizku hrany je v souladu s krystalickym uspotadanim MoOs bulku. Tento mechanismus vede
k celkové zméné struktury v okoli hrany odpovidajici SEM snimkim prasklin ve struktuie MoS:
[122] (obrézek 12). Stejné strukturni uspofadani bylo pozorovano také v heterostruktuie
obsahujici MoS2 a MoOs vrstvy [140]. Experimentalni prace téz potvrzuji narast piku pro MoOs
v oxida¢nich spektrech MoS; [138,139,141].
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Proces oxidace pro monovrstvu 2H polytypu byl objasnén — dochazi k postupnému naadsorbovani
kyslikovych atomi na atomy siry, vytvofeni SO2 molekul a jejich naslednému uvolnéni. Tim je
vytvoiena vakance v hrané, ktera muze byt obsazena kyslikovym atomem. Pii vysoké saturaci
kyslikem Mo-hrany dochazi k vytvoieni MoOs fetizku, ktery odpovida MoOs krystalu. U polytypu

1T-MoS; také dochazi k oxidaci, nicméné jeji proces se lisi [118].

Tabulka 1: Formacni energie (v eV) pro adsorpci a substituci kysliku na hrané 1H-MoS.. Per

#0 oznacuje formacni energie vztazené na jeden atom kysliku. Publikovano v [133].

Pocet kyslikovych
atomu:
Adsorpce: -0.92 -2.36 -3.54 -4.48
per #O -1.18 -1.18 -1.12
Substituce: -1.58 -3.46 -5.38 -6.22
per #O -1.73 -1.79 -1.56

Mechanismus oxidace monovrstvy 1T-MoS;

Narozdil od 2H struktury, kde je nejstabilnéjsi hrana pokryta z 50 % atomy siry [135,142]
a nemuze ihned dochazet k pfimé interakci mezi kyslikovymi atomy s atomy molybdenu hrany,

jsou u struktury 1T-MoS, dva mozné kandly oxidace — ptes atomy siry anebo ptimo na

45



4. 2D materialy studované v této praci

molybdenové atomy hrany (obrazek 10).
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Obrazek 16: Schématické znazornéni dvou moznych procesu oxidace 1T-MoS; a 1T-TaSy;
a) oxidace odehravajici na sirovych atomech hran 1T-MoS; a 1T-TaS;; b) oxidace probihajici
na molybdenové hrané 1T-MoS,. Proces a) je u 1T-MoS; zpomalen nizkou bariérou pro
disociaci molekuly kysliku (0,18 eV), zatimco u 1T-TaS; probiha spontanné. Nasledné dochazi
k adsorpci kyslikovych atomd. Tvorba vakance uvolnénim S atomd z hrany je kliCovym
rozdilem pro proces oxidace 1T-MoS; a 1T-TaS,. Rozdil v bariérach je témér dvounasobny,
pro 1T-MoS: je to 0,66 eV, pro 1T-TaS; 1,20 eV. Z termodynamického hlediska jsou vysledné
formacéni energie nizsi pro 1T-MoS; nez pro 1T-TaS.. V pfipadé oxidace Mo atomu 1T-MoS;
(proces b) probiha oxidace témér spontanné az na nizkou disociaéni bariéru v prvnim kroku

oxidace. Modfe jsou vyobrazeny Mo atomy, zelené Ta, zluté S a Cervené atomy O.
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Oxidace je zapocata disociaci molekuly kysliku vedouci k adsorpci kyslikovych atomt na atomy

hrany. Zajimavosti je, Zze v ptipad¢ disociace molekuly kysliku na hranu 1T-MoS; byly nalezeny

dva mozné¢ finalni stavy s velmi podobnou disocia¢ni bariérou. Po disociaci mohou atomy kysliku

byt adsorbovany jak na atomy siry hrany s disocia¢ni bariérou 0,18 ¢V nebo i na atomy molybdenu

hrany (bariéra 0,15 A). V obou ptipadech byla po¢ateéni poloha molekuly Kysliku ve vzdalenosti

2,5-3,0 A od hrany paralelné s atomy hrany (obrazek 16a, b). Velikost obou bariér je témét

totozna, avSak  adsorp¢ni
energie pro navazani
kyslikovych atomti na atomy
molybdenu je vyrazn€ nizsi
(tabulka 4), lze tedy
predpokladat, ze oxidace
probiha primarn¢ piimo na Mo
atomy hrany. Zaroven nic
nevylucuje, ze soucasné muze
dochézet ikadsorpci na
Satomy hrany. Abychom
tento proces prozkoumali
detailn€ji,  pouzili  jsme
dodate¢né vypocty pomoci ab
initio molekularni dynamiky.
Dynamika ukazala, ze
ze fyzisorbované  molekuly
kysliku  témé&f  okamZzité
vznika intermediat S-O-Mo
(obrazek 17, detail)

FS1

040
T A -0} - Mo
- -
IS ‘%—Z‘.U 1 :
%? 3.0 FS1
=
w40
B FS2
e Reakcni koordinata FS2

t

iy

Obrazek 17: Trajektorie disociace O. molekuly na hrané
1T-MoS;. a) Disociace na atomech siry s reak&nim krokem, kdy
se vytvorfi tranzitni stav (TS) obsahujici S-O-Mo intermediat
a findlnim stavem FS1. b) Disociace na atomech molybdenu
s finalnim stavem FS2. Po¢ate¢ni stav (IS) je v obou pfipadech
stejny. V grafu jsou vyobrazeny energetické odnoty kazdého
kroku. S atomy jsou zluté, Mo atomy modfe a O atomy Cervené.
Publikovano v [118].

anasledné dochazi k piekroceni bariéry 0,18 eV vedouci k adsorpci kysliku ptimo na atomech

Mo. Intermediat S-O-Mo vyrazné ovlivni strukturni uspofadani atomti u metastabilniho 1T

polytypu a dojde ke konverzi v 1T" polytyp (obrazek 7) [143,144]. Dle NEB vypoctia muze také

dochazet spontanné K pfesunu atomi z pozice A, (dvou naadsorbovanych kyslikti na sirovych

atomech hrany) do pozice B, (dvou naadsorbovanych kysliki na molybdenovych atomech hrany)
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(obrazek 17), protoze tento krok je bezbariérovy. Adsorbované kyslikové atomy tedy budou
difundovat z pozice na atomech siry do pozice na molybdenech. Nicméné toto strukturni
uspofadani nemusi byt konecné, protoze mize dochézet k dalsi oxidaci vlivem tvorby vakance.
Vypocty pro 2H-MoS; ukazaly, ze vakance mohou vznikat diky uvoliiovani SO> skupin (obrazek
16a). Z termodynamického hlediska je substituce sirovych atomt atomy Kkysliku vyhodnéjsi,
protoze formaéni energie jsou nizsi nez u adsorpce (tabulka 4). Pro uvolnéni SOz skupin 1T-MoS;
je energetickd bariéra 0,66 eV a tento proces se tak stdva limitnim krokem pro cely proces oxidace
[118].

Zavérem lze fici, Ze oba polytypy podléhaji oxida¢nim reakcim za normalnich podminek
i kdyZz reakéni mechanismy se lisi. K zamezeni oxidativni degradace bylo navrzeno nékolik
piistupd, ,,zapouzdieni* materialtl v fizené inertni atmosféte [145], jejich funkcionalizaci [146] ¢i

pasivaci hran [147].

4.1.2. Sulfid tantalicity

Sulfid tantali¢ity je pfedev§im zndm kvuli své CDW (z angl. charge density waves, CDW)
fazi, kterou nalezneme v jeho bohatém fazovém diagramu. Dale je hojné studovan pro slibnou
katalytickou aktivitu pro HER a OER. Je nutno podotknout, Ze v§echny tyto vlastnosti zavisi na

strukturnim uspofadani atomii — na polytypu.
Struktura a polymorfie TaS>

Sulfid tantali¢ity je anorganicka slouCenina s vrstevnatou strukturou a strukturnim
uspotfadanim atomu podobnym jako u MoS», coz je rozebrano v kapitole 4.1.1. V jeho fazovém
diagramu ptevazuji 1T, 2H a 3R polytypy, ale najdeme u n¢j také méné obvyklou 4H ¢i 6R fazi.
TaS: je nejcastéji studovan kvili 1T fazi, ktera sama o sobé vykazuje fadu fazovych piechodu
oznacovanych jako CDW [148]. V ptirodé¢ se nejcastéji vyskytuje ve své 2H fazi, ktera ma stiibfite
Sedé zbarveni s charakteristickymi hladkymi a zrcadlové lesklymi ploskami na povrchu. Nicméné
ptirodni krystaly mohou obsahovat mix 1T a 2H faze, jejich barva je tmavé Seda s vyraznym
kovovym leskem, misty 1ze pozorovat povrchové zvrasnéni. V krystalech obsahujicich ptevazné
1T-TaS; fazi nebyva nalezeno ideélni atomove zastoupeni Ta a S prvka (1:2), ale 1:1,76 diky

vakancim siry, které ptirodni krystaly Casto obsahuji [149].
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Tabulka 2: MfiZzkové parametry a a c pro jednotlivé polytypy 1T, 2H a 3R-TaS, Vypocltené
hodnoty metodou EXX-RPA a optB86b-vdW funkcionalem (detailni popis metod je v kapitole
2.5.5)).

M¥izkovy parametr [A] a c a c a C
Vypoéet EXX+RPA 3362  5.90 3.316 1225 |[3.310 18.30

‘ optB86b-vdW |3.352  5.90 3.317 1230 |[3.317 18.30
Experiment 3.3672'  5.9021' | 3.314)  12.097 |3.32k  17.90K

'reference [150]; reference [151], “reference[152]

U 1T-TaSz byl objeven fenomén CDW, kdy doch&zi k spontannimu naruSeni symetrie
elektronové hustoty vlivem naruseni symetrie atomovych jader. Vznik CDW féze a jeho podfazi
lze ptipisovat elektron-fononoveé interakci [148]. -W ™ ~
V ptipadé 1T-TaS; lze CDW rozdélit na 3 podfaze
v zavislosti na  teploté:  nesouméfitelnou _*

(incommensurate ICCDW), témét soumétitelnou

(nearly commensurate, NCCDW) a souméfitelnou
(commensurate, CCDW). CCDW faze se

%
vyskytuje pfi nizkych teplotach a chova se jako r
Mottiv izolator [153]. Pii zahtivani dochazi k % %
prechodu na NCCDW fazi, pro kterou je
charakteristicka doménova struktura a ve které jsou _5_ : 3 ’*
CCDW faze od sebe oddéleny sténami s kovovym Obrazek 18: Strukturni uspofadani CCDW
charakterem [154]. Pti dal§im zahiivéani piejde tato féze Davidova hvézda. Pismeny a-c jsou
faze na ICCDW fazi, jez je stabilni za teplot mezi ©znaceny atomy tantalu (zelena barva).
352 a 543 K [155]. Za jests vyssich teplot piejde AtOMY Siry jsou vyobrazeny Zlute.

material na perfektni 1T strukturu.

Perfektni 1T-TaS; struktura patii do prostorové grupy P3m1. Ta atomy jsou hexagonalné
uspofddany a jednotlivé vrstvy atomul siry jsou vzajemné posunuty vici sobé Cili se jedna
0 uspoiadani ABC (obrazek 7). Nami vypoétené miizkové parametry pro 1T- TaSz jsou
a=3,362A ac =59 A (tabulka 2) [42], coz excelentné koresponduje s experimentalnimi
hodnotami pro TaS; prasek a = 3,3672 A ac =5,9021 A [152]. Vypoéty byly provadény EXX-RPA
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funkcionalem (vice v kapitole 2.5.5) a tento vysledek demonstruje jeho velkou piesnost i u takto

komplikovanych materiali.

CCDW faze mé strukturu zvanou Davidova hvézda (Star-of-David), kterd vznikne
spontannim pieuspoiadanim atomu 1T struktury. Ttinact tantalovych atomu vytvaii uspotfadani ve
tvaru hvézdy kolem centralniho atomu, obrdzek 18. Centralni tantalovy atom je oznacen
pismenem a, jemu nejblizsich Sest atomu je oznaceno b a cipy hvézdy jsou tvoieny zbylymi Sesti
atomy oznacenymi C. S tim souvisi piesun elektronové hustoty smérem do stfedu této hvézdy.
Pieusporadanim atomu a elektronové hustoty dochazi i k zméné fyzikalnich vlastnosti, vznik
Davidovy hvézdy vede k zméné v pasové struktuie - otevieni gapu v oblasti Fermiho hladiny
[42,156]. V CDW fazi byla tlakem vyvolana supravodivost, ktera je zachovana i za vysokého tlaku

a lhostejna vuci naslednému vymizeni CDW faze [153].

2H-TaS; polytyp mé atomy Ta v hexagonalni koordinaci a uspotadani jednotlivych vrstev
je bud’to AbA BaB, oznacované jako 2H-AB, anebo AbA ChC —2H-AA". V této struktufe je jedna
vrstva atoml S-Ta-S zrcadlové otofena a posunuta vici druhé vrstvé o jednu tfetinu. Toto
usporadani neni charakteristické jenom pro TaSg, ale bylo nalezeno také u MoS; polytypu [157].
Ob¢ strukturni uspotadani se mirné 1isi v miizkovych parametrech; vypoctené hodnoty jsou
a=3,316; 3,310 A a ¢ =12,25; 12,05 A [42] (tabulka 2, obrazek 7). Hodnoty jsou uvedeny
Vv stejném potadi, jako jsou zminéné polytypy. Vyrazngjsi rozdil je v parametru c, coZ je ovlivnéno
pravé vzajemnym posunutim jednotlivych vrstev. U praskového vzorku 2H-TaS> byly za pomoci
rentgenové difrakce zjistény miizkové parametry a = 3.315 A ac=1210 A [152].
Experimentélni rozliseni 2H-AB a 2H-AA” struktur neni proveditelné, rozdil mezi fazemi je totiz
velmi maly. Navic pfti ptipravé vzorkt TaS; dochézi velmi Casto k vytvoreni mixu 2H a 3R
polytypu [152,158].

3R polytyp patii do prostorové grupy symetrie R3m. U 3R polytypu je strukturni
usporadani stejné jako 2H-AB, jen je doplnéno jesté o jednu S-Ta-S vrstvu, Ktera je posunuta vici
2H polytypu o jednu tietinu (obréazek 7b). Material v podobé ¢istého 3R polytypu je velice obtizné
piipravit [159]. Z tabulky 3 Ize vy¢ist shoda mezi experimentem a nami provedenymi EXX+RPA
vypoéty pro parametr a (3,32 A experimentalné a 3,310 A vypoctem). Pro m¥izkovy parametr C je

experimentalni hodnota znatelng nizsi, 17,90 A experiment oproti 18,30 A vypoétené. To mize
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byt zptsobeno pravé smiSenim 3R a 2H fazi, chybami uspofadani (stacking faults) ¢i

nestechiometrickym pomérem atomi vzniklym pii piipravé 3R polytypu [158].
Pasova struktura TaS:

Polytyp 1T méa kovovy charakter v roviné vrstvy, zatimco 2H a 3R jsou polovodice.
Obrazek 19 vyobrazuje pasové struktury pro vSechny tyto polytypy vypocitané HSEO06
funkcionalem [42]. Jak lze vidét, tak u 2H-AB, 2H-AA’ a 3R polytypu nehraje vzajemné strukturni
usporadani vrstev S-Ta-S vyznamnou roli. Pro tyto polytypy je charakteristicky izolovany subpés
lezici na Fermiho energii. Tento pas je tvofeny d elektrony, konkrétné¢ d2 orbitaly Ta atomt. Stavy
nachazejici se v rozmezi od -1 eV nize jsou tvoteny p-elektrony S atomu lehce hybridizovanymi
s d-elektrony Ta. Stavy nachazejici se nad Fermiho hladinou odpovidaji Cisté d-elektrontim
pochézejicich z Ta atomi. Pasové struktury jsou téméf totozné az na Ta dz2 subpas, ktery je u 3R

faze posunut k lehce vy$8im energiim, takze jeho pievazna ¢ast lezi nad Fermiho hladinou.

Vyrazné odli$na je pasova struktura pro 1T polytyp, ve kterém je koordinace S-Ta-S atomi
oktaedricka. 1T polytyp je kovem, kdy jednotlivé pasy v urovni Fermiho hladiny odpovidaji p
elektroniim S atomu a d elektronim Ta atomi. Subpas tvoieny p-elektrony méa vrchol pasu 1,0 eV
pod Fermiho hladinou, coZz dobie odpovida experimentalnimu piku na 1,3 eV ve fotoemisnim
spektru [155]. Nicméné pasova struktura u 1T faze vyrazné€ zavisi na teploté a tlaku vzhledem

k rozlicnym vlastnostem jeho CDW podfazi, jak bylo uvedeno vyse.

51



4. 2D materialy studované v této praci

Obrazek 19: Pasové struktury polytypu TaS. vypocitané HSEO06 funkcionalem. Publikovano
v [46].

TaS; jako katalyzator HER

Kromé specifické fyziky spojené s CDW, TaS; je hojné studovan pro svou
elektrokatalytickou aktivitu HER a OER. Ackoli by se dalo pfedpokladat, ze se védecka komunita
bude zabyvat HER piedevsim u 1T polytypu, ktery ma kovovy charakter (viz kapitola Pasova
struktura TaSz), je nejvice studovan 2H polytyp. Nejenom pro jeho pfitomnost v piirodé, ale také
kvili tomu, Ze katalyzator 1T-TaS: je citlivy na okolni prostiedi, kdy dochazi k jeho ¢aste¢né
oxidaci [160].

U vzorku monovrstvy 2H-TaS; ptipravené¢ho pomoci CVD techniky na zlaté jako substratu
byla nalezena velmi slibna katalyticka aktivita u HER, piepéti 65 mV a Tafelova smérnice
33-42 mvdect. DFT vypodty bylo zjisténo, 7e pro HER je aktivni Si Ta-hrana. AGn na
tantalovych atomech hrany byla -0,04; na atomech siry hrany -0,10 eV [161]. Nicméné slibné

experimentalni vysledky nebyly v pozdéjsich studii potvrzeny. Zhang a kolegové syntetizovali
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2H-TaS; z prasku tantalu a siry v peci pii 1000 °C po dobu 4 dni. Takto pfipraveny material
vykazoval vyrazné horsi hodnoty pro katalyzu reakce za vyvoje vodiku: hodnota overpotencialu
byla 145 mV pii 10 mAcm™ a Tafelova smérnice 121 mVdec™ [162]. Yu s kolegy syntetizovali
2H-TaS; na nékolika ruznych substratech: skelném uhliku, uhlikové vlidkna, molybdenové a zlaté
folii. Z vyse piipravenych kombinaci dosahla nejvyssi aktivity kombinace TaS2/Au s hodnotou
overpotencialu 101 mV p#i 10 mAcm2a Tafelovou smérnici 53 mVdec™ [163]. Huan a kolegové
vyuzili nanoporézni zlato k pifimé syntéze vertikalnich nanovrstev 1T-TaS» za u¢elem navyseni
poctu aktivnich mist v podobé hran a bazélnich rovin. Hodnota Tafelovy smérnice se v tomto
piipadé pohybovala v rozmezi 67-82 mV dec ! [160], coZ je srovnatelné s piedchozi studii, kde
vystupoval 2H-TaS2/Au. Nicméné Chen s kolegy exfoliovali 1T-TaS; v kapalné fazi za vzniku
port v bazilni roving, ale zvySenou aktivitu nepozorovali (Tafelova smérnice 215 mVdec™?)
v dasledku oxidace v této oblasti [164]. Vysledky elektrochemickych studii jsou tak rozdilné

nejspise kvuli vysoke susceptibilité 1T i 2H-TaS: vuéi kysliku (vice v nasledujici kapitole).
Mechanismus oxidace monovrstvy 1T a 2H-TaS:

Jak bylo rozebrano v kapitole 4.1.1., oxidativni degradace 2H-MoS; [122] pfinesla
podezieni ohledn¢ skute¢né stability MoS,. Logickou otdzkou je zda lze oéekavat podobné
oxidativni chovani i u dalsich z fad TMDs. Ve stabilit¢ hraje velkou roli tvar materialu
a i konkrétni struktura (zakonceni) hrany, jak bylo jiz zminéno vyse (kapitola 4.1.1). Nanocastice
MoS:; jsou nejstabiln&jsi v trojuhelnikovém tvaru se zakonéenim hrany Mo-atomy, u které jsou
volné vazby na Mo atomech pasivovany dodateénymi atomy siry [135,165]. Je tomu tak ale i u
TaS,?
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V nasi publikaci [166] jsme se zamé&fili na uréeni strukturniho uspofadani a preferovaného
zakonceni hrany u 2H-TaS> polytypu, typu AbA BaB. Preferovany tvar nanocastic bude zaviset
na chemickém potencidlu siry. Pii podminkach bohatych na siru nalezneme TaS; ve formé
deformovaného hexagonu, jehoz hrana je zakoncena Ta atomy, zatimco pii opa¢nych podminkéch
bude mit TaS: tendenci tvofit trojuhelniky, obrazek 20. Experimentalné byly ptipraveny mixy
téchto tvart [161], coz potvrzuje nase vypocty. V ramci experimentalnich studii nebylo studovano,
zdali je material na vzduchu staly. Proto jsme nasledné vyuzili ziskany model hrany a provedli

DFT vypocty oxidace 2H polytypu TaS> [166].

Tabulka 3: Formacni energie v [eV] pro adsorpci kysliku na sirovych atomech a substituci

sirovych atomu na hrany 2H-TaS,. Publikovano v [170]. . Sousedni; %délené jednim

neinteragujicim S atomem; Bl pritomnost SO

Pocet
kyslikovych
atomu:
Adsorpce -096 | -2,18 -2,21  -256 | -2,73 -3,59 -4,82 -4,71
per #O -1,09 -111 -1,28 -091 -1,20 -1,21 -1,18
Substituce

-2,20 | -4,34 -4,39 X -6,42 -8,29
per #O -2,17  -2,20 -2,14 -2,07
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Obrézek 20: Modely hran nanoklastru trojuhelnikového tvaru TaS,: Ta-hrana pokryta z 50 %
atomy siry s rohem obsazenym a) dimerem siry, b) jednim atomem siry, ¢) S-hrana vykazujici
rekonstrukci dimeru, d) grandkanonicky potencial Q jako funkce velikosti shluku n, €) energie
hrany jako funkce chemického potenciélu siry, Sipky oznacuji podminky bohaté nebo chudé na

siru. Zluté jsou vyobrazeny atomy siry, zelen& atomy tantalu. Publikovano v [170].

Nase vysledky ukazuji, ze z termodynamického hlediska je velice vyhodna at’ jiz adsorpce
atomu kysliku na hrang, ¢i jejich substituce (tabulka 3). Vypocty byly provadény jak na kone¢ném
modelu hrany (trojuhelnikovy nanoklastr), tak pomoci periodického modelu —nanoprouzku
(nanostripe) vychazejiciho ze 4x4 supercely (obréazek 21). Adsorp¢ni energie jednoho atomu
kysliku na hrané nanoprouzku je -0,96 eV, coz je srovnatelné s MoS; hranou, kde je adsorpéni
energie kysliku -0,92 eV [125]. Nicméné vyznamny rozdil byl pozorovan v navazani atomu
kysliku na hranu. U 1H-TaS; se kyslikovy atom vaze do mistkové pozice mezi atomy siry a tantalu
(obrazek 21), kdezto u 1H-MoS: dochazi k vazbé piimo na atom siry (obrazek 13). Nasledna

adsorpce dalsiho kysliku na nanoprouzek vede ke tfem moznym pozicim atomu Kysliku a,

55



vytvofeni SOz molekuly na hrané (obrazek
21h); b, O adsorbovany na dvou atomech siry,
od

neinteragujicim

které  jsou sebe oddéleny jednim

sirovym atomem
(obrazek 21g); ¢, O na dvou sousednich
sirovych atomech (obrazek 21f). Z hlediska
adsorpCnich energii jsou pozice témert
totozné -2,21; -2,56 a -2,18 eV v uvedeném
poradi. SO2 skupiny na hrané maji velikost S-O
vazby 1,61 A a vazby sviraji Ghel 98,2°.
V porovnani s SO2 molekulou jsou délky vazeb
vétsi (1,48 A umolekuly) a Ghel je daleko
mensi (119° u molekuly SO») [137]. Vazebna
energie SO2 skupiny na hran¢ je velmi vysoka,
2,39 eV. SO; skupina je tedy na hran¢ siln¢
vazana anemuze dochazet k jejimu uvolnéni
ponechavajicimu vakanci nahrané materialu
vhodnou pro substituci kysliku. Zde tkvi hlavni
2H-TaS: a2H-MoS..
Odpovidajici vazebna energie SO skupin je
u MoS: pouze 0,39 eV [125]. | kdyz jsou pro

TaS> formacni energie pro substituci na hrané

rozdil mezi oxidaci

vyrazné niz8i nez odpovidajici energie pro
MoS; (tabulka 3 a tabulka 1). V piipadé
koneéného modelu — trojuhelniku je energie pro
odstranéni atomu siry nachazejicich se v rohu
klastru nizka, dochazi k odkryti koordina¢né
nenasycené¢ho mista tantalového atomu, a tudiz
lze ptedpokladat ze k substituci bude dochazet

primarn¢ zde. AvSak substituce kysliku mtize
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single oxygen two oxygens

bl DL

Eqds =-0.96 eV Eqds=-2.18 eV

5

Eads = -] ]5 eV

.o

Egds = -2.21 eV

LN N 5 »
888 %
8888 ]
5088 %

Y

Esub:-Z.ZOC)V Esub—"4.39€V
Obrazek 21:

2H-TaS; pro jeden a dva atomy kysliku na

Mechanismus oxidace
modelech nanoprouzku a nanoklastru; a-d)
adsorpce kyslikového atomu do mustkoveé
polohy mezi S a Ta atomy v rdznych
pozicich danych modelem. Substituce e) O
f-h)

Adsorpce dvou kyslikovych atomd na

atomu na Ta-hrané nanoprouzku.

nanoprouzku do rdznych pozic na hrané.
Substituce dvou kysliku atomd namisto i)
dvou sousedicich atomu siry a j) dvou
atomua siry, které jsou oddéleny jednim
neinteragujicim S atomem. Ta atomy jsou
zeleng, S atomy zluté a O atomy jsou

vyobrazeny €ervené. Publikovano v [170].
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byt u 2H-TaS; limitovana nedostatkem téchto vhodnych mist.

Nicméné v fadé experimentalnich studii bylo pozorovano zvySené mnozstvi kysliku ve
struktufe 2H-TaS,. Chamlagain a kolegové zaznamenali piky odpovidajici kyslikovym atomiim
pii XPS analyze Cerstvé exfoliovaného 2H-TaS,. Pokud material dale zahtivali po dobu tii hodin
na 300 °C, doslo kuplne transformaci na Ta»Os [167]. V ramci naseho vypoctu XPS jsme
poukazali na nemoznost rozliSeni pocatecnich krokli oxida¢niho procesu (adsorpce, vytvoieni
vakance, substituce) ve spektrech kvuli blizkosti energii odpovidajici jednotlivym krokiim,
obrazek 22. (Podrobnosti vypoctu lze nalézt v kapitole Vypocetni postupy pro nalezeni
mechanismu oxidace u TMDs.) Poc¢ate¢ni oxidace hrany 2H-TaS> by méla byt pozorovana
posunem a symetrii Ta 4f dubletu smérem k vy$$im energiim. Zarovei je tfeba poznamenat, ze
(jedno- a dvou- sirové) vakance jsou nejjednodussi a nejrozsitenéjsi defekt, ktery byl
experimentalné pozorovany u TMDs [168-170] a jejich pifitomnost mlize umoznit substituci

a dalsi konverzi na Ta;Os [153].

25.1,27.0eV

Sabassese
W . A * A . - .

Obrazek 22: Modely pouzité pro vypocet vazebnych energii Ta 4f XPS: a) hrana s jednou vakanci
siry; b) jeden atom kysliku je adsorbovany v poloze mistku mezi atomy S a Ta a ¢) hrana, na které
dva atomy kysliku nahradily dva atomy siry. Ta atomy jsou zelené, S atomy zluté. Atomy Ta

vybrané pro vypoéty XPS jsou rozliSeny modrou a fialovou barvou. Publikovano v [170].

V tabulce 5 jsou shrnuty vysledné formacni energie pro adsorpci kyslikovych atomt na S
a Ta atomech na hrané nanoprouzku a také pro substituci za S atomy na hran¢ pro 1T-TaS.

V porovnani s 1T-MoS; jsou vysledné energie nizsi ale jejich chrakter se neméni, takze lze
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4. 2D materialy studované v této praci

o¢ekavat podobné chovani tohoto materialu. Nicméné v ptipad¢ 1T-TaS, nedochazi k oxidaci
kovovych atomd, jako tomu bylo u 1T-Mo0S,, protoze bariéra pro disociaci molekuly vedouci na
Ta atomy je 0,77 eV. Po disociaci O2 molekuly dochazi k adsorpci kyslikovych atomi na S atomy
na hran¢ v zavislosti na pocate¢ni poloze molekuly kysliku (obrazek 23). Pokud je molekula
rovnobézna s hranou, vysledkem disociace jsou atomy kysliku adsorbovany na dvou sousedicich
atomech siry. U polohy molekuly kolmé na hranu dochazelo k vytvoieni SO> struktury. NEB
vypoéty nebyla u obou trajektorii nalezena zadna reakéni bariéra (obréazek 23). Z toho dtivodu byl
proveden vypocet ab initio molekuldrni dynamikou pi#i 300 K. Pocate¢ni stav molekuly kysliku
byl stejny, jako v pfipadé NEB vypoctu a systému bylo dovoleno vyvijet se v ¢ase po 10 000
krocich s ¢asovym krokem 0,1 fs. Molekula kysliku disociovala jiz v 900 kroku, coZ potvrzuje
sponntanost reakce. Disociovana molekula kysliku méla tendenci tvofit SOz skupinu na hrané.
Nicméné narozdil od MoS: polytypu je vazebna energie SO2 molekuly vysoka 1,2 eV (obrazek

16a) a nemuze tak dochazet k jejimu uvolnéni [118].

E%
Energie [eV]
(8] [3%]

o o

w

l B° 40 FS
g%% 50 R S]]
Wehe 'H¥an, oA

Obrézek 23: Drahy pro disociaci molekuly kysliku na hrané monovrstvy 1T-TaS,. Drdha A byla

analyzovana metodou NEB. Graf ukazuje energie odpovidajici ¢islovanym krokim disociace
oddélujicim pocate¢ni stav (IS) od stavu kone€ného (FS). Draha B ma stejny pocatec¢ni stav (IS)
a byla analyzovana vypoctem molekularni dynamiky pomoci VASP — detaily vypocltu v textu.
Publikovano v [118].
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Na zakladé naSich vysledka Ize shrnout, Ze u obou TaSz polytypt dochazi k velmi rychlé
disociaci vzdusného kysliku, avSak u obou je limitujicim krokem tvorba vakance v materialu.
Teoreticky tedy dochézi pouze k adsorpéni oxidaci vedouci k pasivaci hran a stabilizaci materialu.
Tuto hypotézu potvrzuje fada experimentalnich studii. Béhem piipravy mono- a vicevrstevnatého
1T-TaS; bylo zaznamenano jejich strukturni poskozeni zpusobené oxidaci, prestoze jejich syntéza
z TaxCls a Sprekurzori probihala v peci, ze které byl odCerpan kyslik za pouziti Ar [172].
U exfoliovanych vloc¢ek 1T-TaS; s rozmérem pod 5 nm doslo k ztrat¢ CDW fonont kvili jejich
spontanni oxidaci [173].Vrchni vrstva u 2H-TaS» syntetizovaném na Ag/BN substratu pii 300°C
byla zcela zoxidovana [174]. A na zavér je nutné také podotknout, ze u vSech TMDs jsou sirové
(single a double-) vakance nejjednodussim a nejcastéjsim defektem [169,175,176] a oxidace tedy

miuZe byt ovlivnéna kvalitou konkrétniho vzorku.

Tabulka 4: Formacni energie v [eV] pro nejstabilnéjSi konfigurace adsorpce/substituce kysliku

na atomech siry &i kovu (Mo, Ta) na hrané 1T’-MoS; a 1T-TaS,. Publikovano v [118].

Poet i 2 3 4 |

SRILeL TaS: | MoS:  TaS2 | MoS:  TaS:
atomu
A:ZOSr P 1 137 147 | 273 318 | 407  -445| 539 56l
atomech
per #O 137 -159 | -118 148 | -135  -1,40
Adsorpce
na atomech -2,62 -2,57 -4,17 -4,66 -5,87 -6,30 -7,26 -7,56
kovu
per #0 209 -233 | -196 210 | -18  -189
Substituce | -250 -2,61 | -48 508 | -660  -751| -883  -981
per #O 243 254 | 220 250 | -221  -245
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4.2. Grafen

Objeveni grafenu v roce 2004 vedlo k intenzivnimu vyzkumu, hledani zptisobu jeho
ptipravy a aplikaci v praxi, a zejména k otevieni dvefi do 2D svéta [63]. Grafen se sklada
z uhlikovych atomi majici sp? hybridizaci, vytvaii 2D hexagonalni strukturu poskytujici mu
velkou plochu [63]. Tato alotropickd modifikace uhliku obsahuje v primitivni bufice 2 atomy
uhliku. Atomy jsou od sebe vzdalené 1,42 A (obrézek 24a). Grafen je piedeviim znam pro svoje
elektrické a optoelektrické vlastnosti — jedna se o polovodi¢ s hulovym zakdzanym pasem, tedy
polokov. To je zptisobeno obsazenim elektronovych hladin ¢ a . Atomy uhliku se vazou ¢ vazbou
a tvori hybridizované spx a spy orbitaly. Zbyly ¢tvrty elektron kazdého uhliku v grafenové struktuie
se nachazi v p; orbitalu a podili se na slabé n vazbé kolmé k roviné ¢ vazeb. Tvoti se tak pasy n
valenénich a 7 vodivostnich delokalizovanych elektronii. Tyto pasy se skytaji ve bodech K a K’
prvni Brillouinovy zény, v tzv. Diracovych bodech (obrazek 24c) [177].

30
C) M
K% K
Brillouinova  Vodivostni pas

z6na

0 Fermiho energie i ( )

Valenéni pas

ENERGIE (eV)

I' K
HYBNOST

Obrazek 24: a) Hexagonalni mfizka grafenu s dvéma druhy atomd uhliku A a B. Translaéni
vektory primitivni mfizky a; a, jsou vyznadeny modfe. Zluté je vyznadena primitivni mfizka.
b) Prvni Brillouinova zéna grafenu s vyzna¢enymi vyznamnymi body a také translacnimi vektory
reciproké mrizky b: a b,. ¢) Pasova struktura grafenu s vyznacenym Diracovym bodem. Pfevzato

a upraveno z [178,179].

V okoli K bodu jsou vodivostni a valen¢ni pasy linearni a nosi¢e naboje maji nulovou efektivni
hmotnost, tim paddem jejich pohyblivost je velmi vysokd, coz z n&j déla skvely vodic. Nicméné
jeho vodivost vyrazné ovliviiuje pocet vrstev a defekty v materialu. Z experimentalnich studii
vyplyva ze vodivost grafenu zavisi na teploté a také na poctu poruch v struktuie [180]. Z jeho
pasové struktury je zfetelné, ze grafen je schopen absorbovat elektromagnetické zareni vSech

vlnovych délek spektra, ¢ili je transparentni [181].
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I piesto ma grafen své nedostatky, které moznosti k jeho aplikace omezuji; nulovou
magnetickou odezvu, naro¢nou piipravu idealni monovrstvy, nachylnost k oxidacnimu prostiedi
¢i hydrofobni chovani. Aplikace v elektronice omezuje jeho nulovy zakazany pés. Proto se
veédecky svét témet okamzité po objevu grafenu zacal zabyvat piipravou jeho funkcionalizovanych

derivatu.

Fluorografen a grafen oxid (GO) piedstavuji nejrozsifenéjsi grafenové derivaty.
Fluorografen je pfipravovan piimou syntézou grafitu a fluoru pfi vyssich teplotach. Vznikly fluorid
grafitu je potfeba mechanicky rozdélit na jednotlivé vrstvy — fluorografen [182,183]. Grafen oxid
se nejcastéji pripravuje modifikovanou Hummersovou metodou, coz je silna oxidace povrchu
grafitu pomoci smé&si KMnO4 a koncentrované H,SOa, ¢imz dojde k navazani hydroxylovych,
epoxidovych a karboxylovych na grafit.

Nasledn¢ Ize ziskat jednovrstevnaty grafen

oxid exfoliaci, napt. pomoci sonifikace [184].

GO ma diky pfitomnosti kyslikatych skupin

naruSeny 7m-systém a tim padem je dobie

rozpustny ve vodé a v nékterych organickych AE=-2.00 eV 221A
rozpousStédlech. Dal§i zftady rozpustnych

grafenovych derivati je grafenova kyselina

(graphene acid), nicméné ta je pfipravovana

narozdil od GO selektivné karboxylovymi AE=-3.8 eV

skupinami [185]. Kyselina grafenova se vyrabi

kyselou hydrolyzou kyanografenu (GCN). Ten  oprazek 25: Strukturni usporadani
Ize  syntetizovat fizenou  defluorinaci kyanografenu funkcionalizovaného  stfibrem
fluorografenu a substituci atomt F nitrilovymi @) Ag*® iontem, délka vzniklé N-Ag vazby je
skupinami. Vysoce vodivy  a hydrofilni 2,13 A a vysledna adsorpéni energie AE=-2,0 eV
kyanografen umozfiuje vyuzit skupiny —CN b) Ag nanog&astici. Sedé jsou vyobrazeny atomy
uhliku, modre dusiku a bile stfibra. Publikovano
v [191].

k vyrobé Siroké skaly dalSich derivata s velmi

vysokym stupném funkcionalizace [185].

Funkcionalizovany kyanografen nanocCasticemi stfibra ma prokazatelné zvySenou

antibakterialni aktivitu a zaroven schopnost ni¢it bakterie rezistentni vaci stéibru [186]. Tento
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material byl syntetizovan v nasi skupin¢ redukci pfipravovaného prekurzoru kyanografenu pomoci
AgNO:s. Takto vznikla disperze Ag*-modifikovaného GCN byla purifikovana destilovanou vodou,
aby doslo k odstranéni nenavazanych Ag® iontl. Upravenym Tollensovym zptisobem byl ziskan
vysledny  funkcionalizovany kyanografen stfibrnymi  nanocasticemi, tzn. k roztoku
Ag*- modifikovaného GCN byl pfidan roztok NHz spole¢né s roztokem citratu sodného a poté
redukovan roztokem NaBHjs (detaily v priloze D). Pro jeho aplikace v praxi je velmi dilezité, aby
mezi nanoCasticemi a kyanografenem byla stabilni a dostate¢n¢ silna vazba [187]. K této studii
jsem piispéla analyzou a charakterizaci strukturniho uspofadani nanocastic stfibra
s kyanografenem. Na zakladé vypocti adsorpcnich energii a délek vazby jsme zjistili, Ze pfi
navazani nanocastic vznika silnd kovalentni vazba mezi nitrilovymi skupinami a nanoc¢ésticemi
stiibra zamezujici jejich uvolnéni (obrézek 25). Vysledna adsorp¢ni energie (AE) pro toto
strukturni uspofadani je negativni (AE = -2,00 eV, obrazek 25) a jedna se o exotermicky proces.
Z termodynamického hlediska je tedy vzniklé strukturni uspotfddani stabilngj$i nez samostatné
komponenty. Naopak pokud by byla ziskana vysledna AE kladn4, jednéa se o endotermicky proces

a vznik strukturniho uspofadani by bylo potieba podpofit pfidanim energie.

Obrazek 26: Diferencni rozlozeni elektronové hustoty u GCN funkcionalizovaného stfibrem.

Zluta barva znazorfiuje Ubytek hustoty naboje v GCN. Publikovano v [191].

Pii vypoctech funkcionalizace hraje nejenom vyznamnou roli sila a vznik vazby, ale také
i elektrostaticky naboj pteneseny na funkcionalizovanou strukturu. Pomoci Mullikenovy
populacni analyzy [188] ¢i Hirschfeldovy nabojové analyzy [189] je mozné popsat pienosy ndboje
odehravajici se na atomarni Urovni. V pfipadé funkcionalizace nanostruktur jsou piedev§im
zajimavé pienosy naboje z funkéni skupiny do nanostruktury a naopak, ¢imz lze uréit nabojovou
dopaci struktury vzhledem k pouzitym funkénim skupinam. Vypocty Mullikenovy-Hirschfeldovy

nabojové analyzy jsme v této praci [185] potvrdili kovalentni charakter vazby mezi Ag* ionty,
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nanocasticemi stiibra (AgNP) a kyanografenem (GCN). V piipadé Ag® ionti dochézi k pienosu
naboje z GCN do 5s orbitalu stiibra. Na obrazku 26 Ize vidét diferen¢ni rozlozeni hustoty naboje
pro funkcionalizovany GCN stfibrnym atomem, kdy zluta barva indikuje ubytek naboje ve
struktufe. KdeZzto jakmile ionty agreguji do vétSich celkli (nanocastic stfibra) dochazi k opacnému
pienosu naboje. Nanocastice stiibra piedaji ¢ast svych elektronti smérem do nanostruktury GCN,
protoze Hirschfelduv parcialni naboj byl +0,51 e na AgNP, z ¢ehoz 0,19 e bylo lokalizovano na

atomu stiibra vazaného na dusik GCN.

4.3. Germanen

Na zéakladé podobnosti s grafenem byla teoretickymi vypoéty v letech 2009-2013
predpovézena i existence 2D materialu tvofeného germaniem, germanenu. DFT vypoéty byla
predpovézena nejenom struktura, ale i charakterizovany jeho ocekavané elektronické a optické
vlastnosti [190-193]. Syntetizovan byl poprvé az v roce 2014 pomoci epitaxe molekularniho
svazku na substratu vrstvy zlata s Millerovymi indexy (111) [65]. Germanen je tvofen atomy Ge
tvofici uzavieny Sestithelnik, stejné jako je tomu u grafenu. Jelikoz germanium patii do stejné
skupiny jako uhlik, bylo o¢ekavano, ze bude mit podobné vlastnosti jako grafen a silicen (2D
obdoba grafenu obsahujici atomy kiemiku [66,194]). Nicméné atomy germanenu (i silicenu)
tvortici Sestitthelniky nelezi v jedné roving jako je tomu u grafenu [195]. U germanenu (i silicenu)
se neuplatiiuji 7 interakce, protoze u obou materialéi podléhaji atomy sp® hybridizaci. Navic
vzdalenost vazeb Ge-Ge je vyrazné del$i a nemuze dochazet k piekryvu p; orbitalti jako je tomu
Vv ptipadé grafenu (kapitola 4.2.). Vzhledem k vyssimu atomovému ¢islu germania pozorujeme
U germanenu vyraznou spin-orbitalni interakci mezi elektrony, coz zapti¢inuje jeho polovodi¢ové
chovéni [192,196].

Narozdil od grafenu nelze germanen pfipravit exfoliaci z jeho krystalové formy nachazejici
se Vv piirod¢, ale lze jej ziskat depozici atomii germania na substrat. Nicméné tato metoda neni
zdroje — nejcastéji z germanidu vépenatého. Z né&j je deinterkalaci za pomoci kyseliny
chlorovodikové piipraven germanan — Ge-H [197]. Jedna se o stabilngjsi derivat germanenu, kde
na kazdém atomu germania je navazan atom vodiku (obrazek 6). Germanan se jevi jako materiél
na vzduchu i ve vode¢ stabilni [197]. Vétsi stabilita a také vyhodné&jsi piiprava z néj délaji idealni

vstupni material pro dal$i modifikace, napt. funkcionalizaci (popsana v kapitole 3.1.). Chemicky
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modifikované derivaty germananu [198,199] poskytuji zvySenou stabilitu a dal$i moznosti k ladéni
vlastnosti materidlu. l1zolace derivata probihd za pomoci chemicky vylepSenych exfolia¢nich
technik, které vyuzivaji objemové prekurzory s vrstvenou krystalickou strukturou. Dlouhodobé
stabilni disperze skladajici se z jednovrstvych a nékolikavrstvych listi o délkadch 10-1000 nm Ize
piipravit pomoci ultrazvuku a centrifugace v rtiznych rozpoustédlech. Ge-H tvofi stabilni disperze
v isopropanolu, zatimco germanan funkcionalizovany methylovymi skupinami (Ge-Me) tvoii

stabilni disperze v chlorbenzenu a 1,2-dichlorbenzenu [200-202].

V zavislosti na prekurzoru muze mit germanan lehce odlisné strukturni usporadani. Pfi
ptipravé z germanidu vapenatého deinterkalaci pomoci HCI rentgenova difrakéni analyza
prokazala, e jeho krystalova struktura ma parametry: a = 3,88 A, ¢ = 11,04 A a v zakladni butice
obsahuje 2 vrstvy. Velikost jedné vrstvy v ¢ sméru je 5,5 A [203]. Zatimco piipravou germananu
za vyuziti zfedéné kyseliny fluorovodikové (38%) vznikl materidl o struktuie s monoklinickou
symetrii C2 s miizkovymi parametry a = 6,789 A a ¢ = 11,25 A [204]. Samotna zakladni struktura
germananu se muze vyskytovat v nékolika geometrickych konformacich a tomu odpovidaji
i proménlivé vysledky z vypocetnich studii. Niu s kolegy pti optimalizaci struktury PBE
funkcionalem ziskali miizkovou konstantu a = 4,085 A [205]. P¥i pouziti LDA funkcionalu, ktery
obvykle podcenuje délky vazeb a miizkové konstanty (kapitola 2.5.1.) , byla vypoétena a o
hodnot& 3,93 A [206]. Trivedi a kolegové provadéli DFT vypoéty germanenu a silicenu a jejich
hydrogenovanych struktur (Ge-H) v zavislosti na ruzné geometrické konformaci
atomu - zidlickova, vani¢kova, atd. Energeticky nejstabilngj$i konformaci je zidlickova, pro niz
byl stanoven miizkovy parametr a = 3.908 A [207]. Tato hodnota zhruba koresponduije se studii
Jianga a kol., ktefi ziskali a = 3,88 A také za pouziti PBE funkcionalu [208]. Teoretické vypodty
mohou tedy na zakladé rozdilnych mfiZzkovych konstant pomoci odhalit konformaci
experimentalnich vzorki germanent i germananti (Ge-H). Nicméné miizkova konstanta mize byt
ovlivnéna téZ ptitomnosti jinych skupin nez pouze — H, at’ jiz cilen¢ (funkcionalizace) nebo jako

boc¢ni produkt syntézy materialu.
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A) Methane (Ge-Me) B) Propane (Ge-Pr) C) Propanol (Ge-OH) D) Methyl propionate (Ge-CO)
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Obrazek 27: Strukturni uspofadani germananu funkcionalizovaného organickymi molekulami —
a) methanem, b) propanem, c¢) propanolem, d) methylpropionatem. Strukturni uspofadani (i) pro
jednoduchou (single) nebo (ii) dvojitou funkcionalizaci, u které je vzdy uvedena nejstabilngjsi
mozna struktura. V pfipadé A je zobrazena plné funkcionalizované struktura (Ge-Me). U vSech
struktur je uvedena velikost zakdzaného pasu vypocitana HSEQO6 funkcionalem. Zelené jsou

vyobrazeny atomy Ge, Sedé C, bile atomy H a ¢ervené atomy O. Publikovano v [209].

Pravé povrchové zakonceni germanenu ovliviuje jeho fyzikalné-chemicke vlastnosti, jako
strukturni a tepelnou stabilitu, rozpustnost ¢i velikost zakazaného pasu (band gapu). Germanan
(Ge-H) se stavd amorfni pfi 75 °C a uplné ztraci vodik pii 200 °C, zatimco germanen
funkcionalizovany methylovymi skupinami (Ge-Me) zistava stabilni az do 300 °C [197,210,211].
Funkcionalizované germaneny vykazuji polovodi¢ové vlastnosti, pticemz vodikové a methylové
zakonéeni indukuje piimy zak&zany pas (band gap) nezavisejici na tloustce materialu, coz lze
vyuzit pro optoelektronicke aplikace [198,212]. Velikost zakézaného pasu se mirné odliSuje

nejenom na zdkladé funkcni skupiny kovalentné vdzané na germanen, ale také i na jeho zplsobu
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piipravy. Pokud pfi piipravé germananu (Ge-H) pouZijeme ziedénou kyselinu chlorovodikovou je
vysledny band gap 1,59 eV [203,210], kdezto za pouziti zfedené kyseliny fluorovodikové je
vysledny band gap germananu (Ge-H) 1,4 eV [204], coz souvisi s odlisnym strukturnim

uspofadanim atomd.

V ptipadé¢ funkcionalizace germananu (Ge-H) dal$imi organickymi skupinami
(fenyl(4-fluoro)magnesiumbromid, fenyl(4-fluoro)magnesiumjodid, fenylmagnesiumbromid,
fenylmagnesiumjodid a methylmagnesiumjodid) dochazi u téchto materiala k velmi intenzivni
fluorescenci v modré ¢asti UV-VIS spektra [213], protoZe funkéni skupina ovliviiuje velikost band
gapu. U ¢istétho Ge-H je velikost zakdzaneho pasu 1,4-1,6 eV [203,207,210], v piipadé
funkcionalizace methylovou skupinou Ge-Me méa zakazany pas velikost ~1,7 eV [210] ¢i 1,8 eV
[209] v zavislosti na pokryti funkéni skupinou. Ve sveé studii Jiang a kol. poukazali na fakt, ze
pokryti je zavislé na velikosti funkénich skupin. U malych molekul jako jsou —CH20CH3,
—CH2CH=CH> a —CH3 pozorovali uniformni pokryti germanenu, zatimco u vétsiho substituentu
jako byl -CH2CHs uniformnimu pokryti zamezil stéricky efekt mezi substituenty [208].
S navazanim objemnéjsich ligandi dochazelo k zmenseni mtizkového parametru a, coz souvisi
s nerovnomé&rnosti funkcionalizace, tedy s ponechanim — H atomt v germananu. V této studii
pozorovali az patnactiprocentni ovlivnéni velikosti band gapu (1,45 — 1,66 eV) v zavislosti na
funkcionalizaci témito skupinami [214]. V nas$i studii (Ng a kol.) byly pfipraveny germanany
funkcionalizované pomoci methanu, propanu, propanolu a methylpropionatu [209]. Bylo
potvrzeno, Ze v piipadé¢ objemnégjSich ligandi dochazi k stérickym efektim zamezujicim
uniformni funkcionalizaci germananu — viz obrazek 27. Hodnoty bandgapu se u vSech struktur
pohybovaly ~1,8 eV az na Ge-Me, kdy velikost zakédzaného pasu byla 1,63 eV. V nasi praci jsme
vSak narozdil od vySe uvedenych studii ponechali fixni hodnotu pro mtizkovy parametr a = 4,05

A z diivodu zvyraznéni vlivu funkcionalizace.

Funkcionalizované germanany jsou tedy slibnym materidlem pro vyuZiti nejenom
v optoelektronice, ale také elektrokatalyze. Pii zkoumani reakci za vyvoje vodiku (kapitola 4.1.
Reakce za vyvoje vodiku) je elektrokatalyticka aktivita zvySena u germanant s funkéni skupinou
patiici mezi donory elektront. Konkrétné u funkcionalizace methanem (-Me), propanem (-Pr),
propanolem (-OH) a methylpropionatem (-CO) byly hodnoty piepéti pii HER Ge-Me (~879 mV),
Ge-Pr (~859 mV) a Ge-OH (~812 mV). To koreluje s elektronegativitou skupin, kterad je
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nasledujici -OH < -Pr < -Me < -CO [209]. Funkéni skupiny tedy mohou vyrazné ovliviiovat

elektrochemické vlastnosti germananu.
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5. Zavér

DFT vypolty jsou vybornym nastrojem pro analyzu a charakterizaci jednotlivych
vlastnosti a probihajicich dé€ji na atomarni Grovni. Staly se tak nenahraditelnym dopliikem
experimentl, pfipadné experiment dokazou zcela nahradit. Dalsim benefitem DFT vypoctu
Vv propojeni s experimentem je moznost predikce vlastnosti pfipravovanych materiali a tim
moznost zacileni experimentd na konkrétni material. Kombinaci obou sméru — teoretického
i experimentalniho je tedy mozné ziskat ucelené informace o dané problematice, coz lze

demonstrovat na ptikladech uvedenych v této praci.

Publikace zabyvajici se strukturni stabilitou monovrstev MoS, a WS, za standartnich
podminek [122] byla pro svét chalkogenidt prechodnych kovi prilomova, protoze az do té doby
se na n¢ pohlizelo jako na materidly na vzduchu stabilni. V ramci jejich vyzkumu byly potizeny
I SEM snimky vyobrazujici defekty nachazejici se uvniti struktury téchto monovrstev, zaroven
byly pofizeny XPS data naznacujici, Ze se bude jednat o oxidaci. Nami provedené DFT vypocty
odhalily nejenom jednotlivé kroky oxidace MoS: [125], ale take predikovaly odlisné oxidativni

chovéni u 1T polytypu [118].

Otazkou zlstavalo, jestli zjiSténa citlivost na kyslik je specifickd vlastnost MoSz a WSy,
nebo se potencialné tyka vSech TMDs. Proto jsme se zaméfili i na teoreticky popis oxidace u TaS,
jenz je po MoS2 jednim z nejzkoumanéjsich materialt z fad TMDs. V ramci publikace [166] byla
nalezena nejstabilnéj$i hrana TaS: na periodickém i kone¢ném modelu a také byl objasnén proces
oxidace odehravajici se na hrané, ktery se znacné lisi od oxidace odehravajici se na MoSz. Tyto
vysledky byly nepiimo potvrzeny v fadé experimenti[167], nicméné p¥imy experiment cileny na

mechanismus oxidace TaS2 nebyl proveden.

Kombinaci obou sméri — teoretického i experimentalniho je mozné ziskat ucelené
informace o dané problematice. Dalsim benefitem DFT vypocti v propojeni s experimentem je
moznost lepsSi charakterizace pripravovanych materialti; vypocty lze stanovit i vlastnosti které
nejsou experimentalné dostupné. To bylo ukazano ve studii zabyvajici se antibakteridlni aktivitou

funkcionalizovaného kyanografenu nanocasticemi stiibra [186], kde DFT vypocty potvrdily vznik
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vazby mezi stiibrem a kyanografenem, stanovily parametry a silu vazby a kvantifikovaly pienos

naboje na strukturu.

Dalsi ukazkou spoluprace mezi experimentem a teorii byla publikace studujici vliv
funkcionalizace alkylovymi skupinami na elektrochemické vlastnosti germanenu [209].
K objasnéni elektrochemickych vlastnosti byla provedena cyklicka voltametrie, diky niz byla
urcena kinetika prenosu povrchového naboje. Déle pak byla vyhodnocena HER reaktivita vSech
germananovych struktur. DFT vypoclty byly vyuzity pro zjisténi vlivu funkcionalizace na
elektronické vlastnosti jednotlivych materialti, charakterizaci vysledného strukturniho usporadani

a mozného zastoupeni jednotlivych funkénich skupin na povrchu germanenu.

Z vyse uvedenych poznatkd je ziejmé, Ze zahrnuti vypocetni chemie do experimentalniho
vyzkumu slavi velké tspéchy. V budoucnu lze oc¢ekavat jesté vétsi vyuziti vypocetni chemie,
nebot’ dochazi k rapidnimu vzestupu oboru strojového uceni (machine learning), které slibuje

vyrazng rozsitit moznosti a zptisoby teoretickych vypocti.
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DFT calculations are an excellent tool for analysis, characterizing properties and
description of process at the atomic level. They have become an irreplaceable addition to
experiments, or they can completely replace the experiment. Another benefit of DFT calculations
in connection with the experiment is the possibility of predicting the properties of the prepared
materials and thus the possibility of targeting the experiments to a specific material. By combining
both directions — theoretical and experimental, it is therefore possible to obtain comprehensive

information about the given issue, which can be demonstrated on the examples given in this thesis.

The publication concerning the structural stability of monolayers of MoS2 and WS, under
normal condition [122] was a breakthrough for the world of transition metal chalcogenides,
because until then they were considered air-stable materials. As part of their research, SEM images
and XPS data were taken. It has showed defects inside the structure of these monolayers, while
XPS data have indicated that an oxidation will happen. Our DFT calculations revealed not only
the individual steps of MoS; oxidation [125], but also predicted a different oxidative behavior for
the 1T polytype [118].

The question remained whether the detected sensitivity to oxygen is a specific property of
MoS; and WS is, or potentially concerns all TMDs. Therefore, we also focused on the theoretical
description of oxidation in TaS», which is one of the most researched materials from TMDs after
MoSo. In the framework of the publication [164], the most stable edge of TaS» was found on both
the periodic and finite models, and the oxidation process taking place at the edge, which is quite
different from the oxidation taking place on MoS., was also elucidated. These results were
indirectly confirmed in several experiments [165], however, a direct experiment targeting the TaS»

oxidation mechanism was not performed.

By combining both directions — theoretical and experimental, it is possible to obtain
comprehensive information about the given issue. Another benefit of DFT calculations in
connection with the experiment is the possibility of a better characterization of the prepared
materials; properties that are not experimentally available can also be determined by calculations.

This was shown in a study dealing with the antibacterial activity of cyanographene functionalized
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with silver nanoparticles [184], where DFT calculations confirmed the formation of a bond
between silver and cyanographene, determined the bond parameters and strength, and quantified

the charge transfer to the structure.

Another example of cooperation between experiment and theory was a publication
studying the effect of functionalization with alkyl groups on the electrochemical properties of
germanene [207]. To clarify the electrochemical properties, cyclic voltammetry was performed,
thanks to which the kinetics of surface charge transfer was determined. Next, the HER reactivity
of all germanane structures was evaluated. DFT calculations were used to determine the effect of
functionalization on the electronic properties of individual materials, the characterization of the
resulting structural arrangement and the possible representation of individual functional groups on

the germanene surface.

From the above findings, the inclusion of computational chemistry in experimental
research is celebrating great success. In the future, even greater use of computational chemistry
can be expected, as the field of machine learning is rapidly growing, which promises to

significantly expand the possibilities and methods of theoretical calculations.
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Priloha A: Is Single Layer MoS: Stable in the Air?

2D monovrstvy chalkogenida pfechodnych kovii byly povazovany za stabilni materialy na
vzduchu. Avsak v praci Gaa a kolegu, kteti zkoumali jednu vrstvu 2H polytypta MoS. a WS> po
dobu jednoho roku [122], zjistili, ze u téchto materiali dochazi k vyraznym strukturnim zménam

vlivem oxidace (vice v kapitole Starnuti a degradace MoSz v atmosféie).

Na zékladé téchto informaci jsme se zaméfili na popis oxidace u monovrstvy 2H-MoS;
pomoci DFT vypocti. K oxidaci mize dochazet na povrchu materialu nebo na jeho hran€. Dle
star§ich DFT studiich bylo prokazano, ze k oxidaci na povrchu monovrstvy 2H-MoS; dochazet
nebude, formacni energie pro adsorpci kyslikového atomu byla 1,59 eV [121], proto jsme se
zam¢étili na oxidaci na hranach tohoto materialu. U 2H polytypu je dvoji zakonceni hrany, a to
zakonéeni atomy siry anebo atomy molybdenu (viz obrazek 10). Nicméng, dle DFT studie [215]
2H-MoS:; polytypu je nejstabilnéjsim zakoncenim Mo hrana pokryta z 50 % atomy siry (kapitola
MoS: jako katalyzator pro HER). Tato hrana byla pouzZita i v nasi studii.

Z termodynamického hlediska je jiz formacéni energie pro adsorpci jednoho kyslikového
atomu na atomu siry této hrany velice vyhodna (Eox = - 0,92 eV), vypocet byl proveden dle rovnice
34. Dale pak s postupnou adsorpci kyslikovych atomt na atomech siry hrany formaéni energie
Klesaji. Pro adsorpci kyslikovych atomt byly vzaty v Gtvahu veskeré mozné pozice na hrané
(kapitola Mechanismus oxidace monovrstvy 2H-MoS), kdy s vyssim poétem kyslikovych
atoml mé¢ly atomy tendenci vytvaret SO2 molekuly na hrané¢, obrazek 13. Vazebna energie takto
vytvoiené SO2 molekuly je 0,35 eV a tudiz je mozné jeji uvolnéni a vytvoreni tak vakantniho mista
v hrané. Substituce kyslikového atomu do tohoto vakantniho mista je z energetického hlediska
jesté vyhodnégjsi, nez-1i adsorpce. Formacni energie pii substituci jednoho kyslikového atomu
je -1,58 eV. Stejné jako v piipadé adsorpce dochazelo ke snizovani formacni energie s postupnou
substituci vSech atomu siry na hran¢ (tabulka 1). Pti substituci se kyslikovy atom vaze piimo na
atom molybdenu. Substituce vSech sirovych atoml atomy kysliku vSak neni kone¢nym produktem
oxidace. U této hrany v pfitomnosti kysliku mize dochazet k dal$imu navazani kyslikovych atomu
na atomy molybdenu, a to az do té miry, kdy dojde k vytvofeni MoOs fetizku na hrané. Délky

a uhly vazeb u MoOs fetizku odpovidaji vazbam v krystalu MoO3 [216]. Lze se tedy domnivat, ze



dochazi k postupné konverzi z MoS, na MoO3 odpovidajici prasklinam ve struktufe, které jsou
vidét na snimcich z SEM (obrazek 12).

vvvvvv

V naSich vypoétech jsme pouzili NEB metodu, detaily Ize nalézt v kapitole Vypoéetni postupy
pro nalezeni mechanismu oxidace u TMDs. V prubéhu disociace bylo vySetieno nékolik
vzajemnych poloh pro molekulu kysliku via¢i hrané materialu. Nejniz$i hodnota reakéni bariéry
byla 0,31 eV, kdy molekuly kysliku byly ve vzdalenosti 2,5 A natoceny paralelné k hrang
a produktem této drahy byly dva atomove kysliky adsorbované na dvou sousedicich atomech siry
Mo-hrany (obréazek 14a). V ramci vypo¢ti vSak zadna z reak¢nich bariér nepfesahla hodnotu

0,5 eV, tudiz k oxidaci bude dochazet pomérné snadno.

V této praci jsme popsali celkovy proces oxidace u monovrstvy 2H-MoS,, ktera za¢ina na
hrané¢ materialu. Z termodynamického hlediska nebylo nalezeno zadné omezeni, aby reakce

probihala, jedinym limitnim krokem je disociace molekuly kysliku s bariérou 0,31 eV.
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Is Single Layer MoS; Stable in the Air?
Jana Martincova, Michal Otyepka, and Petr Lazar*[@

Abstract: Molybdenum disulfide (M0Sz2) is extensively studied because of its potential applications in

catalysis, electronic and optoelectronic devices, and composite nanostructures. However, a recent
experimental study indicated that, contrary to current beliefs, MoSz monolayers lack long-term stability
in air. Here, a study is presented on the oxidation of MoS2z monolayers based on density functional
theory (DFT) calculations. The results suggest that single-layer MoS2z samples with exposed edge sites
are indeed unstable to oxidation, which occurs because of the low energetic barrier to dissociation of
oxygen molecules at the Mo-edges of MoS2. After an oxygen molecule dissociates, oxygen atoms
replace sulfur atoms, and further oxidation causes the formation of a one-dimensional chain-like
structure resembling that of bulk MoOs.This MoOs structure facilitates the spread of oxidation onto the
surface, and the stress associated with the misfit between the MoS2 and MoO:s lattices may cause the

experimentally observed cracking of MoS: flakes.

\

[a] J. Martincovd, Prof. Dr. M. Otyepka, Dr. P. Lazar
Regional Centre of Advanced Technologies and Materials, Department of Physical Chemistry
Faculty of Science, Palacky” University Olomouc
Tr". 17. Listopadu 12, Olomouc 77146 (Czech Republic) E-mail: petr.lazar@upol.cz

® The ORCID identification number(s) for the author(s) of this article can be found under https://doi.org/10.1002/chem.201702860.

Wiley Online Library


http://orcid.org/0000-0002-1066-5677
http://orcid.org/0000-0002-1066-5677
http://orcid.org/0000-0002-7312-3656
http://orcid.org/0000-0002-7312-3656
https://doi.org/10.1002/chem.201702860

Introduction

Molybdenum disulfide (MoS) is one of the
most important catalysts used in refineries for
catalytic hydrosulfurisation. It is also a
prominent member of the family of transition-
metal dichalcogenides (TMDs), which have
attracted great scientific interest in recent
years.l!l These materials are characterized by
a layered structure in which a sheet of metal
atoms is sandwiched between two
chalcogenide layers. The individual layers in
a TMD crystal

noncovalent van der Waals forces, making it

are weakly bound by

possible to exfoliate TMDs down to a single

layer.1>3]

The applications of MoS; extend well beyond
the hydrosulfurisation reaction. It is widely
used as a solid lubricant™ because of its
layered structure; the layers can easily slide
over one-another, reducing friction forces.
MoS: has also been proposed as an alternative
to platinum catalysts for the hydrogen
evolution reaction.>®l  Low-dimensional
MoS: structures exhibit intriguing electronic
and magnetic properties. For instance, single
layer MoS; has a direct band gap of 1.8 eV,
bulk

semiconductor.[®11

while MoS, is an indirect
Despite its
semiconducting character, nanoclusters of
MoS; exhibit one-dimensional (1D) metallic
states along their edges due to electron

confinement.['?l These properties open up

potential applications in modern electronic
devices. Since monolayer MoS; has a direct
band gap, it could be used to construct
interband tunnel field

effect transistors that would offer lower power
consumption than classical transistors.[*®l
Grain boundaries in single-layer MoS; can be
exploited to construct memristors, two-
terminal memory devices whose internal
resistance depends on the history of the
external bias voltage.[**! Finally, MoS-based
phototransistors exhibit unique capacities for

incident-light control and prompt photo

switching, in  addition to  good
photoresponsivity. 1]
The applications of MoS, especially

electronic devices, of course require the

material to be chemically and
environmentally stable. Surface oxidation
would spoil the electronic and optoelectronic
Until

recently, the consensus was that MoS; is

properties of MoS;-based devices.
stable towards oxidation under ambient
conditions. However, a recent study by Gao et
al. challenged this premise. Gao et al. studied
the long-term stability of MoS; and WS;
monolayers grown by chemical vapour
deposition, and found that monolayers of both
exhibited aging

effects including extensive cracking, changes

dichalcogenides severe

in morphology and quenching of the direct

gap photoluminescence.*®! The aging effect



was attributed to gradual oxidation starting at

the edges and grain boundaries.

In this work, we study the atomic-scale
mechanism of MoS; oxidation using quantum
mechanical density functional theory (DFT)
calculations. DFT calculations can provide
unique insight into reactions at the atomic
level, revealing important reaction steps and
intermediates, and helping to rationalize
experimental observations. Specifically, we
focus on the interaction of atomic and
molecular oxygen with the Mo-edge of MoSo.
We found that the oxidation was kinetically
limited by the barrier to the dissociation of
molecular oxygen. Our results demonstrate
that while the MoS; surface is protected by a
barrier of 1.59 eV, molecular oxygen can
easily dissociate into individual atoms at edge
sites, where the calculated dissociation barrier
is as low as 0.31 eV. Consequently, the edges
and grain boundaries of MoS; are susceptible

to oxidation.

We also calculated the formation energies of
edges onto which gradually increasing
quantities of oxygen were adsorbed, and
considered the substitution of individual
sulfur atoms at edge positions by oxygen
atoms. This process was calculated to be
thermodynamically preferred to oxygen

adsorption, in agreement with indirect
evidence from earlier experimental studies.
We found that substitution proceeds through

the formation of SO groups at the edge. These

groups are rather weakly bonded to the edge;
the barrier to their detachment is only 0.35 eV.
The detachment of the SO group leaves a
sulfur vacancy at the edge, into which oxygen
atoms can bind. This substitution enables
further oxidation, creating a one-dimensional
chain-like structure resembling that of bulk
MoOs at the edge. The formation of this MoO3
structure at the edge is a possible starting point

for further morphological changes in MoS:.

Experimental

Computational Details

All calculations were performed using the
projector augmented wave (PAW) DFT
method implemented in the Vienna ab initio
Simulation Package (VASP).[*82° The energy
cutoff for the plane-wave expansion was set to
350 eV. To account for the weak van der
Waals bonding between MoS; layers, we used
the optimized van der Waals functional
optB86b-vdW.[2%2 Calculations of reaction
barriers and transition state identification
were performed using the nudged elastic band

method.[22:23]

The edge was modelled as a nanostripe cut out
of 2H-MoS,. The

constructed from 4x4

from a monolayer
nanostripe  was
supercells that were four atoms wide and had
four atoms along the edges. Its Brillouin zone

was sampled at 3x1x1 k-points with the three



kpoints being aligned along the x direction in
which the cell was periodically repeated.
Adjacent monolayers were separated by 12 A
of vacuum in the [001] direction, and adjacent
periodic images of the nanostripe were
separated by 8 A of vacuum separated along
the [010] direction.

The nanostripe of the 2H structure exposes
both a sulfur-terminated edge (S-edge) and
a metal-terminated edge (Mo-edge). We focus
on the Mo-edge because it is energetically
more stable than the S-edge and Mo-edges
will be more abundant than S-edges under any
realistic conditions.?! This prediction is
justified by the results of elaborate high-
resolution transmission electron microscope
(HRTEM) experiments, which showed Mo-
edges to be the dominant edge type in
industrial-type MoS; catalysts.[? The specific
structure of the edge (i.e., its coverage of
chalcogen atoms) depends mainly on the
chemical potential of sulfur under the
operating conditions. Raybaud et al. analyzed
the stability of different sulfur coverages at
MoS; edges, showing that bare Mo-edges are
thermodynamically unlikely under all but
extremely reducing conditions. Under the
usual conditions of hydrosulfidising reactions,
sulfur monomers are present at the Mo-edge,
giving an S coverage of 50 %.[261We therefore
focused on edges of this sort. At 50%
coverage, our edge model (the 4x4 nanostripe)

contains four individual sulfur atoms that are

bonded to four molybdenum atoms. We
denote a clean edge (which is not oxidized or
substituted) as Mo4Ss. An edge with one
adsorbed oxygen atom is denoted Mo04S40,
while an edge at which one sulfur atom is
substituted by an oxygen atom is denoted
Mo0sOSz. Under this naming system; the
position of the O relative to Mo thus indicates

how the oxygen is bound to the edge.

Results

Initial oxidation

We first investigated the interactions of
atomic oxygen with the MoS; edge, starting
with a system having a single oxygen atom
chemisorbed on the edge. To determine the
possible configurations of the adsorbed
oxygen, we investigated the thermodynamic
stability of oxygen atoms at various sites on
the edge. Thermodynamic stability can be
assessed by calculating the formation energy

of oxidation Eox using Equation 1:
Eox = Eumosz +n* 0 — Emos2 — 1 % |J_0(1)

where Ew.s2 + %0 IS the total energy of the
oxidized MoS: edge, Ewmos.is the total energy
of the clean (unoxidized) edge, uo is the
chemical potential of oxygen, and n is the
number of oxygen atoms. The chemical
potential of oxygen is calculated as half the
total energy of molecular oxygen in the gas

phase. A negative formation energy thus



indicates that the system favours oxidation in

the studied configuration.

The formation energy of the system with a
single adsorbed oxygen atom (M04S40) is -

0.92 eV (Table 1). Our results show

The adsorption of two oxygen atoms can

produce several different configurations
(Figure 1): the oxygens may adsorb (a) on
adjacent sulfur atoms at the edge, (b) on sulfur

atoms

(a

Table 1. Formation energies (in eVand eV per number of oxygen atoms)
of adsorbed and substitutional oxygen at the Mo$; edge.
~
Number of oxygen atoms: 1 2 3
1
Adsorption: -0.92 T 236 3.54 4.48 £
0.5 =
per #O T 1.18 1.18 1.12 3
0 -
Substitution: 1.58 T 346 5.38 6.22 I
o 0.5+ .
4 L
per #O " 173 1.79 1.563) 1| Transition il

that the O atom adsorbs above one of the
sulfur atoms at the edge, independently of its
initial position; it drifts toward a sulfur atom
during relaxation even when initially placed
into the hollow site above a molybdenum
atom at the edge. The length of the resulting
S-O bond is 1.51 A, indicating the formation
of a covalent interaction between the O and S
atoms. These results are consistent with those
of Santosh et al., who obtained a formation
energy of -1.12 eV for the adsorption of an O
atom on an MoS; surface, with an S-O bond
length of 1.487 A and the oxygen atom being
adsorbed directly above a sulfur atom.[*”I The
formation energy for the adsorption of an
oxygen atom at an edge thus seems very
similar to that for surface adsorption even
though the local coordination of the surface S

atoms differs from that seen at edges.

E state (TS):

Reaction coordinate
Figure 1. Possible configurations of two adsorbed oxygen atoms: (a)
oxygens sit on adjacent sulfur atoms, (b) oxygens sit on sulfur atoms
separated by a sulfur-binding vacancy, and (c) oxygens form an SO,
group by reacting with one sulfur atom. (d) the energy profile for the

dissociative splitting of the O, molecule at the Mo-edge of MoS; and the
geometry of the transition state (inset).

separated by a sulfur-binding vacancy, or (c)
on a single sulfur atom, forming an SO group.
The energies  of
configurations are -2.26, -2.37 and -2.24 eV,

formation these
respectively. SO2 group formation is thus as
favourable as adsorption on adjacent sulfur
atoms, and only slightly less energetically
favourable than adsorption in configuration
(b). In the SO2 configuration, both O atoms
adsorb above the same sulfur atom (Figure 1).
Their adsorption induces a two-fold periodic
reconstruction of the edge, similarly to the
adsorption of hydrogen during the hydrogen
evolution reaction.’”l The formation of the


https://en.wikipedia.org/wiki/%C3%85

SO> group elongates the Mo-S bonds of the
participating S atom, displacing it by 1.09 A
relative to its initial position. The S-O bond
length of the SO group is 1.45 A and its
dihedral angle is 119.6° both of which are
consistent with the corresponding values in
isolated SO molecules.”®! Notably, our
calculations suggest that the SO, group is
easily removed from the edge: disregarding its
binding energy of 0.35 eV, there is no
The

dissociation of the SO, molecule creates a

energetic barrier to its removal.

sulfur vacancy at the edge.

Several arrangements are also possible for
systems with three adsorbed oxygen atoms
M04S403).
configurations have: (a) three oxidized S
atoms (Eox = -3.54 eV), or (b) one SO group

(i.e., The two most stable

together with one oxidized S atom, which are
separated by a third S atom (Eox =-3.27 eV). It
thus appears that single oxidation remains
SO2
formation, but one might expect extensive
SO2
oxidation. This is supported by the results

thermodynamically  preferred to

formation to occur upon further
obtained for systems with four adsorbed O
atoms: the formation energy for the system
with two SOz groups is -4.79 eV, whereas that
for the system with four separate oxidized S
atoms is -4.46 eV. The formation energies of
all these oxidized configurations are negative,
indicating that the edge tends to undergo

oxidation. The relative stability of the various

configurations can be assessed by calculating
the formation energy per O atom. Based on
the most stable configurations for each
number of adsorbed oxygens, this approach
yields per-oxygen formation energies of -
0.92,-1.18, -1.18, and -1.12 eV, respectively,
for systems with one, two, three and four
oxygen atoms at the edge. The relative
stability per oxygen atom clearly does not
vary much over the range of oxidation levels.
Conversely, the stability of oxygen adsorption
on MoS; surfaces decreases as the oxygen
content increases.[!] The edge is less affected
by adsorbate interaction, presumably due to
its 2-fold reconstruction and the associated
changes in the O-S bond direction (as

illustrated in Figure 1).

Having established the thermodynamic
favourability of oxygen atom adsorption at
MoS: edges, we examined the magnitude of
the kinetic barrier to oxidation. To this end,
we investigated the dissociative splitting of
the O molecule at the edge, which is
presumably the first step in the oxidation
process. The initial state was taken to be one
in which the Oz molecule is in the vicinity of
the edge. The molecule binds quite weakly to
the edge (its binding energy is 0.1 eV), that is,
it is physisorbed. Physisorbed O: retains its
triplet ground state. Because its interaction
with the edge is weak, the configuration in
which the molecular axis is parallel to the

edge is almost isoenergetic with that where it


https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85

is perpendicular. The final state of the
dissociative splitting was taken to be one with
two separate oxygen atoms adsorbed on
adjacent sulfur atoms at the edge. Several
dissociation pathways were considered,
differing mainly in the initial position of the
O2 molecule. The most favourable pathway
yielded a very low dissociation barrier of 0.31
eV. The transition state geometry was found
to have bond distance of 1.89 A for O-O bond
(compared to an equilibrium O-O bond of
1.32 A, and 2.21 and 2.28 A for S-O bonds
(Figure 1). The other pathways connect the
initial and final states through barriers not
exceeding 0.5 eV. Note that these barriers are
much lower than the dissociation barrier of
1.59 eV at the MoS; surface calculated by

Santosh et al.[t"]

It should be noted that local functionals such

as those based on the local density
approximation and generalized gradient
approximation often underestimate reaction
barriers due to the self-interaction error.1?°!
Moreover, the dissociation energy of the
isolated O> molecule itself is difficult to
compute accurately using electronic structure
theory. The experimental binding energy
(excluding the zero point energy) of Ozis 5.22
eV,B% which clearly implies a high energetic
barrier to dissociation into separate atoms. For
comparative purposes, the binding energy
calculated with the optB86b-vdW functional

is -5.69 eV.

Santosh et al. used the generalized gradient
functional of the Perdew—Burke—Ernzerhof
(PBE) parameterizationt®! for their surface
dissociation calculation, yielding a binding
energy of -6.23 eV for an isolated O3
molecule. While the choice of functional may
influence the absolute barrier height, all these
results suggest that while the MoS; surface is
kinetically stable with respect to oxidation at
low temperatures, the barrier at edges is much
lower, so oxidation can readily occur at such
sites. Similar conclusions were obtained in
studies on the hydrogen evolution reaction on
MoS,, which revealed that the edges were the
active sites for hydrogen evolution while the

basal planes were inert.[53233

Oxygen as a substitutional

impurity

The calculations of Santosh et al. showed that
on MoS; surfaces, the substitution of sulfur
atoms by oxygen is thermodynamically
competitive with oxygen adsorption.[*”l We
therefore  investigated oxygen as a
substitutional impurity at the edge. The
formation energy of the substituted system

can be calculated using Equation 2:

Esubstituton = Emos:+n*0-n*s ~Emos2-N* o+ N* Us (2)

where Ewes.+n*0n*s 1S the energy of the edge with

n sulfur atoms replaced by oxygen, Emos.iS the

energy of the clean edge (not substituted or
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oxidized) and ps is the chemical potential of
sulfur. The chemical potential of sulfur atoms
is calculated as the difference between the
total energies of the H2S molecule and the H:

molecule in their gas phases.

We start with the substitution of one S atom
by an O atom. The formation energy for a
single S replaced by oxygen is -1.58 eV, that
is,  substitution is
the
processes considered in the previous section

thermodynamically

favoured over oxygen adsorption

(Table 1). The length of a newly formed Mo-
O bond is 1.90 A, which is 0.48 A shorter than
the Mo-S bond it replaces.

The substitution of two sulfur atoms by

oxygen can produce two different
configurations. The first arises when two
adjacent sulfur atoms are replaced by oxygen,
and the second when the two substitutions are
separated by a sulfur atom. Their formation
energies are -2.85 and -3.46 eV, respectively,
indicating that substituted oxygens repel each

other slightly.

Despite this repulsion, the substitution of a
third oxygen is still thermodynamically
favourable, as demonstrated by the formation
energy of -5.38 eV for the corresponding
system. In this case, the oxygen atoms are
arranged along a line and each oxygen atom is
bound to the Mo atom at the edge. The three
oxygen atoms at the edge may be arranged so
as to form an MoOs group in one of sulfur

vacancies. The formation energy for this

group is -4.11 eV, making it less stable than a
configuration with three Mo-O groups (-5.38
eV).

Interestingly, the substitution of the remaining
sulfur atom by a fourth oxygen atom
(M0404S0) but its
formation energy is only 0.84 eV lower than
that of M0403S1. The M04O4So configuration
in which the oxygen atoms are lined up along

is still exothermic,

the edge has the formation energy of -6.22 eV,
whereas that for the configuration with an
MoOs group has -5.05 eV. In the latter
configuration, three of the oxygen atoms are
bound to one edge Mo atom. In addition, one
of the oxygen atoms in the MoOz unit is bound
to an adjacent Mo at the edge. The fourth
oxygen atom is bonded to an unpaired Mo
atom at the edge that is separated from the
MoOs group by another Mo atom. It seems
plausible that the formation of MoO3z groups
becomes thermodynamically favourable at
higher levels of oxidation, as discussed in

more detail below.

Formation of MoOs at the edge
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The formation of MoOs groups enables the
addition of further oxygen atoms at the edge,
continuing the oxidation process. Six oxygen
atoms can be accommodated by forming one
MoOz group while the remaining three
oxygens saturate the dangling bonds of the
other molybdenum atoms. The formation
energy of this configuration is -9.81 eV. The
oxidation  continues, leading to the
development of a chain-like structure of
MoOg units at the edge. This system, which
contains eight oxygen atoms (M040sSo), has a
formation energy of -12.30 eV. The positions
of the Mo and O in the chain-like structure
resemble those in bulk MoOgz (Figure 2). In the
solid state, anhydrous MoOs consists of layers
distorted MoOs

orthorhombic crystal. The octahedra share

of octahedra in an

edges and form chains that are cross-linked by
10

Density (states/eV)

edge, one of the oxygen atoms interconnects
neighbouring Mo atoms, while the other
oxygen centres are all bonded to single Mo.
The length of the interconnecting Mo-O bonds
is 1.91 A, in good agreement with the
corresponding Mo-O bond in bulk MoOs
(1.94 A).B4 This bond is also very strong,
having a calculated bond order of 1.93.1%! The
short Mo-O bonds to non-bridging oxygens
are 1.70 A, which is again very close to the
corresponding value for bulk MoOs (1.67
A).B4 Remarkably, the binding energy of a
single MoOs unit at the edge is 2.39 eV, so a
very large energy input is required to detach
MoOs groups from the edge, in contrast to the
removal of a SOz group. The binding energy

oxygen and molybdenum atoms.

-
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Figure 2. (a, b) The MoOgs-like structure formed at the Mo-edge of MoS;. (c) the projected density of states of Mo and S atoms at the Mo-edge of MoS,
covered with unoxidized sulfur atoms (i.e., the edge prior to oxidation) and the projected density of states of Mo and O atoms at the edge after the

formation of the chain-like MoOQj structure.

Chem. Eur. J.

oxygen atoms to form layers, and also feature
one short Mo-O bond to a non-bridging

oxygen. Figure 2 shows that at the oxidized

the edge also destroys the one-dimensional
metal character of the electronic states at the
edge (Figure 2).
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It should be noted that the lattice of M0oO3
does not match well with that of MoS, and
our calculations are limited in that the periodic
boundary conditions make it impossible to
properly with
incommensurate or nearly-incommensurate
lattices. Thus, the MoOs lattice formed at the

describe systems

edge is compressed to match the lattice of
MoS. This is the reason for the strong
buckling of the Mo-O group at the edge
(Figure 2). Experimentally, it seems that the
misfit between MoS2 and MoOs makes the
MoOs layer amorphous,®1and may cause the

experimentally observed cracking.™!!

However, the local order at the oxidized edge
is probably similar to the fully oxidized
structure depicted in Figure 2. X-ray
photoemission spectroscopy experiments on
oxidized MoS: revealed a shift of the Mo 3p
and Mo 3d states towards higher binding
suggesting that the
contained MoQ3.B"*1  To

hypothesis, we used the Slater— Jan

energies, samples

support  this

ak (half-core hole) approach to calculate the
core level shifts for Mo atoms in the fully
oxidized nanostripe (Figure 2). The binding
energies of the 3p and 3d states of
molybdenum atoms at the edge are 2 eV
higher in energy than the corresponding states
of Mo atoms in the middle of the nanostripe,
whose local coordination environment is that

of MoS». The experimental studies indicate a

shift of =3 eV towards higher binding
energies, in good agreement with the

calculated value.

Discussion

Our results reveal that the edges of MoS;
monolayers are susceptible to oxidation even
as observed

al.lé The
adsorption of O. at the Mo-edge facilitates the

under ambient conditions,

experimentally by Gao et

dissociative splitting of the O2 molecule. The
calculated energetic barrier for this
dissociation ranges from 0.3 to 0.5 eV
depending on the molecule’s initial position.
While the absolute height of the barrier to O
dissociation may depend slightly on the
chosen exchange-correlation functional, it is
clearly lower than that on the MoS; surface,
which was previously calculated as 1.59
eV.['1 Our results thus suggest that that
oxidation starts at the edges, which agrees
well with experimental observations. Ko et al.
studied the chemical transformation of
crystalline MoS; into MoOz using an O>
plasma, and observed that oxidation started at
MoS; edge sitesl®® and then progressed layer-
by-layer, but was much slower in inner layers
protected by outer oxides. This passivation by
surface oxides may stabilize bulk MoS:
against further oxidation and explain the
generally accepted view that MoS; is air-
stable. However, the edges of single layer

MoS; and WS> nanostructures are exposed,



allowing oxidation to proceed much more
quickly. Gao et al. observed that monolayers
of MoS; underwent dramatic aging after being
exposed to ambient air at room temperature
for several months.'81 They attributed this
aging to gradual oxidation along grain
boundaries and the adsorption of organic
contaminants. It should be noted that organic
contaminants may also slow edge oxidation
by preferentially adsorbing onto high-energy

sites such as edges and surface steps.[*®l

The experimental observation that room
temperature oxidation only occurred over a
timescale of several months suggests that the
real energetic barrier to oxidation is closer to
1 eV than to the range predicted in this work
(0.3-0.5 eV).
experiments by Bonde et al. revealed two

Moreover, electrochemical
distinct oxidation peaks for MoS; at +0.7 and
+0.98 V, which were attributed to the edge and
basal planes, respectively.®¥ Therefore, the
calculated barrier seems to be slightly lower
than that observed experimentally. This may
reflect the limitations of the simulated model
system-a four-atom-thick nanostripe with a
perfectly straight edge, which is certainly a
highly simplified representation of the semi-
infinite  corrugated edges found in
experimental samples. However, this discord
may also indicate that there is some other
factor limiting the rate of oxidation, such as

the rate of diffusion of dissociated oxygen

atoms onto empty adsorption sites within a

sample.

After

dissociates, the substitution of sulfur atoms by

the adsorbed oxygen molecule
oxygen is thermodynamically preferred to
oxygen adsorption at both edge and surface
sites. One possible mechanism of substitution
involves two dissociated oxygen atoms
adsorbing onto an unoxidized sulfur atom to
form an SO group, a process whose
thermodynamic favourability is roughly equal
to that of the adsorption of two oxygen atoms
separately. The SO groups are rather weakly
bonded to the edge; the energy required to
detach them is equal to their binding energy
(0.35 eV). The detachment of the SO group
leaves a sulfur vacancy at the edge that
oxygen atoms can bind to, completing the
substitution process. It is extremely difficult
to monitor the oxidation of 2D nanomaterials
in detail experimentally, requiring the
combined use of several experimental and
computational techniques.*®¥ Nevertheless,
the experiments reported by Ko et al. indicate
that plasma-generated reactive oxygen
species create sub-oxide defects (M0S.O..) on
the basal plane of MoS:prior to full oxidative
conversion into MoOs,zs indicating that
substitution is the primary oxidative process.
Fleischauer and Lince examined the effect of
oxidation on sputtered MoS; films,™ and
found that the majority of the oxygen in the

samples was not removed by annealing,



indicating that most of it was tightly bonded
within the film. They attributed this
observation to the substitution of oxygen into
sulfur sites, creating an Mo0S2.Ox solid

solution.



These experimental results support our
conclusion that the primary mechanism of
oxidation in MoSz is the substitution of sulfur
by oxygen. Interestingly, substitution did not
degrade the lubricating properties of
conventionally sputter deposited films,
whereas oxidation occurring after deposition
always had a negative effect on lubricating

performance.

After the substitution of all the unoxidized
sulfur atoms, the addition of more oxygen
atoms continues to be energetically
favourable, ultimately producing a one-
dimensional chain-like structure resembling
that of the bulk MoOg at the edge. In this
structure, each Mo-atom on the edge is bound
to one nonbridging oxygen and another
bridging oxygen that links it to an adjacent
Mo atom. This structural motif is
characteristic of bulk MoOs. In agreement
with our results, Fleischauer and Lince
reported that oxidation of sputter-deposited
MoS: films led to the accumulation of MoO3
around the edges of the MoS; crystals, the
liberation of H>S and eventually, the
conversion of the starting silvery-black films
into a white powder.] 1t should be
emphasized that the creation of chain-like
MoO3z at edge sites is very exothermic,
occurring with a formation energy of -12.30

eV. Thus, the transformation of MoS, seems

inevitable if O dissociation at the edge
produces enough oxygen atoms. In this
respect, it is notable that peaks attributed to
MoOs have been detected in the spectra of
oxidized MoS; samples by several different
groups.[*1741421 The chainlike MoOgsstructure
at the edge presumably facilitates the
spreading of the oxidation over the MoS>
surface layer, but the exact mechanism of
spreading remains to be determined. The
presence of MoOy impurities may also
explain a significant discrepancy in the
measured onset potentials of MoS; towards
the hydrogen evolution reaction reported for
various MoS, samples.[*®! Although MoOx
species may not be present in the original
material, they may still appear due to MoS>
oxidation and affect the catalytic properties of

a sample.

It should be noted that the susceptibility to
oxidation may potentially go beyond Group 6
dichalcogenides. It was shown that while
bulk Group 5 TMDs are stable,* they
immediately oxidize after exfoliation in a
glove box and subsequent exposure to
atmosphere, which has profound effect on

their catalysis.us



Conclusion

Our DFT calculations have shown that
single-layer MoS; structures with exposed
edge sites are susceptible to oxidation, as
suggested by the recent experimental work of
Gao et al.*® These results challenge the
generally accepted a view that MoS; is air-
stable, at least in its nanostructured forms.
Bulk crystalline MoS; is less vulnerable to
oxidation because it has fewer exposed edges

and is protected by a surface oxide layer.

The oxidation proceeds because of the low
energetic barrier to the dissociation of
molecular oxygen adsorbed at the Mo edge of
MoS>. The barrier at the edge is much lower
than that on the MoS> (0001) surface, which
is why edges and grain boundaries are
important sites for oxidation. After an oxygen
molecule dissociates, the substitution of
sulfur atoms by oxygen IS
thermodynamically favoured over oxygen
adsorption, ultimately leading to the
formation of a one-dimensional chain-like
structure resembling bulk MoOs at the edge.
Presumably, this MoOg structure facilitates
the spread of oxidation over the MoS;
surface. In addition, the misfit between the
MoS; and MoO:s lattices and the associated
stress may cause the experimentally observed

cracking of MoS;.
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Priloha B: Atomic-Scale Edge Morphology, Stability, and
Oxidation of Single-Layer 2H-TaS2: A DFT Study

TaS2 je predevsim znamy pro svij 1T polytyp, u kterého se vyskytuje CDW, avSak
V ptirodé je mozné jej nalézt v podobé 2H polytypu. V nasi predchozi studii jsme poukézali na
citlivost 2H-MoS; vuéi kysliku a popsali celkovy proces oxidace pomoci DFT [125]. Nabizi se

otazka, zda-li se jedna o vlastnost MoS; ¢i vSech TMDs?

V této praci jsme se nejdiive vénovali strukturnimu zakonceni hran 2H-TaSy, pro jeji popis
jsme vyuzili dvou modeli: a, periodicky se opakujici 1D strukturu ideélni hrany — nanoprouzek
a b, model s kone¢nou velikosti hrany — trojuhelnik (kapitola Mechanismus oxidace monovrstvy
1T a 2H-TaS2). Kone¢ny model hrany ndim umoznil vypocitat energie riaznych hran v zavislosti
na hodnoté chemického potencialu siry. Volba trojuhelniku nebyla Cisté z vypocetnich divodi. Je
znamo, ze tvar nanomateriall je zavisly na metod¢, prekurzorech, substratu atd., nicméné béhem
CVD piipravy 2H-Mo0S; dochazi k tvorbé trojuhelnikovych klastrdi pii rizném zastoupeni
chemického potenciélu siry [217]. U TaS: jsme zjistili, Ze nejstabilnéjsi hrana je tantalova a je
pokryta z 50 % atomy siry. U kone¢ného modelu je roh pokryt dimerem siry (obrazek 13 a).
Konstrukci fazového diagramu energii hran v zavislosti na chemickém potencialu siry dle
Waulfovy konstrukce (obrazek 20) byly uréeny morfologie 2H-TaS,. V podminkach bohatych na
siru je nejpravdépodobné&jsim tvarem 2H-TaS; deformovany Sestithelnik, ktery ma Ta-hranu
pokrytou S monomery na delSich stranach a pln¢ sulfidované S-hrany na kratSich stranach. Pti
niz8§im obsahu siry je pravdépodobné&jsi morfologie trojuhelniku odhalujici pouze Ta-hranu

pokrytou sirou z 50 %, obrazek 20

Poté jsme se zabyvali studiem oxidace na obou vyse uvedenych modelech se strukturnim
zakon¢enim Ta-hrany pokryté z 50 % atomy siry. Oxidace hrany je zapocata adsorpci kyslikového
atomu do mustkové pozice mezi atomy siry a tantalu, obrazek 21 a. Zajimavosti je, Ze tato pozice
je odlisna od adsorbce u 2H-MoS;, obrazek 13. Se zvysujicim se poctem naadsorbovanych kyslikt
dochézelo k snizeni formac¢ni energie pocitané dle rovnice 34, tabulka 2. Substituce atomu siry
kyslikovymi atomy je z termodynamického hlediska vyhodngjsi, a proto by méla nasledovat po

pocatecni adsorpci, tabulka 2. Otazkou ovsem zlstava, jakym mechanismem by kyslikové atomy



mohly nahradit atomy siry, protoze SO2 skupiny — produkt pokracujici adsorpce- maji silnou
vazebnou energii v hran¢, 2,39 eV. V ptipad¢ kone¢ného modelu hrany — trojuhelniku se jako
vhodné misto jevi rohovy atom siry, ktery ma nizkou vazebnou energii a uvolni koordina¢né
nenasycené misto tantalu. Lze tedy piedpokladat, Ze k oxidaci bude dochazet v rozich a lomech

materialu. Vice v kapitole Mechanismus oxidace monovrstvy 1T a 2H-TaSo.

U fady experimentalnich studii byla oxidace odhalena i diky XPS analyze. V ramci této
prace jsme provedli vypocty XPS s nadéji, ze jednotlivé kroky oxidace (adsorpce, vytvoieni
vakance, substituce) bude mozné odhalit touto metodou, vypoctem. Bohuzel dané hodnoty XPS
energii jsou si pro tyto kroky velice blizké a neni mozZné je od sebe rozpoznat, obrazek 22. Avsak
pocatecni oxidace okraje 2H-TaSz by méla byt pozorovana posunem a symetrii Ta 4f dubletu

smérem k vyS§im energiim.

Dle nasich vysledkti podléha oxidaci, a tedy i degradaci 2H-TaS;, le¢ mechanismus se

v jistych krocich — vytvoteni vakantniho mista, zna¢né odlisuje od 2H-MoS5.
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Abstract

Tantalum disulphide belongs to the group of transition metal dichalcogenides (TMDs) and has
attracted attention for its unique structural, electronic, and catalytic properties. Herein, we study
the properties of edges of single-layer 2H-TaS; using density functional theory calculations,
because the knowledge of the edge morphology, stability and surface energy is essential for the
determination of the shape of nanoparticles and understanding the nature of catalytically active
sites. We calculate the grand canonical potential of TaS> clusters having various edge
morphologies to evaluate the edge energies of the Ta-edge and S-edge terminated surfaces. At
S rich conditions, the most likely shape of TaS: is deformed hexagon having dominant the
Ta-edge covered by S monomers, while the triangular shape is preferred at S poor conditions.
Exposed edges of the single-layer TaS are susceptible to oxidation in air because both oxygen
adsorption and substitution at the edge are strongly exothermic, -0.96 and -2.20 eV for single
O atom, respectively. The XPS calculation shows that specific initial steps of oxidative process
(adsorption, vacancy creation, substitution) are unlikely to be distinguished in the XPS spectra
due to small shift of respective binding energies, but initial edge oxidation of TaS: should be

observable by an asymmetry of the Ta 4f doublet towards higher binding energies.
Introduction

Tantalum disulphide, TaS., belongs to the attractive family of transition-metal dichalcogenides
(TMDs) which promise broad application potential ranging from electronics up to heterogenous

catalysis.[l TMDs have characteristic layered structures in which individual layers are weakly



bound by noncovalent van der Waals forces, making it possible to exfoliate them down to single
layers.B! A single sheet consists of transition metal atoms sandwiched between two layers of
chalcogenide atoms. TaS> has exceptionally rich phase diagram as a function of pressure and
temperature.l*8 The phase diagram contains three different polytypes, trigonal 1T, hexagonal
2H, rhombohedral 3R, and several phases of so-called charge density wave (CDW),!! a state of
matter in which the symmetry of the underlying nuclear lattice is spontaneously broken by a
distortion of the electron density. These phenomena combined with superconductivity under
pressure,®1% metal-insulator transition under photoexcitationl**] made TaS; attractive material
not only for fundamental material physics research but also for applications in photonic

devices,*? sensorics!*® and heterogenous catalysis.[*4 7]

In catalysis, Shi et al. synthesized high-quality uniform TaS; films and thickness tunable
TaS, flakes, which showed very high electrocatalytic activity for the hydrogen evolution
reaction (HER). The overpotential was in the range of 65-150 mV,4 better than usual
overpotential of the MoS; (170-250 mV).[82°] Shij and co-workers!'#! also showed that the Tafel
slopes of 33-42 mV/dec were close to those of Pt catalyst (31 mV/dec). These very promising
results, however, have not been repeated in following studies. Luxa et al.”® reported that their
TaS; flakes were unfavourable for HER because of relatively large (~1.22 V) overpotentials
needed to obtain the current density of -10 mAcm2.12% Their samples contained considerable
amount of oxygen in the form of surface oxide impurities. Zhang et al.l'’l synthesized and
fabricated trifunctional 2H-TaS» nanoflakes as high-performance electrodes for
supercapacitors, HER, and for oxygen evolution reaction (OER). The flakes served as the
moderate electrocatalyst with the overpotential 145 mV at -10 mA/cm? and the Tafel slope of
121 mV/dec.'These contrasting results for essentially the same material open a question of
the character of the active sites in TaSy, the role of sample’s morphology and their relation to

the synthetic procedure used to prepare TaS, samples.

The pioneering studies on MoS, a prototypical and most common TMD, revealed the
key role of edges in electrochemical properties, because the edges of MoS; were catalytically
active in HER, while the basal plane was inert.?*?41 MoS, was used to establish the direct
relation between an atomic structure of the edge and catalytic activity combination of density

functional theory (DFT) calculations[?32>-271 aberration corrected high-resolution (scanning)



transmission electron microscopy (HRTEM)23282° and X-ray photoelectron microscopy
(XPS). Other TMDs, despite being also catalytically promising, have not been studied at such
level of detail and it is not clear if, or to which extent, the results obtained for MoS> can be

generalized to related TMDs.

In this paper, we employ DFT calculations to study the edge morphology and reactivity
of TaS,. We use both periodic one-dimensional nanostripe modelling ideal straight edge and a
triangular cluster as a local model having the finite-size edge. Triangular cluster allows us to
calculate the edge energies of various edge terminations and evaluate the most stable edge
morphology at given value of the chemical potential of sulphur. The choice of triangular shape
IS not made purely from computational reasons. Although the shape of TMDs nanoparticles
depends in general on the method, precursors and substrates used for their preparation,?%-32
MoS> nanoclusters synthesized by the chemical vapor deposition (CVD) exhibit triangular
morphology in contrast to the hexagonal morphology expected for bulk crystals.’3%°! The
triangular nanosheets of MoS; are the energetically favorable shape pattern in the different
ranges of the chemical potential of sulphur.®®l For TaS,, the morphology variation from
triangular to hexagonal shape was observed and attributed to the local changes of the Ta:S ratio
of precursors.[**l We construct the phase diagram of the edge energy as a function of the sulphur
chemical potential to determine preferred shape at various conditions according to the Wulff
construction. We continue by evaluating edge oxidation thermodynamics of the single layer
TaS,. Earlier experimental studies showed that ultra-thin TaS; was highly sensitive to oxidation
at ambient conditions.l"% Traces of oxidation of as-grown TaS, were revealed within hours
following growth and TaS> nearly fully oxidized to Ta.Os or TaO> within three days. It is worth
noting that MoS; was considered to be fairly stable under ambient conditions®**1, but Gao et
al. recently observed severe aging effects (extensive cracking, changes in morphology) of MoS;
and WS, layers grown by chemical vapor deposition after one-year storage.[*?l Consequent
computational study revealed that the Mo-edge of free-standing single-layer MoS; tend to
oxidize orders of magnitude faster than the basal plane.***%! The triangular cluster allows us to
estimate finite-size effect on oxidative behavior per comparison to the ideal straight edge of the
nanostripe. We considered the oxidation of the surface, edge, and corner sites on the triangular
cluster and the nanostripe. Finally, we calculated XPS binding energies of the Ta 4f doublet to

facilitate the identification of specific steps of oxidative process (adsorption, vacancy creation,



substitution) in the experimental XPS spectra. Initial edge oxidation of TaS, should be

observable by an asymmetry of 4f doublet towards higher binding energies.

Computational methods and models of the edge
All the calculations were performed using DFT method implemented in Vienna ab Initio

Simulation Package (VASP), which uses the projector augmented wave (PAW) method.[647]
We used the optB86b-vdW!H® functional which provided balanced description of structural
properties of TaS: in our previous study.® The energy criterion for the plane wave expansion
of the basis set was set to 400 eV. We tested the convergency of the total energy using higher
values of the energy cutoff (550, 650 eV) and found that the cutoff of 400 eV provided

convergent results.

The XPS binding energies were calculated using the FHI-aims code,™®! because it is an
all-electron full-potential code. XPS calculations were performed using the geometries from
preceding VASP calculation, the optB86b-vdW functional and tight basis set for each element
(Ta, S, and O). Zero-order relativistic approximation was used and spin-orbit splitting of the Ta
4f doublet was calculated using the iterative spin orbit coupling available in FHI-aims. For the
calculation of the photoemission process, the final state method was applied. The final state
method calculates the XPS binding energy as the difference of the ground state energy and

energy of the system with a core hole due to an excited electron.
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Figure 1: a) Triangular-shaped cluster models cut from the TaS; sheet (top-view). Dashed lines define clusters with
either the Ta-edge or S-edge. b) Nanostripe model of 2H-TaS, containing both type of edges: S-edge (100 %) at the
left side and Ta-edge covered by 50 % of sulphur atoms at right. ¢) The model of triangular-shaped cluster of size n
= 7 with the Ta-edge covered by the 50 % of sulphur with unoccupied corner (top and side-view). Green color labels
Ta atoms, S atoms are in yellow.

An edge is created by cutting a TaS; sheet, i.e. the (0001) surface plane, along a certain
direction. In the 2H structure, a cut along the low-Miller index (1010) direction is energetically
the most feasible termination because it cuts the least bonds. VASP employs three-dimensional
periodic boundary conditions, which dictate how the edges can be modelled. One possibility is
to retain the periodicity in one-dimension and construct a nanostripe. Other option is to build a

cluster for which the periodicity is completely lifted.
Nanostripe model

The nanostripe is created by cutting the TaS: sheet along the (1010) direction on one
side and along the (T010) direction on the other. By virtue of this construction, there is
inevitably a Ta-edge and a S-edge at respective side of the nanostripe. The nanostripe is periodic
in the direction along the edge, so it models an ideal straight edge. Our model nanostripe is cut
out from the 4x4 supercell of the 2H-TaS> monolayer (Figure 1b) by including vacuum layer of
10 A along the y and z-direction to separate its periodically repeated images. Thus, the
periodicity is retained only along the x direction and we used 3x1x1 k-points to sample resulting

one-dimensional Brillouin zone.

The morphology of an edge depends on the chemical potential of sulphur. The as-cut
Ta edge exposes a row of Ta atoms leaving the Ta edge atoms coordinated to four S atoms only.
Thus, the clean Ta edge is not stable energetically and the Ta edge atoms prefer to be saturated
by the adsorption of additional atoms. Since the synthesis usually involves S vapours, we
assume that the sulphur atoms can be readily chemisorbed onto the Ta edge of the TaS:
crystallites. The edge morphology is therefore influenced by the sulphur chemical potential in
the environment. Since the nanostripe exposes both the Ta-edge and S-edge at respective side
of the nanostripe, the nanostripe calculation always yields the average surface energy of both
types of edges. Consequently, it is not possible to calculate the energy of individual edge
morphologies and estimate relative stability between the S edge and Ta edge.



Triangular cluster model

Figure 1a shows how a triangular cluster can be cut from the monolayer of 2H-TaS> to
expose either the Ta edge or the S edge. The cluster was separated from its periodic images by
15 A of vacuum along the x-direction, 14 A along the y direction, and 12 A along the z direction.
All calculations with this model were carried out with the Gamma point only in the reciprocal
space. The cluster allows us to evaluate the edge energy of each edge independently. The edge
energy of both edges can be calculated by varying the cluster size n.°% We constructed a series
of triangular-shaped cluster models having sizes n = 4,5,6 and 7, where the n refers to the
number of Ta atoms along the edge of the cluster (e.g. the cluster has size n = 7 in Figure 1c).

The grand canonical potential of the TaS; cluster of size n can be defined as

Q = ETan — Ntoty, ETaSZ - ns#s (1),

where E7as, IS the energy of the triangular cluster of a size n, ntotrq is total number of the Ta
atoms in the cluster, Erqs2 the energy of the TaS; unit cell, us the chemical potential of sulphur,
and ns stands for the excess or lack of sulphur atoms compared to the bulk stoichiometry

Ne = 2Ntoty, — Ngtot (2),

where nstot is the total number of sulphur atom in the triangular cluster. The ns depends on the
size and morphology of the cluster and can be positive or negative. The reversible work for

creating a small edge unit dn at constant x is proportional to the edge energy o (i)

dQ (n, u) = a(uw)dn (3).
The edge energy is an equivalent of the surface energy of bulk material and allows to compare
thermodynamic stability of various edge morphologies. The morphology differs mainly in the
coverage of edges by sulphur atoms. We use the terminology in which the percentage is relative
to the bulk stoichiometry, i.e. 100 % and 50 % sulphur coverage correspond to two sulphur and
one S atoms per Ta edge atom. The grand canonical potential Q0 of the cluster contains also a
contribution of the corner energy, e(us). The Q of the triangular cluster with the size n is

expressed by

Q(n,us)=3Mm— 1o (us) + 3¢ (us) (4).



The Q can be plotted as a function of the size n and the slope of the Q(n) yields the edge energy
for each edge termination. We note that we did not observe to develop any CDW phase within

the clusters, thus the calculated results were not affected by a CDW formation.
Thermodynamics of oxidation

In order to provide a complete picture of possible edge morphology, oxidative reactions
at the edge are examine. We calculate the thermodynamic stability of oxygen atoms at various
sites on the edge. The thermodynamic stability is assessed by the formation energy for oxygen

adsorption and substitution processes, Eads and Esu, calculated as

Eads = ETaS24n+0 — ETaS2— No * Lo (5),

Esub = ETaS24no+0—nxS — ETaS2 — Nollo + Nolds (6).

Etas2+no-0 is the total energy of the oxidized system (cluster or nanostripe) with no adsorbed O
atoms, and, in turn, ETasz+no+0-ns IS the energy of the system in which no sulfur atoms were
substituted by oxygens. ETras. is the total energy of the clean, unoxidized model (cluster or
nanostripe), uo and us are the chemical potentials of the oxygen and sulphur, The uo is
calculated as a half of the energy of the molecular oxygen, while us is calculated as the energy
difference between H,S and H> molecules. In other words, we assume that sulphur leaves the
system in the form of the evolution of HS rather than in the form of solid sulphur precipitates.

The negative values of Eadgs and Esup indicate that the process is thermodynamically exothermic.

Results and discussion
The structure of the edge of TaS>

We construct the triangular clusters of TaS; having the size n =4, 5, 6, and 7 (n refers
to the number of Ta atoms along the edge of the cluster, e.g. the cluster having n = 6 is shown
in Figure 1c) to determine of the edge energy of various edge morphologies according to Eq. 4.
The number of Ta atoms composing the clusters is Ta10Sx, TaisSx, Ta21Sx, and TazsSx, where the
S content x varies depending on the edge type and S coverage. In addition to various edge

morphologies (sulphur coverage), we consider diverse corner types when a cluster has several
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Figure 2: The models of the edges of the TaS; triangular-shaped cluster: the Ta-edge S50 % with the corner
occupied by a) sulphur dimer, b) single sulphur atom, c) the S-edge S100 % exhibiting dimer reconstruction, d)
the grand canonical potential Q as a function of the cluster size n, €) the edge energy as a function of the sulphur
chemical potential.

possible corner terminations. The calculated values of the grand canonical potential Q as

a function of the size n are fitted by linear regression (Figure 2d) to obtain the edge energy.

The most stable morphology is the Ta-edge covered by sulphur monomers (Figure 2d). This
edge allows several plausible arrangements of S atoms at the corner of the cluster. The most
stable corner is a sulphur dimer indexed S2 (Figure 2a), followed by a single sulphur atom (S1,
Figure 2b), while the least favourable is direct termination by Ta atoms (S0). The sulphur dimer
is preferred because it well saturates undercoordinated Ta atoms at the corner. S2 dimers at the
corner do not align symmetrically with respect to the upper and lower layer of sulphur atoms
but bend towards one of these layers during relaxation (Figure S5). This behavior is similar to
that of the triangular clusters of 2H-Mo0S,.5% In the S1 corner, the apex S atoms do not sit as
symmetric continuation of the edge but relax towards one of the edges, resulting in creation of
S dimer-like structure at the edge termination at the corner (Figure 2b). We tested several initial



placements of the corner S atom but they either resulted in the same geometry or were
considerably higher in the energy. The size n (for n = 4-7) of the cluster did not have any
influence on the geometry of the S1 corner, because the dimer-like structures formed during the
geometry optimization regardless the size of the cluster (Figure S4). Nevertheless, specific
corner structure has no influence of the edge energies, because the Q as a function of the cluster
size n has the same slope of the Ta-edge 50 % for any corner (Figure 2d). That also justifies our

physical model of the edge energy expressed by equation 4.

The second most stable edge is the Ta-edge covered by 100 % sulphur atoms (Figure
S6). The sulphur dimers at the edge are shifted by half lattice spacing with respect to the
positions of sulphur monomers (S50% coverage). The dimers do not reconstruct, and their S-S
bond lengths are very uniform, in a narrow range of 2.0-2.1 A. Interestingly, in 2H-MoS, the
analogical edge morphology (the Mo-edge covered by 100 % S atoms) was found to be the most
stable at the strong sulfuring conditions®52 with a transition to Mo-50% at around s~ —0.2
eV. Notably, the preference of either Mo-100 % or Mo-50 % edge depended not only on the
sulphur’s chemical potential but also on the substrate (particularly in the case of Au supported
MoS; nanoparticles) and on the cluster size.’! In TaS,, the Ta-S50% edge is the most stable at

any value of us.

The S-edge is less stable than both types of Ta-edge. The S-edge strongly prefers to be
covered by 100 % sulphur atoms and forms a reconstruction of the sulphur atoms at the edge
(Figure 2c). The short-bonded dimers alternate with long-bonded ones along the edge. The
respective S-S bond lengths are ~2.12 A and ~3.37 A. The tendency to form such reconstruction
of S-edge is present for all cluster sizes considered (Figure S1). The reconstruction could help
to distinguish the S-edge and Ta-S100% edge in HRTEM experiments. Although the S-edge is
less stable than the Ta-edges, significant size-effect is observed for the smallest clusters (n = 4)

- the grand potential of the S-edged cluster almost equals that of the Ta-50% edge (Figure 2d).

The cluster shape in two dimensions is determined by the ratio ata(w)/os(u); the ratio
equal to 1 results in the perfect hexagon, whereas the ratio greater than 2 or smaller than 0.5
yields a triangular shape. The edge energies of the Ta-edge S50%, S-edge S100%, and Ta-edge
S100% are at sulphur rich conditions (us = 0 eV) very close (Figure 2e). Therefore, deformed

hexagonal cluster having abundant the Ta-edge S50% is the most likely shape of TaS; at sulphur



rich conditions. At S poor conditions, the triangular shape clusters exposing solely the Ta-edge
S50% should become the more likely morphology (Figure S3). TaS; nanoplatelets were
prepared by laser ablation and subsequent transmission electron microscopy (TEM) images
revealed that hexagonal nanoplatelets were the dominant product.®”] The high laser power
density during ablation created the Ta metal nanoparticles engulfed in hot chalcogenide vapor,
which corresponded to the S rich conditions. Our theoretical results are therefore in line with
the observed hexagonal-shaped nanoplatelets. It is worth noting that MoS: layers are more
dominantly terminated by the Mo-edge and MoS: has therefore preference for the triangular

shape of its nanostructures.[?8:521

Oxidation of 2H-TaS>

Having established the likely edge morphology, we can investigate ambient stability of
2H-TaS: nanoparticles by calculating their susceptibility to oxidation. The oxidation is assumed
to initiate at the edge, in accordance with recent experimental and theoretical evidence,[37424353-
51 Here, we consider both the one dimensional nanostripe as well as the triangular cluster. For
both models, we consider oxidation of the Ta-edge covered by 50 % sulphur atoms, which is
found to be the most stable edge in previous section. Comparison of the nanostripe oxidation to
the Ta-edge terminated triangular cluster (size n=6) allows us to estimate finite-size effects on

thermodynamics of oxidation.

The adsorption energy of the single oxygen atom at the nanostripe’s edge is -0.96 eV
and the S-O bond length is 1.69 A. The oxygen atom prefers to bond at the bridge-like position
between edge S and Ta atoms (Figure 3a). The S-O and O-Ta bond lengths are 1.69 and 1.95 A
and sulfur atom is displaced from its initial position at the edge due to the bond to O. On the
triangular cluster, the adsorption geometry is very similar to that on the nanostripe. Oxygen
migrates into the bridge position between the Ta and S edge atoms during geometry relaxation.
The adsorption energy depends on the position of the adsorbed oxygen along the edge of the
cluster. The lowest adsorption energy of -1.27 eV is found for the adsorption site in the middle
of the edge (Figure S11c). If the oxygen atom adsorbs closer to the corner, the adsorption energy
increases to -0.95 eV and the value of -1.15 eV is obtained at the corner S atom (Figure 3b and

3c). Nevertheless, the changes of the adsorption energies are not related solely to the finite-size



effects, because oxygen adsorption causes strong relaxation of sulphur monomer atoms at the
edge, which in turn influences the values of calculated adsorption energies. The adsorption
energy at the corner depends on the corner saturation by S atoms (Figure 3c). It is worth noting
that preferred bridge-like position of O is different from that of MoS2, where oxygen adsorbed

to the S edge atom directly and the S-O bond was directed perpendicular to
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Figure 3: Oxidation at different positions at two models of 2H-TaS,, nanostripe and triangular-shaped cluster: a-
d) various position for the adsorption of a single oxygen a) into the bridge position between Ta and S edge atoms
of the nanostripe b) the bridge position near S1 corner of the cluster ¢) the bridge position near SO corner of the
cluster d) directly onto edge S monomer. Substitution (e) of single oxygen at the Ta-edge 50 % of the nanostripe.
f-h) Adsorption of two oxygen on the nanostripe: f) at two neighboring S-edge atoms, g) at two S-edge atoms
separated by one non-interacting sulfur atom and h) adsorbed on the one sulfur atom creating the SO group. i)
Substituted two oxygen atoms instead of two neighboring sulfur atoms. Two oxygen atoms substituting i) two
neighboring S monomers and j) two S atoms separated by the one non-interacting S atom. The corresponding
formation energy is plotted below each structure. Tantalum, sulfur and oxygen are represented by green, yellow
and red spheres, respectively.

the edge.[*¥ Such position is possible on TaS; but results in less favorable adsorption energy (-

0.30 eV on the cluster, Figure 3d, or -0.39 eV on the nanostripe, Figure S8c).

Calculation of the adsorption of two oxygen atoms becomes more complex because several
mutual positions of oxygens are possible. The nanostripe is composed of four unit cells along
the edge and has therefore four sulphur monomer sites along the edge. There are three possible
configurations: a) oxygens adsorb on two adjacent sulphur atoms, b) oxygens are adsorbed on
two sulphur atoms which are separated by one vacant S atom, and ¢) oxygens gather on one of



sulphur monomers creating SO> group at the edge. The adsorption energies are -2.18, -2.21 and
-2.56 eV, respectively (Figure 3f, g, h). The length of S-O bonds is 1.65 A, shorter than the bond
of single adsorbed O. The SO> group at the edge has the S-O bonds of

1.61 A, longer than the bonds in the gas-phase SO2 molecule (1.48 A).[°¢1 The dihedral angle is
narrower, 98.2°, than that of the isolated molecule (119°).[5¢! The tendency to create SO at the
edge strengthens as the number of oxygen atoms adsorbed on the edge of 2H-TaS; increases
(Table S1) .

Oxygen substitution of a sulphur atom at the edge is energetically more favorable
process than oxygen adsorption. The formation energy of the substituted oxygen atom is two
times lower, -2.20 eV, than that of the adsorbed oxygen atom, and remains favorable when more
sulphur atoms are substituted (Figure 3e). Substitution of the second O can proceed in two
positions: a) substitution of neighboring S atom (Figure 3i) or b) substitution of more distant S
atom (Figure 3j). The respective formation energies are very uniform, -4.34 or -4.39 eV.
Oxygen atoms sit at the bridge position between edge Ta atoms, similar to the position of the S
monomer they replace. The Ta-O bonds are 1.96 A, shorter than the corresponding Ta-S bonds.
The bands of the edge states before and after substitution of S monomers at the Ta-edge by

oxygens are shown in Figure S14.

The substitution is therefore thermodynamically preferred to the adsorption. The
question remains, by which mechanism could O replace S atoms. In 2H-MoS, the SO groups
are weakly bonded to molybdenum atoms at the edge (their binding energy is 0.39 eV)“®l and
can be therefore easily removed. The detachment of SO» from the edge of MoS: creates a vacant
site into which an additional oxygen can adsorb. As a result, the oxygen substitutes sulfur atoms
at the edge while SO, evaporates, and this mechanism is an important step of oxidative
degradation of MoS; into MoO3.1*®! Contrary to that scenario, the SO group is strongly bonded
to 2H-TaS; edge; the energy for its detachment is 2.39 eV (calculated as the total energy
difference between SO bonded to the TaS: edge and SO shifted into the vacuum).
Consequently, vacancies are less likely to be created by SO> evaporation from the edge of 2H-
TaS». The oxidation of 2H-TaS, may thus proceed differently than that of 2H-MoS..
Available experimental observations suggested that TaS; interacts strongly with oxygen;

Enomoto et al. pointed out that top layer of thin 2H-TaS> prepared by van der Waals growth on



the surface of the Ag/BN substrate at 300°C oxidized in air,®! 2H-TaS nanosheets prepared by
electrochemical lithium intercalation showed surface oxidation after synthesis®”! and surface
oxidation hampered expected electrocatalytic performance of the 2H-TaS; catalyst.[?%
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Figure 4: The cluster models used for calculation of the Ta 4f XPS binding energies: a) the edge having one
sulphur-edge vacancy; b) the having single oxygen atom adsorbed at the bridge position between S and Ta atoms
and c) the edge at which two oxygen atoms substituted two S-edge atoms. The sulphur atoms are plotted in yellow
and tantalum atoms in green. The Ta atoms selected for XPS calculations are distinguished by blue and violet
colors.

In fact, traces of oxidation were found even on freshly exfoliated TaS; flakes inserted into XPS
chamber within 2 min after exfoliation.[® After the flakes were heated to 300°C for 3 hours in
air, the Ta* doublet of TaS, completely disappeared manifesting chemical transformation into

Taz20s.[58]

Given the strong interaction of TaS, with oxygen, it is plausible that some mechanism of sulfur
vacancy creation and oxygen substitution is present. Our results for the TaS> cluster in previous
section point to further possibility how vacancies can be created. The corner of the triangular
cluster is likely covered by the S dimer (S2) or S monomer (S1), but the cluster having S
vacancies at the corner (SO) has just slightly higher grand potential. Thus, rather low energy is
needed to remove the S atom from the corner and such corner will expose a coordinatively
unsaturated Ta site which will attract oxygen. Such mechanism is not restricted to TaS clusters.
The edges of real materials deviate from ideal straight model and contain kinks which similar
in character to the corner site of the cluster. Corner and kink vacancies might thus play a strong
role in the oxidation of TaS, samples. For the 2H-MoS>, Schweiger et al. showed that creation
of the one sulfur vacancy at the edge or on the corner is possible under conditions typical for
hydrodesulfurization reaction.>® Finally, it should be noted that (single- and doublesulphur)

vacancies are the simplest and most abundant defect observed experimentally in TMDsP%-6]



and their presence can facilitate substitution and further conversion into Ta20s.[2>%81 Kang et al.
demonstrated the importance of a sulphur vacancy as a starting point at which the oxidation
initiated and then continued by the formation of the triangular area at the surface of the WS;
monolayer.[4 The same process was observed on the surface of M0S2.[s3]

XPS fingerprints of edge oxidation

X-ray photoemission spectroscopy is one of the experimental methods which could trace
initial steps of oxidation, i.e. creation of edge S vacancies and substitution of sulphur by oxygen.
First, we calculate the XPS binding energies of the Ta 4f orbitals for the tantalum atom at
different positions within the unoxidized TaS; cluster having the Ta-edge S50%. The binding
energy of Ta atom in the middle of the cluster edge is 24.1 eV and 26.0 eV (4f orbitals are split
into the 4f7,2 and 4fs;> doublet by the spin-orbit interaction). The corresponding energies of the
edge and corner atoms are increased by 0.6 eV and 1.0 eV (Figure 4a), respectively. In this
respect, Bruix et al.[?8] utilized ambient pressure XPS to investigate core level shifts on a MoS;
nanocluster in situ. Interestingly, the 3d doublet peaks for Mo atoms at the edge were red-shifted
with respect to the basal plane atoms. The unexpected shift to lower binding energy at the edge
was traced back to the metallic character of the MoS: edge.

The initial phase of oxidation is an adsorption of an oxygen atom at the edge. The oxygen
is bonded at the bridge position between edge S and Ta atoms (Figure 4b) and the 4f binding
energy of bridging tantalum is shifted by 1.4 eV. The shift caused by substitution of single S
by O is less pronounced, 1.0 eV (Figure 4c). Nevertheless, when adjacent S gets further
substituted, the Ta atom is bonded to two oxygens and its 4f binding energy is shifted by 1.6
eV. Therefore, specific steps of oxidative process (adsorption, vacancy creation, substitution)
can be hardly distinguished due to the proximity of their XPS energies. Nevertheless, initial
edge oxidation of TaS, should be observable by a shift and asymmetry of the Ta 4f doublet

towards higher binding energies.

Experimentally, Chamlagain et al.%® utilized thermal oxidation of TaS; to produce
Ta20Os dielectric film. They measured XPS spectrum of freshly exfoliated TaS: flakes (inserted
into XPS chamber within 2 min after exfoliation) and the peaks of 4f doublet showed
pronounced asymmetry towards higher binding energies, in agreement with our prediction. This
indicates immediate oxidation through barrierless dissociation of oxygen molecules at the edge,



which has been recently revealed for 1T-TaS,.°! The flakes were then stored at ambient
temperature in air for one day; the asymmetry towards higher energies became more
pronounced and weak new peaks corresponding to the Ta>* doublet of Ta,Os appeared. The
transformation to Ta>Os was completed by heating the samples at 300 °C (confirmed by a
change of material’s color in AFM and by complete disappearance of the Ta** doublet).[%8 Shi
et al.l'1 have recently synthesized uniform, ultrathin TaS: films and well-defined TaS; flakes
on an Au foil. XPS spectra of TaS; flakes were dominated by Ta** 4f7, and 4fs2 peaks at 22.7
and 24.7 eV in agreement with the standard XPS data of TaS,, but spectra also contained
additional peaks at 26.9 and 28.4 eV revealing the presence of Ta®" in material. Luxa et al.
synthesized the high quality 2H-TaS> flakes which also contained oxygen in the form of surface
oxide impurities. The XPS spectrum contained the Ta>* doublet at 26.3 and 28.3 eV, while the
Ta*" peak was found at 22.8 and 24.6 eV.[?% These studies indicate that spontaneous initial

oxidation in air affects both exfoliated and as-synthesized TaS..
Conclusions

In this paper, we employ DFT calculations to study the edge morphology and reactivity of
2HTaS». We make use the periodic one-dimensional nanostripe modelling an ideal straight edge
and the triangular clusters modelling finite-size edges. The cluster model exposes either the Ta-
edge or the S-edge, which allows to determine their edge energies and assess their relative
stability. The most stable morphology is the Ta-edge covered by sulphur monomers (Ta edge
S50%). The corner of this edge model is the most likely terminated by sulphur dimer. The edge
energy as a function of the sulphur’s chemical potential shows that the S-edge is less stable than
the Ta-edges under any conditions. The most likely shape of TaSz at sulphur rich conditions is
deformed hexagon having the Ta-edge covered by S monomers at longer sides and fully
sulphided S-edges at shorter sides. At S poor conditions, the triangular clusters exposing solely

the Ta-edge S50% should become the likely morphology.

The edge oxidation starts by adsorption of oxygen atoms. The oxygen atom prefers to
bond at the bridge position between edge S and Ta atoms (Figure 3a). Sulfur atom is displaced
from its initial position at the edge due to the bond to O. It is worth noting that preferred

bridgelike position of O is different from oxygen adsorption geometry on MoS,. The



substitution of S by oxygen is thermodynamically preferred to the adsorption and should
therefore follow after initial adsorption. The question remains, by which mechanism could O
replace S atoms. The SO> group, the product of continuing adsorption, is strongly bonded to the
edge as the energy for its detachment is 2.39 eV. Consequently, vacancies cannot be created by
SO2 evaporation from the edge of 2H-TaS,. The energy needed to remove S atom from the
corner is low and the corner will expose a coordinatively unsaturated Ta site once the S atom is
detached. Possible mechanism of substitution may thus be removal of S atoms from the corner
and kink sites of the material’s edges. Our XPS calculation shows that specific initial steps of
oxidative process (adsorption, vacancy creation, substitution) cannot be distinguished in the
XPS spectra due to the proximity of their XPS energies. Nevertheless, initial edge oxidation of
TaS> should be observable by a shift and asymmetry of the Ta 4f doublet towards higher binding
energies. Our results demonstrate that although transition metal dichalcogenides are commonly
susceptible to oxidation in air, the mechanisms of their oxidative degradation differ, which

offers an opportunity for an individually tuned prevention of oxidation.
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A DFT study shows that TaS; clusters should form deformed hexagons at S rich conditions and
the triangular shape at S poor conditions. Nanoclusters and single-layers of 2H-TaS; are
susceptible to oxidation in air, because both oxygen adsorption and substitution are strongly
exothermic at their exposed edges. Initial edge oxidation of TaSz should be observable in Xray

photoemission spectrum as an asymmetry of the Ta 4f doublet towards higher binding energies.
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Priloha C: Oxidation of metallic two-dimensional transition

metal dichalcogenides: 1T-MoS2 and 1T-TaS»

MoS; a TaS; jsou vyznamnymi zastupci skupiny chalkogenidii piechodnych kovi.
V ptirod¢ je 1ze nelézt v podobé 2H polytypu, nicméné jsou Casto syntetizovany jako 1T polytyp,
ktery hraje vyznamnou roli jako katalyzator pro OER a HER.

U obou materialti jsme se zaméfili na podrobny popis oxidace jak z termodynamického,
tak kinetického hlediska. U obou materidlii byla sledovana oxidace poc¢inajici na hrané (vice
v kapitole Mechanismus oxidace monovrstvy 1T-MoS2 a Mechanismus oxidace monovrstvy
1T a 2H-TaSy). Je vhodné zdaraznit, ze v ptipad¢ 1T polytypu je zakonceni hrany vzdy stejné na
rozdil od 2H polytypu a nabizi moznosti adsorpce nejenom na atomy siry, ale také na atomy kovu,
obréazek 10. Vysledky formaénich energii po¢itanych dle rovnice 34 a 35 pro adsorpci a substituci
jednotlivych atomua kysliku na 1T hrané byly pii jakémkoliv pokryti kyslikem exotermické.
Energeticky je substituce vyhodnéjsi nez jakakoliv adsorpce u obou materialu. Navic u obou
materiall dochazi v prib&éhu oxidace k vytvofeni SOz skupin a je moznd jejich evaporace
v dusledku niz vznikne vakance v hrané. Stejny mechanismus termodynamiky oxidace byl popsan
i u 2H-MoS; [125], kapitola Mechanismus oxidace monovrstvy 2H-MoSz. Zésadni rozdil

u 1T-MoSz a 1T-TaS; byl pozorovan v kinetické ¢asti oxidace na jejich hranach.

Dle naSich vysledki bude oxidace 1T-TaS: probihat spontanné, protoZze existuje
zanedbatelnd bariéra pro disociaci molekuly kysliku; O disociuje ptimo na atomech siry na hrané
materialu, obrazek 23. Tento zavér byl potvrzen i ab initio simulaci molekularni dynamiky, ktera
ukazala, ze pti disociaci bude vyslednym produktem SO2 molekula na hrané 1T-TaS,. Oxidace
materidlu by pak mohla pokracovat odpafovanim SO2, coZ by na hrané vytvofilo vakanci siry
a umoznilo tak substituci kysliku za siru. Tento proces je vSak pro 1T-TaSz nepravdépodobny,

protoze vazebna energie SO v hrané je pfilis vysoka (1,2 eV).

Na rozdil od 1T-TaS2 je u 1T-MoS; bariéra pro uvolnéni molekuly SO daleko nizsi
(0,66 eV) a v prub&hu oxidace se nejspise bude tvofit vakance touto cestou. Pocatek oxidace tkvi

v disociaci molekuly kysliku. Reakce pro 1T-MoS: je spontanni jako v ptipadé 1T-TaSz; aktivacni



energie je 0,15 eV. V prub¢hu reakce dochazi k rozstépeni molekuly kysliku a nasledné adsorpci
atomu kysliku na atomy molybdenu hrany za vzniku intermediatni struktury S-O-Mo, obrazek 16,
17. K tomu dochazi ihned, kdyz je hrana vystavena vzduchu v dasledku nizké bariéry pro disociaci
molekuly kysliku; 0,15 eV. 1T-MoSz podléha zcela jisté oxidaci avsak dle naSich vypocta je déle
schopna katalyzovat HER (kapitola Mechanismus oxidace monovrstvy 1T-MoSg, protoze AG

je ipfi vysokém pokryti H termoneutralni, viz obrazek 11.

Oba materialy podléhaji oxidaci ihned po jejich vystaveni na vzduch, nicméné¢ oxidacni

proces je limitovan v piipad¢ 1T-TaSz vysokou bariérou pro evaporaci SO skupiny.
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Abstract

Molybdenum disulphide (MoSz) and tantalum disulphide (TaSz) are well-known members
of the transition metal dichalcogenide (TMD) family. They occur naturally in hexagonal
(2H) forms but can also be synthesized in metallic trigonal (1T) phases that are active
hydrogen evolution catalysts and exhibit interesting phenomena such as superconductivity
and charge density waves. Sparse experimental evidence indicates that 2D crystals of
metallic TMDs degrade rapidly in air via an unknown oxidation mechanism. Here we present
a computational study on oxidation at the edges and surfaces of 1T-MoS; and 1T-TaS;
monolayers based on density functional theory calculations. Our results suggest that both
1T-MoS; and 1T-TaS; are very susceptible to oxidation because there are negligible
energetic barriers to the dissociation of oxygen molecules at edge sites. However, further
oxidation requires the substitution of sulphur atoms by oxygen, the rate of which is limited
in the case of 1T-TaS; because the detachment of SO> groups is disfavored by 1.2 eV.
Conversely, oxygen molecules adsorbed on 1T-MoS: dissociate directly at molybdenum
atoms at the edge, forming intermediate S-O-Mo structures that facilitate the subsequent
formation and detachment of SO,. Oxidation is not harmful to the catalysis of the hydrogen
evolution reaction on 1T-MoS: but is detrimental to that on 1T-TaS», which explains some
apparently inconsistent experimental results. These results provide new insights into the
mechanism of ambient oxidative degradation of metallic TMDs and the effect of oxidation
on their catalytic properties.
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1. Introduction

Transition metal dichalcogenides (TMDs) are
among the most extensively studied layered
two-dimensional materials because of their
remarkable  physicochemical properties,
which can be exploited in (opto)electronics
and catalysis [1]. TMDs have characteristic
layered structures in which individual layers
are weakly bound by noncovalent van der
Waals forces, making it possible to exfoliate
them down to single layers. A single TMD
sheet consists of transition metal atoms
sandwiched between two chalcogenide
layers. TMDs can exist with crystal structures
of trigonal, hexagonal, and rhombohedral
symmetry (denoted T, H, and R,
respectively). In T polytypes, each metal atom
is surrounded by six S atoms in an octahedral
arrangement, whereas in H phases

© 2020 IOP Publishing Ltd
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the metal atom is coordinated to six
neighbouring S atoms in trigonal prismatic
symmetry.

One TMD, MoSg, has drawn particular
attention because of its promising catalytic
properties, high carrier mobility, tunable
bandgap[2], and relatively high natural
abundance. Additionally, MoS2 monolayers
have unique properties that differ from those
of the bulk material and which make them
promising candidates for next-generation
catalytic  [3], electronic [4], and
optoelectronic [5, 6], systems. For example,
an MoS; monolayer has a direct band gap of
1.8 eV due to quantum confinement, but
bulk MoS: is an indirect semiconductor [7—
9]. Consequently, MoS. monolayers could
be used to construct a new generation of
interband tunnel field effect transistors [10].
MoS; could also have applications in
memristors (two-terminal memory devices
whose internal



resistance depends on the history of the
external bias voltage) and photoelectronic

devices.

Most of the applications proposed for MoS;
to date use its 2H form; the 1T phase has been
studied less extensively. 1T-MoS; is metallic
[11], which may be beneficial in
electrocatalytic applications such as the
hydrogen evolution reaction (HER) or
oxygen reduction reaction (ORR). In this
context, it is noteworthy that Luxa et al
reported that phase engineering of TaS from
2H to 1T tuned its electrocatalytic activity
towards the ORR [12], in contrast to previous
reports on the behaviour of Group 6 layered
TMDs [13]. Voiry et al observed that 1T-
MoS: nanosheets exhibited great catalytic
activity towards the HER, with a low Tafel
slope of 40 mV dec-1.The HER activity of the
semiconducting 2H-MoS; phase in itself
might not be different from that of the 1T
phase, but is limited by its high electrical
resistance [14]. The catalytic activity is also
strongly influenced by many other factors,
including the electronic structure of the used
material as well as its purity, morphology,
and surface properties. We note that the 1T
phase of MoS; is metastable and converts
easily to distorted 1T structure denoted as
1T’. Recently, Peng et al demonstrated that
high phase-purity 1T’-MoS2 monolayers with

large lateral size could be produced [15]
which highlighted the potential of the
material ~ for  proposed  applications.
Moreover, the 1T’ edges have lower energy
than the edges of 2H-MoS,, thus 1T’ can
become stable even with respect to the
ground-state 2H below certain thickness of a

nanostructure [16].

In contrast to MoS», 1T-TaS; has attracted a
lot of attention even though the natural form
of this species is 2H. 1T-TaS; exhibits exotic
electronic states that make it superconductive
when pressurized [17] and which form a so-
called charge density wave (CDW) [18], a
state in which the electron density breaks the
symmetry of the lattice. It has a rich phase
diagram including incommensurate (IC),
nearly commensurate (NC), and
commensurate (C) CDW phases. In the
CCDW phase, thirteen Ta atoms form an
unusual structure called a Star-of-David
cluster [19].

Until recently, the stability of single-layer
TMDs under ambient conditions has not been
studied thoroughly [20, 21]. However, a
recent investigation by Gao et al showed that
MoS, and WS, monolayers exhibit severe
aging effects including extensive cracking,
changes in morphology, and quenching of the
direct gap photoluminescence after one



year[22].The aging effect was attributed to
gradual oxidation starting at the edges and
grain boundaries. Density functional theory
(DFT) calculations were performed to
rationalize these experimental observations,
revealing that MoS: layers with exposed edge
sites are indeed susceptible to oxidation
because there is only a low energetic barrier
to the dissociation of molecular oxygen at the
edge of the MoS; monolayer [23]. The
metallic trigonal polytypes are also
susceptible to oxidation: a recent study
reported rapid oxidation of two-dimensional
1T-TiSe> under ambient conditions, which
significantly affected its charge-density wave
behaviour [24].

This work investigates the mechanism of 1T-
MoS; and 1T-TaS, oxidation at the atomic
scale using quantum mechanical DFT
calculations. DFT calculations can provide
unique insight into the details of reaction
mechanisms, revealing important reaction
steps and intermediates that are often
impossible to probe experimentally. We
focus on the interactions of atomic and
molecular oxygen with the surfaces and
particularly the edges of single-layered
materials. We calculate the formation
energies of edges with oxygen adsorbed on
sulphur atoms, adsorbed on metal atoms, and

with oxygen substituted for sulphur.

Substitution is shown to be
thermodynamically preferred to either form
of oxygen adsorption for both MoSzand TaS..
However, the oxidation kinetics of the two
materials differ significantly. The oxidation
of 1T-TaS; proceeds spontaneously because
the barrier to the dissociation of molecular
oxygen is negligible; the molecule dissociates
directly on the sulphur atoms that cover the
edge of the material. On 1T-MoS,
dissociation on sulphur atoms covering the
edge is blocked by a low activation barrier of
0.18 eV; the calculations indicate that
dissociation is more likely on molybdenum
atoms at the edge, where the barrier to
overcome is only 0.15 eV. As a result, 1T-
MoS: oxidizes by adsorption of oxygen atoms
on molybdenum atoms at the edge, which
creates an intermediate S-O-Mo edge
structure. This intermediate structure is
thermodynamically metastable and forms
immediately after the edge is exposed to air
due to the material’s low oxygen dissociation
barrier. We also considered a pathway for
further substitutive oxidation by evaporation
of SO from the edge, which only appears to
be important in MoS,. In TaS, the SO2 group
is strongly bound to the edge and its
detachment is unlikely because it has a
positive formation energy of 1.2 eV. Finally,

we evaluated the influence of oxidation on the



materials’ HER performance and discuss our
findings in relation to the available

experimental data.

2. Computational methods

First-principles DFT calculations were
performed in VASP (the Vienna ab initio
simulation package), which makes use of the
projector augmented wave (PAW) [25, 26]
method. The cutoff energy of the plane-wave
basis was set to 350 eV. We used the
optB86b-vdW functional [27, 28], because it
accurately  reproduced the  structural
properties of TaSz in our previous study [29]
and it accounts for van der Waals forces,
which are important for initial reaction steps
such as Oz physisorption. Calculations of
reaction barriers and transition state
identification were performed using the
nudged elastic band (NEB) method [30, 31].
The edge was modeled as a one-dimensional
nanostripe cut from a monolayer of the 1T
structure. The nanostripe was constructed
from a 4 x 4 supercell, i.e. the supercell was
four unit cells thick and had four unit cells
along the edge. Its Brillouin zone was
sampled at 1 x 3 x 1 kpoints with the three k-
points being aligned along the y direction in
which the cell was periodically repeated. The
test showed that this k-point mesh provided

well converged total energy (figure

S1(https://stacks.iop.org/2DM/7/045005/mm
edia)). Nanostripes were separated from their
periodic images by at least 10 A of vacuum in
both nonperiodic directions. We note that the
1T polytype has the same edge geometry on
both sides of the nanostripe due to the
inversion symmetry of its zigzag edge.
Conversely, in the 2H polytypes, the cut
creates a metal-terminated edge on one side
and a sulphur-terminated edge on the other.
The formation energy for oxygen adsorption
was calculated as:

Eads = Emszns0 —Evs, —N*pio. (1)

Here, Ews, corresponds to the total energy of
the clean (unoxidized) nanostripe, Ems,+n:o IS
the total energy of the nanostripe containing
n adsorbed oxygen atoms, and uo is the
chemical potential of an oxygen atom
(calculated as half the energy of the oxygen
molecule). M represents a transition metal
atom (Mo or Ta). The formation energy for
substitution of sulphur by oxygen was

calculated as:

Eswst = Ewmsynso-nss —Ems, =N*po +nxps. (2)
Here, Ewms.»n:o-nss IS the total energy of a
nanostripe in which n atoms of sulphur have
been substituted by n atoms of oxygen. usis
the chemical potential of sulphur, calculated

as the energy difference between the total
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energies of HzS and Ha. In other words, we
assume that sulphur leaves the system via HzS
evolution rather than in the form of solid
sulphur precipitates. Negative values of Eads
and Eswst indicate thermodynamically
favourable adsorption and substitution
processes, respectively.

The HER activity of the oxidized edges was
assessed by computing the differential free
energy of atomic hydrogen adsorption (AG)
[32]. According to Sabatier’s principle, the
AG of an ideal HER catalyst should be as
close to zero as possible. The differential
energy of hydrogen adsorption AE was

calculated as

1
AE = Epe — Engs, — EEuz

®3)

where En.is the total energy of an adsorbed
hydrogen atom, Ews.is the total energy of the
MoS; or TaSz nanostripe, and En,is the total
energy of the hydrogen molecule. The
differential free energy of atomic hydrogen

(AGH) adsorption was obtained as
AGH = AE+AEzpe _ TAg, +% RT (4)

where AEzpe and ASh are the differences in
zero-point energy and entropy, respectively,
between the adsorbed hydrogen and hydrogen
in the gas phase. These thermal corrections
were found to be independent of the choice of

adsorption site, so AGH under standard

conditions was equal to AE plus a thermal

correction constant of 0.29 eV [33].

3. Results

3.1. Thermodynamic stability of

edge oxidation

We initially evaluated the thermodynamic
stability of oxygen atoms at various possible
edge sites, starting with a system having a
single oxygen atom chemisorbed on the edge
of the 1T structures. Thermodynamic stability
was assessed in terms of the formation energy
of adsorption, which was estimated using
equation (1). An oxygen atom could adsorb at
several distinct edge sites, forming a bond to
either a metal atom or a sulphur atom.
Consequently, oxygen adsorption on 1T-
MoS: edges is subject to steric factors that are
absent in the 2H structure [23]. In the 2H
polytype, the metal-terminated edge is
covered by additional sulphur atoms that
saturate under coordinated metal atoms at the
edge during synthesis [34], and oxygen atoms
adsorb exclusively onto these sulphur atoms,
regardless of their initial position [23]. In the
1T polytype, the edge is formed by cutting the
bonds between S-Mo-S units, which
preserves their coordination (see, e.g. figure
1(a)). The relaxation of sulphur atoms at the

edge slightly disrupts the units’ trigonal



prismatic coordination but still leaves metal
atoms at the edge that are rather open and
amenable to adsorption. We explored all
possible configurations of O for each oxygen

coverage (figures S2 to S9).

The formation energy of an adsorbed oxygen
atom thus depends on the material and
adsorption site. The formation energies for
systems with O adsorbed at an edge sulphur
atom on 1T-MoS; (figure 1(a)) and 1T-TaS:
were —-1.37 and -1.47 eV, respectively; these
systems have S-O bond lengths of 1.60 A and
1.72 A, respectively. The formation energies
for systems in which O instead adsorbs to a
metal atom at the edge (figure 1(b)) are lower
than those for adsorption on sulphur: -2.62
eV for 1T-MoS; and -2.57 eV for 1T-TaS,.
The metal atoms bonded to O are displaced
from their original positions on the edge. The
length of the Mo-O bond is 1.71 A while that
of the Ta-O bond 1.73 A. These bond lengths
and adsorption energies indicate that the
bonds formed between the oxygen and metal

atoms are very strong.

When a second oxygen atom is adsorbed at
the edge, several adsorption geometries are
possible depending on how the oxygens are
distributed over the edge. For 1T-MoS,, the
formation energy of a system in which the

two oxygens are adsorbed on neighbouring

metal atoms (figure 1(e)) is -4.17 eV, while
that for a system where the adsorbed oxygen
atoms are separated by the Mo atom
is-3.93eV.



For 1T-TaS,, the corresponding formation
energies are more negative (-4.62 and
-4.66 eV, respectively), indicating that TaS;
has a greater affinity for oxygen adsorption.
The adsorption of the second oxygen also

causes pronounced structural distortion of the

metastability of the 1T phase, which
transforms into the 1T’ phase [11, 35]. This
phase transformation changes the material’s
character, making it semiconducting rather
than metallic [36]. In the bulk 1T’ phase, Mo
atoms dimerize resulting in two different Mo-

Mo distances along the x direction (3.79 and

MoS; nanostripe. This is due to the
b

6 8‘8

-1.37 -1.47 || -2.62

a

e

-2.57 1-2.50 -2.61

-2.73 -3.18 || -4.17

-4.62 |[-4.86 -5.08

Figure 1.The geometries and respective formation energies (MoS | in blue and TaS  in green) of the most favourable
configuration of oxygen atom at various edge sites of IT(1T”)-MoS _:
molybdenum atom, (c) oxygen atom substituting sulphur-edge atom. Adsorption geometries of two oxygen atoms: (d) two
oxygen atoms adsorbed to two sulphur-edge atoms separated by one non-interacting sulphur atom, (e) two oxygens adsorbed on
two neighbouring molybdenum atoms, and (f) two oxygen atoms substituting sulphurs separated by one non-interacting sulphur
atom. Mo, S, and O atoms are represented by blue, yellow, and red spheres, respectively.

: (a) adsorbed on the sulphur-edge atom, (b) adsorbed on the

trapped state (m %
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=e~-on Mo
¥
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Figure 2. Pathways for molecular O, dissociation at the edge of a 1T-MoS | monolayer. Pathway A involves dissociation of O | on
sulphur edge atoms, while pathway B involves dissociation on molybdenum edge atoms. The inset shows the energies
corresponding to the individual dissociation steps from the initial state (IS) to the final state (FS).
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2.76 A) [35]. The Mo-Mo distances agree
well with the corresponding values observed
in our nanostripe after oxidation induced
distortion into 1T” (3.75 and 2.79 A along x
direction). While the Mo and S layers in the
1T structure are flat, in the 1T’ structure each
of the layers is rippled, changing the
coordination of the S atoms: Mo-S bonds of
lower S atoms are 2.47-2.50 A long whereas
for higher S atoms the bonds are in the range
of 2.39-2.42 A [35]. We obtain very similar
values in the oxidized nanostripe; Mo-S
bonds are 2.41-2.48 A and 2.39-2.43 A,
respectively. Based on this structural
analysis, we do explicitly distinguish between
the 1T and 1T’ phases in the following

sections.

When two oxygens adsorb on sulphur atoms,
three configurations are possible: a, in which

Table 1. Formation energies (in eV) for the most stable configuration for the oxygen adsorption and substitution of sulphur by oxygen at edge sites of

energies of these configurations on 1T°-MoS;
are -2.73, -2.68, and -3.08 eV, respectively.
For 1T-TaS», the corresponding energies are
-2.82, -3.18 and -2.75 eV. The S-O bond
length and the O-S-O angle in the SO2 group
on MoS; (1.45 A and 120°) are very similar
to those for an isolated SO2 molecule [37].
Conversely, SO groups formed on TaS; are
asymmetric, with SO bond lengths of 1.65
and 1.46 A, and a bond angle of only 114-.
The binding energy of the SO group, i.e. the
energy needed for its removal from the edge,
is 0.66 for 1T’-MoS; and 1.20 eV for 1T-
TaS,. The binding energy of the SO2 group
was calculated by removing/shifting the SO>
group into the vacuum region of the supercell
as the total energy difference (between shifted
and adsorbed SO»).

An earlier study on 2H-MoS; [23] identified

1T-MoS,and 1T-TaS,. The nanostripe (the supercell model of the edge) contains four metal and four sulphur atoms along the edge. The number of

oxygen atoms adsorbed/substituted is indicated in the first row.

1 2 3 4
—_— — MoS2 TaS2
Number of O atoms MoS: TaSz TaSz MoS2 TaSz
Adsorption onto sulphur atoms —1.37 —1.47 —2.73 —3.18 —5.17 —4.45 —5.86 —5.01
Adsorption onto metal atoms 262  —257  —417  —466  —587  —631  —7.26  —7.56
Substituti
HosHon ~250 261 486  —508 —660 —7.51  —837  —981

O is adsorbed on two edge S atoms separated
by one noninteracting sulphur atom (figures
1(d)); b, where the two O atoms sit on two
neighbouring S atoms; and c, where the
oxygens both bind to the same edge S atom

and form an SO group. The formation

the detachment of SO2 groups from the edge
as a viable mechanism for the formation of
sulphur  vacancies that could enable
substitutive oxidation of the edge. This
mechanism was indirectly corroborated by

the experimental data of Budania et al [38]



who used energy-dispersive x-ray (EDX)
spectroscopy to  study  mechanically
exfoliated MoS, flakes after long-term
storage in vacuum and in air. They observed
that oxidation began along the flake
boundary, forming beads of decomposed
amorphous material along the edges. The
EDX spectra suggested that oxidized MoS>
sites had elevated concentrations of Mo atoms
due to the evaporation of sulphur dioxide and
formation of MoOs. This scenario is less
likely in the 1T phases considered here for
two reasons: the SOz groups are metastable
with respect to adsorption onto metal atoms at
the edge and are also less easily removed
from the edge because of their relatively high
binding energy. It should be noted that
chalcogen vacancies are often present in
experimental samples to some degree; the
ratio of metal to chalcogen in TMDs is often
lower than the value of 1:2 that would be
expected given the stochiometric formula
MX2[39, 40].

The presence of sulphur vacancies at the edge
will expose metal atoms and enable the
substitution of sulphur by oxygen (figure
1(c)). According to equation (2), the
formation energy for the substitution of a
single sulphur by an oxygen atom in 1T
structures is -2.50 eV for 1T-MoS;and -2.61
eV for 1T-TaS,. For a single O atom, the

formation energy for substitution is lower
than that for the corresponding adsorptive
process in 1T-TaS; but not in 1T-MoS:.
However, substitution becomes the process
with the lowest formation energy in both
materials if further sulphur atoms are replaced
by oxygen. The formation energies for a
double substitution of sulphur atoms by
oxygen are —-4.86 eV for 1T-MoS; and -5.08
eV for 1T-TaSy; both of these values are
lower than the corresponding energies for the
adsorption of two oxygen atoms onto metal
atoms at the edge (table 1). Substituted
oxygen atoms bind at the bridge position
between two metal atoms of the edge in both
dichalcogenides. Due to the distortion of the
AT structure, the Mo-O bonds are slightly
asymmetric, with lengths of 1.82 A and 2.10
A. Conversely, the Ta-O bonds are
symmetrical with a bond length of 1.95 A. In
MoS2, oxygens prefer to substitute
neighbouring sulphur atoms at the edge,
whereas the energies of the different
substituted edge configurations are almost
identical in TaS,. Note that there are clear
structural differences between adsorption and
substitution of oxygens on metal atoms at the
edge of 1T polytypes, both in terms of the
position of the oxygen and the length of the
bond (figures 1(b), (c)). Adsorption displaces

molybdenum atoms out of the Mo sheet by



0.5 A relative to their initial position at the
edge whereas substitution causes no
appreciable change in the positions of the

metal atoms.

The interaction of additional oxygen atoms
with the edge is also exothermic, indicating
that further oxidation is thermodynamically
favourable (table 1). Overall, substitution
continues to be the thermodynamically
preferred process as the degree of oxygen
coverage increases. Based on the calculated
formation energies, adsorption on metal
atoms is less favourable than substitution but
more favourable than the formation of SO
groups at the edge, and adsorption on sulphur
atoms is the least favourable of the considered
processes (table 1). It may be that after the
substitution of all sulphur atoms at the edge,
the addition of more oxygen atoms would still
be energetically favourable, ultimately
producing a one-dimensional chain-like
structure resembling that of bulk MoOs at the
edge [23].

3.2. Kinetics of 1T-MoS;, surface

oxidation

The formation energies presented above
show that edge oxidation is an exothermic
process, but reaction barriers determine the

kinetics of chemical processes. The rate of the

first step of the oxidative reaction may be
limited by the barrier to dissociative
adsorption of molecular oxygen. In principle,
O2 dissociation could occur both on the basal-
plane surface and at edges. Previous studies
on 2H-MoS; suggested that the basal plane
was stable and environmentally inert, and that
oxidation of a defect-free basal plane would
have a relatively high kinetic barrier of 1.69
eV [41]. Oxidation has been observed
experimentally at edges and grain boundaries;
theoretical studies suggested that this is
because the barrier to dissociative O splitting
at the edge (0.3 eV) is much lower than that
on the surface [23]. It was recently observed
that the basal planes of MoS, monolayers
underwent oxidation via O substitution
reactions when exposed to the atmosphere for
extended periods; a barrier of 1.0 eV for this
process was reported [42]. The activation
barrier for oxygen splitting on the MoS; basal
plane was very recently determined
experimentally by plotting the logarithm of
the rate of substitutional oxygen formation as
a function of 1/T; the barrier was 0.79 + 0.2
eV [43]. These results show that the basal
plane of 2H-MoS, can undergo ultraslow
oxidation but that oxidation is likely to
proceed much more rapidly at edges and/or

grain boundaries.



The adsorption of an oxygen adatom on the
basal plane of 1T-MoS: is thermodynamically
favourable with respect to the pristine surface
and gaseous O2 (Eform = -1.04 eV per O atom)
but less favourable than adsorption on the
edge (table 1). Adsorbed oxygen adatoms are
located on top of the underlying sulphur atom.
In the initial state, the oxygen molecule is
located above the surface at the physisorption
distance. Nudged elastic band (NEB)
calculations indicated that the kinetic barrier
along the minimum energy path connecting
this initial state to the final state (i.e. the state
with O adatoms adsorbed on the surface) is
1.40 eV. This barrier is only slightly lower
than that calculated for the surface of the 2H
phase [41], indicating that surface oxidation
is also an ultraslow process for the 1T
polytype. Transition state theory predicts that
at room temperature, such kinetic barriers
will only be surmounted on a timescale of
years. We therefore conclude that 1T-MoS>
oxidation is not initiated at the basal-plane

surface.

3.3. Kinetics of 1T-MoS,; edge

oxidation

We therefore investigated the dissociative
splitting of an O2 molecule on the edges of 1T
structures. To evaluate the barrier to this

process, we considered two pathways with

different initial states (i.e. states with a
physisorbed O2 molecule) and final states (i.e.
states with two O atoms adsorbed on the
edge). We initially considered a dissociation
pathway analogous to that established for 2H-
MoSz [23] in which the final state features
two oxygen atoms adsorbed on neighbouring
S atoms at the edge (figure 1(d)). In the initial
state of this pathway, the oxygen molecule is
near the edge and remains at the distance
corresponding to physisorption (2.5-3.5 A)
after relaxation. Although the molecule is
weakly bound in this state (its binding energy
is —0.14 eV), it does not stay parallel to edge.
We considered several other placements of O
molecule with respect to the edge including
O2 positioned vertically, but it always relaxed
to the position in which its axis was tilted at
an angle of about 50 * with respect to the edge.
The net magnetic moment of the system is 2
us, indicating that physisorbed O is still in
the triplet state.

NEB calculations suggest that oxygen
dissociation proceeds in two steps (figure 2):
the O2 molecule is first trapped on a sulphur
atom, forming the 1.65 A S-O bond (the O-O
bond is stretched to 1.45 A). This step is
almost spontaneous because there is a
negligible energetic barrier to the orientation
of O parallel to the edge and its subsequent

inclination towards the edge sulphur atom. In



the second step, which has a barrier of 0.18
eV, the Oz bond is further stretched and a new
bond to the other edge S atom is created. Note
that while the final state on the NEB path
features two oxygen atoms adsorbed on
neighbouring S atoms, these oxygen atoms
could drift towards adsorption sites on
molybdenum atoms because the state with
adsorption on Mo is lower in energy (table 1).
We therefore investigated the NEB path from
O adsorbed on S (initial state) to O adsorbed
on Mo (final state), which was found to be
barrierless. Dissociated oxygen atoms will
thus diffuse towards Mo sites and the only
barrier (0.18 eV) that slows the whole process
is the splitting of Oz from the trapped state.

The structure of the 1T polytype also allows
oxygen atoms to adsorb directly on metal
atoms at the edge. Therefore, an alternative
dissociation pathway can be constructed in
which the final state features two oxygens
adsorbed on Mo atoms at the edge and the
initial state features an oxygen molecule at a
distance corresponding to physisorption in
the vicinity of metal atoms at the edge. The
barrier to this pathway is also low (0.15 eV).
In the first part of the path, the oxygen
molecule goes from its initial state to being
close to an edge Mo atom and is also
reoriented such that one oxygen atom is

closer to that Mo atom. An intermediate state

is then reached where the molecule is bound
to a single Mo atom at the edge. This state is
1.50 eV lower in energy than the initial state,
and the NEB calculations indicate that there
iS no barrier between it and the initial state.
The resulting O-Mo bond is 2.08 A long, the
0-O bond is stretched to 1.32 A, and the
distance to the second Mo atom is 2.88 A. The
intermediate state is separated from the final
state by a transition state corresponding to the

splitting of the O2 molecule.



The combination of a low barrier to
dissociation and thermodynamic stability
suggests that the initial oxidation should
proceed via direct oxidation of molybdenum

Removal of this SO> group is also
thermodynamically favoured because it
reduces the energy further (by -0.63 eV).

Note that in contrast, the removal of S atoms
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Figure 3.Pathways for the dissociation of molecular oxygen at the edge of a 1T-TaS | monolayer. The A pathway was analyzed by
the NEB method; the inset shows the energies corresponding to the numbered dissociation steps separating the initial state (IS)
from the final state (FS). The B pathway has the same initial state (IS) and was analyzed by performing molecular dynamics

calculations using VASP (see text for details).

atoms at the edge. Adsorptive oxidation of
edge S atoms is also possible, but less likely.
In both scenarios, oxidation should occur
almost instantly once a sample is exposed to
air, resulting in the formation of an
intermediate S-O-Mo structure at the edge.
This edge structure enables further oxidation
via sulphur vacancy formation. If further
oxygen atoms react with the S-O-Mo edge,
they can adsorb at one of the sulphur atoms
and form edge-bound SO,. The formation
energy of this species is strongly negative
(-3.38eV).

from the pristine edge has a positive reaction
energy (+0.66 eV). Removal of volatile SO
species thus only becomes possible after the
initial oxidative formation of the S-O-Mo
edge structure, which creates S vacancies at
the edge and thereby enables further oxidative

conversion.

3.4. Kinetics of oxidation 1T-TaS;

Since the thermodynamics of O dissociation
at MoS; and TaS» edges were similar, the
corresponding pathways were also expected
to be similar. As in the case of MoS,, we

considered two pathways: one involving



oxygen dissociation on edge Ta atoms and the
other involving dissociation on edge S atoms.
NEB calculations indicate that in the final
state of the former pathway, two oxygen
atoms are adsorbed on two neighbouring Ta
atoms at the edge. In the initial state, the
oxygen molecule is close to the edge at a
distance corresponding to physisorption. The
geometry of the physisorbed Oz molecule is
very similar to that for physisorption on
MoS,. Unlike MoSz, TaS: does not
effectively catalyse oxygen dissociation at
edge metal atoms because the barrier to this

process is 0.77 eV.

The final state of the second pathway studied
using the NEB method features two oxygen
atoms adsorbed at two neighbouring edge
sulphur atoms. As in the previous case, the
initial state is a 1T-TaS; edge with a
physisorbed oxygen molecule. In this case,
there is no energetic barrier to the dissociation
of the oxygen molecule on the edge. Note that
the corresponding barrier for the analogous
pathway (O2 dissociation onto sulphur edge
atoms) on 1T-MoS, was 0.18 eV. The O
molecule does not fall into the trapped state
observed on MoS; but orients itself parallel to
the edge such that both oxygen atoms
simultaneously approach the S atoms to
which they eventually bond, quickly forming
the O-S bonds. Figure 3 shows the geometries

of the structures obtained along the NEB path.
To wverify this result, we tested the
convergence of the NEB method by initiating
NEB calculations using three images
(intermediate states) and gradually increasing
the number of images. The energy of each
image was lower than that of its precursor
(figure 3 inset). The same trend was observed
when using five or seven intermediate images
from the NEB path. Moreover, the
dissociation does not appear to have
appreciable steric requirements because it
proceeds with no barrier for several different
choices of the position of the physisorbed O
molecule in the initial state. The absence of
steric requirements translates into a higher
probability that a molecule in the gas phase
will fall into the dissociation pathway. Based
on these results and arguments, we assume
that the dissociation of molecular oxygen on
1T-TaS:

spontaneously on S monomers at edge sites.

proceeds instantly and

It should be noted that fully barrierless
dissociation should in principle cause
spontaneous dissociation of O during the
geometric relaxation of the initial structure,
which did not occur in our calculations. This
may be because a small barrier exists but the
NEB method fails to find the transition state.
To resolve this apparent inconsistency, we

performed an ab initio molecular dynamics



simulation at 300 K (figure 3, path B). The
initial state in this simulation was the same as
in the NEB calculations (physisorbed O near
the edge) but the system was allowed to
evolve in time for 10 000 steps, with a time
step of 0.1 fs. The molecule dissociated after
only 900 steps, corroborating the hypothesis
of near-spontaneous dissociation. Dissociated
oxygen atoms tended to form SOz groups at
edge sites during the molecular dynamics
simulations. This tendency seems to be
independent of the physisorbed O2 molecule’s
initial position. Note also that the binding
energy of the SO, groups at the edge is 1.20
eV (see the section on the thermodynamic
stability of edge oxidation). Their detachment
creates S vacancies at the edge and thus
enables further edge oxidation by O
substitution. Therefore, SO2 detachment is the
rate-limiting step of 1T-TaS: oxidation.

3.5. Hydrogen evolution reaction at
the edge of oxidized 1T-MoS>

The results in preceding section show that
both 1T-MoS; and 1T-TaS> undergo rapid
initial oxidation. In the case of 1T-MoSy, this
initial oxidation creates S-O-Mo structures at
the edge. The presence of edge sites oxidized
in this way could affect the experimental
assessment of catalytic activity in the
reduction

hydrogen evolution/oxygen

reaction and may explain the wide variation
of the reported experimental results [44, 45].
We therefore investigated the effects of edge
oxidation on HER catalysis. The HER
activity of a site can be assessed by
computing its hydrogen adsorption free
energy, AGH, which is essentially a measure
of the free energy needed to increase the
coverage by one hydrogen atom. Materials
with thermoneutral AGH values (i.e. AGH= 0
eV) are expected to be effective HER
catalysts [32], because an optimal catalyst
would bind H neither too strongly nor too
weakly. The edge in our nanostripe model
contains four sulphur adsorption sites, so we
could compute AGn values for hydrogen
coverage levels of 0.25, 0.5, 0.75, and 1.0 ML
at the edge. The resulting values were -0.64,
-0.12, -0.04, and -0.07 eV, respectively.
Hydrogen binds more strongly to the oxidized
edge than to the bare edge at all coverage
levels (figure 4(a)). This may be because edge
oxidation causes the emergence of resonant
bonding states at -0.7 eV below the Fermi
level (figure 4(b)). The states of the
molybdenum, oxygen, and sulphur atoms at
the edge are strongly hybridized (figure 4(c)),
which affects the bonding of hydrogen to
edge S atoms. Despite binding hydrogen
more strongly, the oxidized edge has near-

thermoneutral AGn values at higher hydrogen



coverage levels. Therefore, even slightly
oxidized edges should catalyse hydrogen
evolution. Experimental observations
indirectly support these results: Lukowski et
al reported dramatically enhanced HER
catalysis after conversion of 2H-MoS; into
the 1T phase via lithium intercalation, as well
as a low decay of the electrocatalytic current
density after 1000 cycles of continuous

operation [46].

Additionally, Ambrosi et al observed the 2H-
1T phase transition during chemical
exfoliation of MoS2, MoSez, WS;, and WSez,
and their HER measurements revealed a
strong correlation between the catalytic
performances of the four exfoliated materials
and the presence of the 1T phase [44]. It
should be noted that the surfaces are predicted
to be more catalytically active in 1T-MoS>
[33, 47], whereas edges are the more
important active sites in the 2H polytype [48—
50]. Experiments conducted by Voiry et al
indicated that oxidation had no effect on the
HER activity of 1T-MoS> nanosheets, again
suggesting that the active sites in this material

are located in the basal plane [14].

1T-TaS, undergoes spontaneous oxidation,
and our calculations suggest that this is
detrimental to its HER efficiency. Oxygen
atoms adsorbed at the Ta sites strengthen

hydrogen binding, and this material’s AGH
values are strongly negative for all hydrogen
coverage levels (figure 4(a)). Therefore,
oxidized 1T-TaS, would bind hydrogen too
strongly to permit release of molecular
hydrogen. This may be why experimental
studies have found 1T-TaS; to be a mediocre
HER catalyst even though computational
studies have predicted both its edges and its
basal plane to be catalytically active in this
reaction [47]. Specifically, Luxa et al
reported that 1T-TaS, required a large
overpotential of -0.77 V versus a reversible
hydrogen electrode to achieve a current
density of -10 mAcm-? [12]. HER
performance was improved by synthesizing
vertically aligned sheets of 1T-TaS; with
abundant edge sites, but even this intricate
system had a moderate overpotential of 249
mV and a Tafel slope of 75 mV dec-! [51].
Chen et al performed HER measurements of
liquid-phase-exfoliated 1T-TaS; and reported
that TaS decorated with atomic scale-pores
introduced by oxygen plasma treatment
exhibited superior catalytic activity to the
conventional form [52]. However, the
reported HER performance was still worse
than that of 1T-MoS..

4. Discussion



The results presented here suggest that the
edges of both single-layer 1T-MoS; and 1T-

The adsorbed oxygen atoms can eventually

form an SO group by binding to one of the
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Figure 4.The properties of an oxidized 1T°-MoS | edge: (a) A G, as a function of hydrogen coverage for the oxidized
IT(1T’)-MoS, edge featuring the intermediate S-O-Mo structure and the bare edge without oxygen atoms, as well as the
corresponding values for the analogous 1T-TaS | edge; (b) projected density of p-states of sulphur atoms at the oxidized 1T’ edge
and bare (undistorted 1T) edge of MoS _ , and (c) density of states of molybdenum and oxygen atoms at the 1T” edge.

TaS, are susceptible to oxidation in air
because the reaction of the edge with
molecular oxygen is thermodynamically
favourable even at high degrees of oxidation,
when oxygen atoms fully substitute edge
sulphur atoms. However, the two species
have different oxidation mechanisms (figure
5). On 1T-TaSy

dissociates spontaneously on edge sulphur

molecular  oxygen
atoms. This oxidation process preserves the
original crystal lattice because it leads to

adsorptive oxidation of edge sulphur atoms.

edge S atoms. This SOz group has a positive
formation energy of 1.2 eV and is thus
strongly bound to the edge, making its

detachment unlikely.

Sulphur dioxide emission is therefore

thermodynamically  disfavoured,  which
hinders the formation of S vacancies by
oxidation. Edge S vacancies must be created
to enable further substitutional oxidation of
the 1T-TaS, edge. The spontaneous initial

oxidation of 1T-TaS, may thus passivate the



edge and protect the material against further,
more severe oxidative transformation. These
results agree qualitatively with experimental
data showing that few-layered 1T-TaS is a
stable material but has a significant oxygen
content. Tsen et al found that exfoliated 1T-
TaS; flakes with thicknesses below 5 nm were
spontaneously oxidized on both surfaces
under ambient conditions, leading to a loss of
CDW superlattice phonons [53]. Luxa et al
who studied the ORR activity of 1T-TaS,
also detected traces of oxygen in TMD in the
form of surface oxide impurities [12]. XPS
experiments reported by Wang et al revealed
the presence of small quantities of Ta,Os on a
flake of 1T-TaS, formed by surface oxidation
[54]. The facile oxidation of 1T-TaS; is also
demonstrated by the results of Wang et al
who successfully synthesized high-quality
1T-TaS; sheets ranging from monolayers to
thicker films. Even though these sheets were
synthesized by reacting TaCls with S in a
furnace that had been pumped down and
backfilled with Ar, the samples exhibited
detectable damage due to oxidation during

their preparation [55].

In 1T-MoS, the initial dissociation of Oz on
edge S atoms (which is spontaneous in TaS)
is limited by an energetic barrier of 0.18 eV.
Although this barrier is low enough for

dissociation to proceed within picoseconds,

the calculations indicate that a more
favourable reaction path exists in which O
dissociates directly on molybdenum atoms at
the edge. This dissociation path is limited by
a lower barrier of 0.15 eV and leads to a
thermodynamically preferred state with an
intermediate S-O-Mo structure at the edge
(figure 5(b)). It should be noted that barrier
heights are often underestimated by (semi-
)local functionals such as those based on the
GGA [56], and the same applies also for the
optimized van der Waals functional optB86b-
vdW [57, 58]. This is due to the self-
interaction error, which is significant for
transition states with stretched bonds over
which electrons are shared. In order to assess
reliability of our result, we performed single-
shot calculation of the barrier height using
various DFT functionals including hybrid and
screened hybrid functionals (B3LYP and
HSE06), which wusually provide better
estimates of the activation barriers. The
barrier heights ranged from 0.04 to 0.19 eV
(table S1), confirming the conclusion that
molecular oxygen readily dissociates on the
1T-MoS: edge.



Based on the computed energetics, the

difference in formation energy between the
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oxidation of 1T°-MoSz should continue by the
removal of sulphur atoms from the edge
because the oxygen substituted product has a
lower energy than the intermediate structure
(table 1). The removal of sulphur (in the form
of SOz) from the pristine edge requires an

energy input that is at least equal to the

sulphur-bound state and the state with free
SO», which is 0.66 eV. This value should be
taken as a lower bound on the required energy
input because the remayalsobe a Kinetic
barrier to sulphur removal. The formation of
the intermediate S-O-Mo structure at the edge
facilitates the formation of a sulphur vacancy



via SO, removal because the formation
energy for the process is negative (-0.63 eV).
Of course, this mechanism necessitates
dissociation of O after the formation of the S-
O-Mo edge, or the diffusion of oxygen atoms
from other parts of a sample. These might be
limiting steps in the substitutional oxidation
of the edge, so future research in this area will
include a detailed analysis of substitutional
oxidation and oxygen diffusion. It should be
noted that the susceptibility of edge S atoms
to oxidation may depend on the experimental
conditions and the sulphur coverage of the
edge. In this respect, it is notable that a recent
experimental study by Grgnborg et al showed
that 2H-MoS; is lands on an Au(111)
substrate were less susceptible to oxidation at
the edges than on the basal plane [43]. This
surprising observation was explained by
suggesting that additional S might be
adsorbed on the under-coordinated edge sites
during the in situ synthesis in H2S, and that
more sulphur-rich edges were less prone to

oxidation.

To the best of our knowledge, there have been
no detailed experimental studies on the 1T
polytypes of MoS; and TaS, whose results
could be used to corroborate the mechanism
suggested by our calculations. However, Sun
et al [24] conducted experimental studies on

the oxidation of ultra-thin flakes of the

isostructural dichalcogenide 1T-TiSe, and
obtained several results that agree well with
our hypothesis. First, sub-10 nm thick TiSe;
IS unstable in air and its oxidation strongly
affects its CDW phase transition behaviour.
Second, XPS data for the O 1s peak in
oxidized TiSe: indicate the presence of an
intermediate Se-O-Ti structure. Third, the
peaks associated with this intermediate
structure can be resolved even in the spectra
of freshly exfoliated surfaces, so oxidation
starts immediately after the surface is exposed
to air. Finally, one of the oxidation products
is selenium, which is observed at the edges of
the partially oxidized TiSe; flakes, indicating
that oxidation starts from the edges. It thus
seems that (almost) spontaneous oxidation
and the formation of intermediate chalcogen-
oxygen-metal edge structures are
characteristic behaviours of 1T transition
metal dichalcogenides. However, the stability
of this intermediate phase towards further
substitutive oxidation seems to differ between
TMDs, as suggested by our results and the
experimentally observed differences between

molybdenum sulphides and selenides [42].

Both 1T’-MoS; and 1T-TaS: thus undergo
spontaneous oxidation, but its effect on their
HER efficiency is different. In 1T’-MoS,
lightly oxidized edges should still catalyse
hydrogen evolution. Oxidation strengthens



the binding of hydrogen, but the material’s
AGH value remains near-neutral; its catalytic
activity is thus shifted to a high hydrogen
coverage regime. Conversely, oxidation of
1T-TaS: reduces its HER efficiency because
its AGH values are strongly negative at all
hydrogen coverage levels. Therefore, the
oxidized edges of a 1T-TaS> catalyst will bind
hydrogen too strongly to permit H: release.
This may be why 1T-TaS: is a mediocre HER
catalyst in experiments [12, 51, 52], even
though theoretical calculations predict that
both its edges and basal-planes are active sites
for HER [47].

5. Conclusion

We studied the thermodynamics and Kinetics
of oxidation at the edges of the metallic
TMDs 1T-MoS; and 1T-TaS,. The basal-
plane surface is resistant to direct oxidation
because the activation barrier for O:
dissociation is 1.40 eV at the 1T-MoS;
surface. Nevertheless, both single-layer 1T-
MoS;and 1T-TaS; are oxidized at their edges
upon exposure to oxygen/air. The reaction of
the edge  with oxygen remains
thermodynamically favourable even when the
material’s oxygen content is high. The
substitution of sulphur by oxygen is

energetically preferred to any kind of oxygen

adsorption for both MoS, and TaS..
Additionally, adsorbed oxygen can form SO>
groups on both 1T’-MoS; and 1T-TaS».
Evaporation of SO then leaves a vacant
sulphur site at the edge, which can attract
further oxygen atoms that effectively

substitute sulphur atoms at the edge.

The oxidation kinetics of 1T-MoS; and 1T-
TaS: differ significantly. The oxidation of 1T-
TaS, can proceed spontaneously because
there is a negligible barrier to the dissociation
of physisorbed molecular oxygen; O:
dissociates directly on the sulphur atoms at
the edge of the material. This conclusion was
corroborated by an ab initio molecular
dynamics simulation, which showed that a
physisorbed O. molecule will dissociate
within picoseconds, and that the resulting
oxygen atoms will form an SO group at the
edge. The material’s oxidation could then
continue by the evaporation of SO2, which
would a leave a vacant sulphur site at the edge
and thus enable an oxygen-for-sulphur
substitution. However, this process is
unlikely for 1T-TaS,, because the binding
energy of SOz at the edge is too high (1.2 eV).
Consequently, dissociated oxygen atoms may
form a protective °‘shell’ at the edge,
preventing more severe oxidative degradation
of the material. On the other hand, oxygen
atoms adsorbed at the Ta sites strengthen



hydrogen binding, which reduces the HER
performance of 1T-TaS,. Oxidized 1T-TaS;
binds hydrogen too strongly to permit the
release of Hz, which is the final step of the
catalytic cycle. This may explain the poor-to-
mediocre HER performance of 1T-TaS; in

experimental studies [12, 51, 52].

On 1T-MoS,, oxygen dissociation proceeds
on exposed edge Mo atoms. The reaction is
spontaneous as in the case of 1T-TaS,, but the
activation energy of 0.15 eV is lower.
Consequently, 1T°-MoS; is oxidized by the
adsorption of oxygen atoms on molybdenum
atoms at the edge, creating an intermediate S-
O-Mo edge structure. This intermediate
structure forms immediately when the edge is
exposed to air due to the low oxygen
dissociation barrier. The sulphurs of the S-O-
Mo structure bind hydrogen more strongly
than those on the bare edge. Despite this, the
differential hydrogen binding energies at high
H coverage are almost thermoneutral, so the
edge remains capable of catalysing hydrogen
evolution. This is consistent with experiments
showing that the HER performance of 1T°-
MoS; exceeds that of 2H-MoS; and 1T-TaS,.
The S-O-Mo edge is not the final product of
the reaction because it is thermodynamically
metastable with respect to the substitution of
sulphur by oxygen. The energy needed to
remove SO from a pristine edge is 0.66 eV,

making this the rate-limiting step in the

substitutive oxidation process.

In conclusion, single-layer forms of the
metallic dichalcogenides MoS; and TaS; are
vulnerable to very rapid oxidation at their
edges upon exposure to oxygen. This
oxidation is not harmful to hydrogen
evolution catalyst is in 1T°-MoSz but may
adversely affect other interesting
functionalities and phenomena observed in
metallic TMDs. In this respect, it is worth
mentioning that oxidation can be prevented
by cleavage, transfer, alignment, and
encapsulation of air-sensitive 1T TMD
crystals inside a controlled inert atmosphere
[59]. On the other hand, if the edge oxidation
could be controlled, for instance by
passivating the fully sulfided edges [43], it
might be possible to tune the properties of
metallic TMDs by targeted substitutional
oxidation [60].
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Priloha D: Silver Covalently Bound to Cyanographene
Overcomes Bacterial Resistance to Silver Nanoparticles and

Antibiotics

Moderni medicina poslednich let poukazala na vyznamny problém rezistence bakterii
nejenom vaci antibiotiktim, ale také vii¢i nanocasticim stiibra. Bakterie se brani produkci proteinu

flagellinu, ktery zptisobuje agregaci Ag nanocastic a tim padem jejich deaktivaci.

V této experimentalni praci se kolegové zaméfili na experimentalni vyzkum antibakterialni
aktivity stiibra kovalentné vazaného na kyanografenu (cyanographene GCN). U takto
funkcionalizovaného kyanografenu byla pozorovana nejenom antibakterialni u¢innost srovnatelna
s ucinnosti koloidniho stfibra (10 nm) ¢i volnych iontovych ¢astic proti multirezistentnim

kmenum, ale také dlouhodoba cytokompatibilita s lidskymi butikami.

Prave stabilita materialu hraje vyraznou roli v jeho pouziti v praxi. Kolegové sledovali
mozné vyplavovani iontd stiibra Ag™ po dobu Sesti mésici skladovani. Material byl shledan za
stabilni diky svym nékolikanasobnym dativnim vazbam mezi nano¢asticemi stiibra a nitrilovymi

skupinami kyanografenu, které jsme podpofili nasimi vypocty (viz kapitola 4.2.).

Teoretické vypoéty potvrdily silnou imobilizaci ionti Ag" na GCN s adsorpéni energii
—2,00 eV, coz ukazuje na tvorbu vazby mezi iontem Ag" a dusikovym atomem nitrilovych skupin,
obrézek 25. Dle Mulliken-Hirshfeldovy nabojové analyzy byl prokazan ptenos naboje z GCN na
5s orbitaly Ag®*, coZ ma za nasledek zlomkovy naboj 0,5¢ na Ag iontu, jedna se tedy o silné
polarizovanou kovalentni vazbu. Vypocitana délka vazby 2,13 A byla v souladu s typickou

koordina¢ni vazbou N-Ag (2,1-2,4 A) [218,219].

Pii agregaci Ag atomt do kovovych AgNP a jejich nasledné funkcionalizaci na GCN bylo
zjisténo vyrazné snizeni adsorpcni energie (-3,80 eV) a to diky vicenasobné vazbé mezi atomy
AgNP a GCN (obréazek 25). S tim souvisi i zména parcialnich naboji na AgNP (+0,51e na AgNP).
Vzhledem k velikosti AgNP a hustoté pokryti skupin CN na grafenu (=14 %) Vv této praci je
pravdépodobné, Ze kazdy AgNP muze vytvoftit nékolik vazeb na nitrily, a proto je nasim zavérem,

ze AgNP se velmi siln€ vaze na GCN.
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The ability of bacteria to develop resistance to antibiotics is threatening one of the pillars of modern medicine. It was
recently understood that bacteria can develop resistance even to silver nanoparticles by starting to produce flagellin, a
protein which induces their aggregation and deactivation. This study shows that silver covalently bound to
cyanographene (GCN/Ag) kills silver-nanoparticle-resistant bacteria at concentrations 30 times lower than silver
nanoparticles, a challenge which has been so far unmet. Tested also against multidrug resistant strains, the antibacterial
activity of GCN/Ag is systematically found as potent as that of free ionic silver or 10 nm colloidal silver nanoparticles.
Owing to the strong and multiple dative bonds between the nitrile groups of cyanographene and silver, as theory and
experiments confirm, there is marginal silver ion leaching, even after six months of storage, and thus very high
cytocompatibility to human cells. Molecular dynamics simulations suggest strong interaction of GCN/Ag with the
bacterial membrane, and as corroborated by experiments, the antibacterial activity does not rely on the release of silver
nanoparticles or ions. Endowed with these properties, GCN/Ag shows that rigid supports selectively and densely
functionalized with potent silver-binding ligands, such as cyanographene, may open new avenues against microbial
resistance.
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Introduction

Antimicrobial resistance threatens the very core of modern medicine,™ undermining the
humankind’s discoveries of the last century against many routinely treated bacterial infections.
According to a 2016 report by the United Nations General Assembly, it may be estimated that if
bacterial resistance continues to grow at the same rate, untreatable infections caused by
multidrugresistant bacteria will become the primary cause of death by 2050.[?1 It is therefore vital
to adequately address this issue systematically, or the probability of returning to the pre-antibiotic

era, when a simple infection was fatal, may alarmingly increase.!

Inorganict**land carbon-based nanomaterials,®*? polymers and peptides,**'* as well as light-
activated nanomaterials!*>*®! have emerged as promising antimicrobial agents for treatment and
prevention of infectious diseases. Particularly silver colloids can inhibit growth of pathogens at

very low concentrations.[*”-°]



Cyanographene
as a covalent Ag trap

200 400
Wavelength (nm)

Figure 1. a) Reaction scheme for the preparation of silver nanoparticles bonded on the nitrile groups of cyanographene (GCN/Ag). b) HAADF-STEM image
(and TEM image, inset) of a GCN flake after interaction with AgNOs. EDS chemical mapping of c) nitrogen and d) silver. e) Combined chemical mapping of
nitrogen and silver on the flake shown in panel (b). f,g) TEM images of GCN/Ag and size distribution of the AgNPs (inset in panel (g)).

h) HAADF-STEM image of GCN/Ag showing the AgNPs as bright spots. i) Light absorption spectra of the starting GCN (bottom green curve), the GCN/Ag*
precursor (middle red curve), and after reduction, the GCN/Ag product (top blue curve).

However, the development of resistance even to silver nanoparticles (AgNPs) was
demonstrated, ' whereby bacteria started to secret a protein (flagellin) which induced coagulation
of the AgNPs and reduced dramatically their antibacterial activity. Only after administration of
additional molecular substances the release of flagellin was blocked and AgNPs restored their
antibacterial activity. These results highlight the risk of entering another race for the discovery of
antiflagellin substances faster than the development of resistance from bacteria to them. Although
methods to increase colloidal stability of AgNPs via surface modification have been applied to

prevent aggregation and preserve antibacterial activity, they were insufficient against flagellin-



induced aggregation.?®l Graphene oxide (GO) has been used as a rigid support for AgNP
immobilization to bypass aggregation,*%-221-231 pyt its surface is chemically inhomogeneous with
many different oxygen-containing groups,'?*?°! preventing a strong and selective surface chemistry
for silver binding. Furthermore, according to the hard-soft acidbase theory, oxygen functionalities

are poor coordination ligands

for silver.[2627]

To tackle such issues, we used a densely functionalized graphene (cyanographene, GCNIZ),
which proved a very efficient covalent trap for silver ions, exploiting the high coordination
proclivity of nitrile groups toward silver.l?52"l The trapping of single Ag ions allowed the high-
quality purification of the GCN/Ag™ precursor and the subsequent reduction of only those Ag ions
that remained coordinated on GCN (Figurela, and Methods in the Supporting Information). The

strong covalent
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Figure 2. Theoretical models of GCN interacting a) with one silver cation and b) with a silver nanoparticle; 2.21 A corresponds to the shorter bond.



c) XPS survey spectrum of the GCN/Ag. d) Deconvoluted N1s HR-XPS of the starting GCN and the GCN/Ag product. e) Raman spectra for GCN and

GCN/Ag.

immobilization afforded a material with groundbreaking properties: i) potent antibacterial activity,
similar to free ionic silver, even against multidrug-resistant bacterial strains, ii) minimum
bactericidal concentrations against AgNP-resistant bacterial strains 30-fold lower than free AgNPs
(benchmarked under identical conditions), and iii) very low leaching of silver ions or AgNPs,
ascribing very high cytocompatibility to healthy human cells, which is a very critical asset for

practical applications.

Results and Discussion

The GCN/Ag" precursor (prepared in the dark, Figure 1a) comprised flakes of GCN free from
AgNPs, as high-angle annular dark-field scanning transmission electron microscopy
(HAADFSTEM) imaging revealed (Figure 1b). Higher resolution images of the ionic GCN/Ag”*
precursor (Figure S1, Supporting Information) further confirmed the absence of AgNPs and
elemental chemical mapping (Figure 1c—e) evidenced the dense and homogeneous coverage of the
flakes by Ag, as well as by the nitrogen atoms of the nitrile groups. After removing any unbound
silver ions by thorough washing, reduction with NaBH4 afforded the final GCN/Ag product,
comprising small AgNPs (Figure 1f—h) with diameter from 4 to 8 nm (Figure 1g, inset). Optical
absorption of the GCN/Ag™ precursor and of GCN/Ag revealed the characteristic surface plasmon
resonance of metallic AgNPs at 400 nm?®l only after the reduction (Figure 1i), verifying the
synthetic pathway (the full UV-vis. absorption spectra are available in Figure S3, Supporting
Information). The Ag content in the hybrid was 13 wt%, according to atomic absorption
spectroscopy analysis. A control experiment with GO, following the same synthetic protocol,
resulted in large size variations of the grown AgNPs with irregular topological distribution (Figure
S2, Supporting Information), highlighting the role of the GCN support.

Theoretical calculations confirmed the strong immobilization of Ag* ions on GCN with
adsorption energy (AE) of —2.00 eV, indicating bond formation between the Ag*ion and the N
atom of the nitrile groups (Figure 2a). Electron localization function of the Ag—N bond remained
localized on individual atoms (Figure S4, Supporting Information). However, Mulliken and

Hirshfeld charge analyses showed significant charge transfer from GCN to the 5s orbitals of Ag*



resulting in the fractional charge of 0.5 e on the Ag ion. Therefore, the Ag—N bond can be
characterized as a strongly polarized covalent bond. The calculated bond length of 2.13 A was in
line with a typical N-Ag coordination bond (2.1-2.4 A).F%31 \When Ag atoms aggregated into
metallic AgNPs, the AE strengthened (—3.80 eV) owing to multiple bonding (Figure 2b). Silver
donated electrons to GCN, because the Hirshfeld partial charge was +0.51 e on the AgNP, from
which 0.19 e was localized on the silver atom bonded to nitrogen. Considering the size of the
AgNPs and the coverage density of the CN groups on graphene (=14%), it is plausible that each
AgNP can establish several bonds to the nitriles and, therefore, attach very strongly to GCN (a
GCN area of 10 x 14 A may contain five nitrile groups on one side, with a mean distance of less

than 1 nm).

The predicted strong interactions were verified experimentally with high-resolution X-ray
photoelectron (HR-XPS) and Raman spectroscopies. XPS showed the overall composition from
carbon, nitrogen, and silver (Figure 2c), while the N1s region revealed intriguing area
redistribution of the N1 and N2 components after immobilization of silver (Figure 2d). In
particular, the area of the lower binding energy (BE) N1 component increased significantly at the
expense of the higher BE N2 component, reflecting an increase of the electron density of N atoms
after their bonding with metallic silver. This was in agreement with the electron donation from
AgNPs identified from the calculations, and with previous reports on BE reduction of N or O upon
interaction with AgNPs.[2% Raman spectroscopy (Figure 2e) more clearly confirmed such a N—
Ag bonding, by the appearance of the band at 240 cm .34 Theoretical calculations (see Methods
and Computations in the Supporting Information) indeed showed a frequency for the N-Ag
stretching vibration at 230 cm™. The nitrile groups were also evident in Raman and in Fourier
transform infrared (FTIR) before and after AgNPs immobilization (Figure S5, Supporting
Information), indicating their preservation after the reaction. The strong bonding was probably
responsible for the formation of uniform and smalldiameter AgNPs, unlike the case of the control

experiment with GO (Figure S2, Supporting Information).

Recently, Panacek et al. reported that Gram-negative bacteria (which are increasingly becoming
untreatable by modern antibiotics)¥ can develop resistance even to initially highly active
AgNPs.?% Exposure of 20 bacterial generations to subinhibitory concentrations of AgNPs induced

flagellin production and aggregation/deactivation of AgNPs.[?%l Therefore, bacterial resistance



even to AgNPs poses a serious threat. While the antibacterial activity of silver and silver
composites range at quite low minimum inhibitory concentrations (MIC), i.e., 0.2— 3.4 mgag L !
(Tables S1 and S2, Supporting Information), there are no reports for antibacterial agents against
AgNP-resistant bacteria. Studies against ionic Ag*-resistant strains, mediated by the Ag* efflux
pump, reported MIC for AgNPs of 70 mgag L *.®1 With the focus on addressing the alarming
implications of bacterial resistance,® GCN/Ag was evaluated against antibioticsusceptible, but
also against multidrug- and AgNP-resistant bacteria (AgNP-resistant Escherichia coli and AgNP-
resistant Pseudomonas aeruginosa were developed as recently reported;?% see Methods in the
Supporting Information for detailed description of the bacterial strains and Table S2 (Supporting
Information) for the detailed results for the eight tested bacterial strains). As shown in Figure 3a
and Table S2 (Supporting Information), the MIC1qo (i.e., MIC for 100% growth inhibition) values
of GCN/Ag ranged at ultralow levels, from 0.2 to 7.2 mgag L (or 1.8-59.7 mg L with respect to
the total GCN/Ag mass),
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Figure 3. a) Comparative graph of MICioo values for GCN/Ag, colloidal silver nanoparticles (AgNPs) and ionic silver (AgNOs) for different bacterial
strains. MICioo values of GCN/Ag refer to the Ag content only, for appropriate comparison with AgNOs and AgNPs. In Table S2 (Supporting
Information), MICieo values with respect to the total GCN/Ag mass are also available. ®MRSA: methicillin-resistant S. aureus; ®ESBL:
extendedspectrum /-lactamases producing Klebsiella pneumoniae. MICio values were determined according to the European Committee on
Antimicrobial Susceptibility Testing,!*? as described in the section Methods in the Supporting Information. MICi00 for GCN/Ag with error bars is
available in Figure S6 (Supporting Information). b) E. coli treated for several generations (serial passages) at subinhibitory concentrations with the
GCN/Ag hybrid (violet) and with colloidal AgNPs (orange). Bacteria developed resistance and inactivated AgNPs, but not GCN/Ag. The serial
passages with colloidal AgNPs were performed in the frame of a previous publication?% from some of the authors of this work; here these data
are plotted for the first time.

while pure GCN and GO did not show any antibacterial activity at concentration as high as 1880
and 1500 mg L%, respectively (Table S2, Supporting Information). AgNPs of 28 and 10 nm
diameter were synthesized and evaluated under similar testing conditions. The MIC1q values of

GCN/Ag against several bacterial strains were lower than 28 nm AgNPs (Figure 3a) and similar
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and in terms of silver content (green line) (n = 3. c) Viability of HEL and BJ cells (n = 3) treated with 10 nm AgNPs. d) Leaching test of silver from GCN/Ag
in water and in cell-culture medium after 24, 72 h, and six months. The concentrations on the columns correspond to 0.07%, 0.11%, 0.13%,

0.13%, and 0.14% of Ag leached from the total amount of Ag (200 mg L™ of Ag) that was initially contained in GCN/Ag which was added in the solution

for the leaching test. *p < 0.05; **p < 0.01.

to those of ionic silver (Figure 3a) or 10 nm AgNPs (Table S2, Supporting Information).
Interestingly, they remained highly potent even against severely resistant strains, such as
extendedspectrum #~lactamase (ESBL)-producing K. pneumoniael®” and methicillin-resistant S.
aureus.8 Impressively, GCN/Ag was ~30 times more effective against AgNP-resistant bacteria

than both 28 and 10 nm colloidal AgNPs and similar to AgNO3

(Figure 3a and Table S2, Supporting Information). However, free silver ions are severely limited
by their generic toxicity®*land are subjective to the resistance mechanisms which microorganisms
developed during their 3—4 billion years of natural evolution and occasional exposure to toxic
metal-rich environments.!?s! To unequivocally prove the persistence of the high antibacterial
activity of GCN/Ag, serial passages!* were performed for 60 E. coli bacterial generations (Figure
3b). The MIC1qo for GCN/Ag increased only marginally, from 3.4 to 7 mg L. When the same
bacteria were treated with conventional colloidal AgNPs under the exact same conditions, E. coli
developed resistance on the 20th generation from 3.4 to =108 pug mL* (Figure 3b). These results
verified our hypothesis that the very strong binding of silver on GCN can bypass the key resistance
mechanism (induction of aggregation) of these bacteria against AgNP colloids. GCN/Ag appears



to open the doors to a so far unmet challenge, bypassing the bacterial resistance mechanisms of

some of the most threating microorganisms, such as E. coli and P. aeruginosa.*]

Considering the applicability of antimicrobial agents, their biocompatibility is an equally
important asset, as silver exerts a generic cytotoxic effect.*3l Therefore, the cytocompatibility of
GCN/Ag was investigated with flow cytometry (using propidium iodide and calcein fluorescent
probes, Supporting Information) on human skin fibroblasts, because of the potential application of
antibacterialagentsonskin,andonhumanlungfibroblasts(HEL 12469) for further establishment of
the cytocompatibility profile. It was very gratifying to observe that GCN/Ag was fully tolerated
by both cell lines up to 60 mg L™ (or 7.5 mgag L%, Figure 4a,b), which was ~4-37 times higher
than its antibacterial MIC1qo values (Figure 3a). Such a high cytocompatibility combined with
potent antibacterial activity against multidrug-resistant strains and, strikingly, even against AgNP-
resistant strains, may introduce new thrust in the field. This is also evident by the comparisons in
Figure 4a, showing that the cytocompatibility of GCN/Ag is significantly better than that of other
graphene/silver hybrids with similarly potent antibacterial activities.[?%233%4445 These works were
selected because of their very low MIC1oo values and of the fine distribution of small AgNPs on
the graphene sheets. It should be noted though, that in most of the reports, cancer cells
(HeLa)werecommonlyused,®*#44Iwhicharesignificantlymore tolerant to Ag than the healthy cell
lines (Figure 4b). The latter were used in this study, as a more rigorous evaluation method. More
comparisons with literature are available in Tables S1 and S3 (Supporting Information), where the
differences in cell lines are also reported. The high cytocompatibility of GCN/Ag was further
demonstrated by the comparison with 10 nm AgNPs colloids, whose cytocompatibility was limited
to 2.5 mgag L ! (Figure 4c), as opposed to the 7.5 mgag L for the case of GCN/Ag (Figure 4b).
Unequivocally, the high safe dose is the second key benefit of GCN/Ag, probably stemming from

the strong bonding of silver on the surface of GCN.

The robust immobilization of silver on GCN was experimentally supported by TEM
measurements of a GCN/Ag dispersion in water after six months of storage (Figure S7, Supporting
Information), whereby immobilized AgNPs fully retained their original shape and size. Leaching
tests for released silver further substantiated the strong binding, as after 72 h of storage in water

or
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Figure 5. Snapshots taken from MD simulation at a) 100 ns and b) 1.0 us show the interaction of GCN/Ag with the phospholipid membrane. More snapshots
are shown in Figures S9 and S10 (Supporting Information) (color coding: cyan and green — carbon; red — oxygen; blue — nitrogen; gray — silver; orange —
phosphorus, water molecules, ions, and hydrogen atoms are omitted for clarity); c) SEM image of native E. coli and d,e) treated with

GCN/Ag at subinhibitory concentration (0.2 mg mL™?).

in cell culture media, leaching of silver reached 0.26 mg L (Figure 4d), well below the toxic
levels of GCN/Ag (10-15 mgag L%, Figure 4b) or of 10 nm AgNPs colloids (=5 mg L™, Figure
4c). The leached amount of Ag corresponded to 0.14% from the total amount of Ag initially
contained in GCN/Ag which was added in the solution for the leaching test. Even after six months
of storage in water, leaching remained practically the same (0.27 mg L 2 or 0.14%). To investigate
further the release of silver, the MIC10o values of GCN/Ag were compared with free AgNPs and
Ag" ions with and without the addition of a silver-ion complexing moleculel*®! (thioglycolate,
NATG, Table S4, Supporting Information). Results showed that MIC10 values significantly
increased in  presence of NATG only for the case of AgNOs (16
times)andforAgNPs(eighttimes),whileforthecaseof GCN/Ag, the MIC1oo increased only four times.
Although this increase can also be affected by the binding of NATG on the AgNPs themselves,
the comparative results corroborate the minor role of released Ag*ions from GCN/Ag and its
different mechanism of action.

For better understanding the GCN/Ag-bacterial interface, we modeled by molecular dynamics
(MD) simulations the interactions of GCN/Ag with a simplified model of bacterial plasma
membrane consisting of a double layer of negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-



phosphoglycerol (POPG) lipids (see the Supporting Information for more details). The hybrid
stayed in contact with the membrane floating flat on its surface (Figure 5a) for 0.1 ps without any
sign of desorption, demonstrating a high affinity of the GCN/Ag to the membrane. Progressively
(Figure S8, Supporting Information), GCN/Ag submerged into the polar headgroup region of
POPG after 1 us (Figure 5b), penetrating only slightly the hydrophobic part of the membrane, but
generating a significant perturbation to its structure. MD simulations of GCN and AgNPs alone
(Figure S9a,b, Supporting Information) also showed a very small extent of penetration to the
hydrophobic membrane; both GCN/Ag and AgNPs were partly covered with the polar head groups
(red spheres) of the lipids. On the contrary, MD simulations with graphene showed full penetration
in the hydrophobic membrane compartment (Figure S9c, Supporting Information). Additional MD
simulation of a mixed membrane consisted of 1-palmitoyl2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE):POPG in the proportion 3:1 demonstrated the same behavior as the
simulation with homogeneous POPG membrane (Figures S9 and S10, Supporting Information).
The above results indicated that the antibacterial activity of GCN/Ag initiates on the extracellular
level, as the internalization of the whole hybrid entities is less probable owing to the strong
interactions with the outer membrane layer of the cell walls.

Certainly, the binding of AgNPs, or hybrids thereof, on the cell membrane can cause a cascade
of events, culminating in degradation of the cell function and production of reactive oxygen
species,[**#"1 as it was also confirmed in the present case (Figure S11, Supporting Information). It
is known that AgNPs bind to —SH groups of cell-membrane proteins, altering their structure and
function.' They also interact with the proteoglycan-rich bacterial biofilm, inhibiting its
formation[“®l and altering proteoglycan expression.”?! It is indicative that in the case of the Gram-
positive bacteria, tested in the present work (Table S2, Supporting Information), which express a
proteoglycan extracellular matrix, GCN/Ag remained potent (Table S2, Supporting Information).
Membrane-wall damage has been suggested as a result of AgNPs binding (direct or indirect it is
not known). For instance, E. coli were treated with subinhibitory concentration of AgNP colloids,
and scanning electron microscopy (SEM) showed the formation of pits on the bacterial walls. !
In the present case as well, SEM characterization of E. coli incubated in absence (Figure 5¢) and
presence of GCN/Ag at subinhibitory concentrations (Figure 5d,e), whereby the bacterial
population remains alive, also revealed significant membrane damage. The observed pits were

rather severe in comparison to the previous report,*° despite the much lower Ag concentration



which was used in our case (0.2 mg L™). In the case of different antibacterial agents (i.e., carbon
dots), the membrane walls presented very different morphology.®! Lack of significant wall
damage in E. coli was also observed after treatment with antibacterial peptides® and natural
antimicrobial molecular agents.>*4 Therefore, the particularly defective shape of alive E. coli
cells observed in the present case could be ascribed to the action of GCN/Ag. SEM analyses on
AgNP-resistant E. coli and on multiresistant S. aureus are also available in Figures S12 and S13
(Supporting Information). It will be interesting to unveil in future the effects of protein binding of
AgNPs that are already firmly grafted on a substrate (as in GCN/Ag). In such a case, the proteins’
motion and function might be more restricted than when bound to free/colloidal AgNPs. This
hypothesis becomes more intriguing considering that bacteria require considerably higher
membrane fluidity for normal growth and function®>%¢1than eukaryotic cells,®1a matter that could
also be related to the lower toxicity of the GCN/Ag to human cell lines.

Conclusions

In this work, a densely and selectively functionalized graphene was used as a trap for silver,
exploiting its strong coordination with the nitrile groups of GCN. The binding energies approached
values of covalent bonding, even surpassing them in case of multiple binding of one AgNP to
several —CN groups, owing to the dense and homogeneous functionalization of GCN. This work
also shows that bacteria which have developed resistance to AgNPs are highly susceptible on
GCN/Ag. The persistence of the antibacterial activity was verified during serial passages over 60
bacterial generations (with no evidence of resistance development from the bacteria), while
colloidal AgNPs lost their activity after 20 generations. Another key feature of GCN/Ag, critical
for practical applications, was its very high cytocompatibility to healthy human cells in comparison
to other reported hybrids, free AgNP colloids, and silver ions. This was ascribed to the strong
GCN-silver interactions, which profoundly suppressed silver leaching, as theoretical calculations,
modeling, and experiments confirmed. The present findings open the way to promising broad-

spectrum antibacterial agents, bypassing known resistance mechanisms of microorganisms.
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Supporting Information is available from the Wiley Online Library or from the author.
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Priloha E: Two-Dimensional Functionalized Germananes

as Photoelectrocatalysts

Po prudkém rozmachu védeckych praci zabirajicich se grafenem pfisla fada i na dalsi
monoelementarni 2D materidly, a to siliceny a germaneny. Germanen, ktery ma na sobé

kovalentné vazané vodiky z obou stran se nazyva germanan (GeH) (vice v kapitole 4.3.).

V této studii byly experimentalné ptipraveny funkcionalizované struktury germananu
pomoci alkylovych skupin: methylovou, propylovou, hydroxypropylovou
a 2-(methoxycarbonyl)ethylvou. Jednotlivé funkcionalizované skupiny byly charakterizovany
pomoci Ramanovy spektroskopie, RTG difrakce (X-ray diffraction XRD), a RTG fotoelektronové
spektroskopie (X-ray photoelectron spectroscopy XPS). K objasnéni jejich elektrochemickych
vlastnosti byla provedena cyklicka voltametrie, diky niZ byla uréena kinetika ptenosu povrchoveho

naboje. Dale pak byla vyhodnocena HER reaktivita vSech germananovych struktur.

Z nasi strany byla studie dopIlnéna DFT vypodéty tykajicich se jak morfologie a strukturniho
usporadani jednotlivych funkcionalizovanych alkylovych skupin na germananu, tak i vypocty
zabyvajici se elektronickou strukturou funkcionalizovanych germanant, konkrétné vypocty

hustoty stavi (density of states DOS) a urceni velikosti zakdzaného pasu.

Germanany maji strukturu, kdy dochazi k jejimu anizotropnimu zvlnéni vlivem lehce
rozdilnych délek vazeb mezi Ge-Ge (2,45 —2,47 A). Vazba Ge-H je 1,56 A, obrézek 6. V pribéhu
funkcionalizace alkylovymi skupinami dochazi ke vzniku vazby mezi Ge a C atomem alkylové
skupiny, u viech funkcionalizaci vyse uvedenymi alkyly tato vazba nabyvala hodnot 1,99 A. DFT
vypoéty prokazali, ze kvili stérickym efektiim mezi kovalentné vazanymi alkyly nedochazi k plné
funkcionalizaci, vyjimkou je methylova skupina. V tomto pifipadé je mozna pIna funkcionalizace
germananu (viz obrazek 27), zaroven vsak u dvounasobné funkcionalizace jsou formacéni energie
vyrazné niz$i, coz indikuje tendenci k vicenasobné funkcionalizaci, ktera je omezena stérickymi

efekty.

Vypocty DOS funkcionalizovanych germanant neprokazaly vyrazny vliv alkylové

skupiny na elektronovych vlastnostech. Ve vsech ptipadech maji struktury zakazany pas ptimy



a lokalizovany v I' bodé¢ prvni Broullinovy zony a neobjevovaly se zadné midgapy, které by mohly

ovlivnit jejich fotoluminiscencni vlastnosti.

Naobrazku 27 jsou hodnoty velikosti zakdzanych pasi pro vSechny alkylové
funkcionalizace germananu. Hodnoty se pohybuji okolo 1,8 eV, coz koresponduje
s experimentalnimi hodnotami uvedenymi v této studii — 1,6 -1,9 eV. Vysledné hodnoty DFT
vypoétem jsou do jisté miry ovlivnény nezahrnutim spin-orbitalnich interakci [27] a také
vyraznym vlivem geometrické relaxace u jednotlivych struktur. Svou roli ve vyslednych
experimentalnich hodnotach také hraje rozvrzeni elektrického naboje v struktufe. Na zakladé
Mullikenovy analyzy [188] jsme zjistili, Ze na atomech germania, které maji vazbu s uhlikovymi

atomy alkylovych skupin je kladny naboj, zatimco na vSech ostatni Ge atomech je naboj zaporny.
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ABSTRACT: Succeeding graphene, monoelemental two-dimensional
(2D) materials such as germanene and silicene, coined as “Xenes”,
have attracted vast scientific and technological interests. Adding y =
covalently bonded hydrogen on both sides of germanene leads to 2

germanane (i.e., hydrogen-terminated germanene, GeH). Further, the ,I—

covalent functionalization of germanane allows the tuning of its H, «=** \ Loo) . I >

hysical and chemical properties. Diverse variants of germananes have G+ W WL

een synthesized, but current research is primarily focused on their 9 | R 3% I T H0 T o
fundamental properties. As a case in point, their applications as photo- H* R - —chiciichee
and electrocatalysts in the field of modern energy conversion have not = CHLOH.COOCH,

been explored. Here, we prepare 2D germanene-based materials,
specifically germanane_ and ) ) ) ) ) )
ﬁermananes unctionalized by various alkyl chains with different terminal giroups germanane with methyl, propyl,
droxypropyl, and 2-(methoxycarbonyl)ethyl and investigate their structural, mor_p_hfologlc_al, optical, electronic, and
electrochemical properties. The bond geometries of the functionalized structures, their formation energies, and band gap
values are investigated by density functional theory calculations. The functionalized germananes are tested as
photoelectrocatalysts in the hﬁdrogen_evol_utlon reaction (HER) and photo-oxidation of water. The performance of the
germananes is influenced by the functionalized groups, where the germanane with -CH2CH,CH,OH termination records
the lowest HER overpotentials and with —H termination reaches the highest photocurrent densities for water oxidation over
the entire visible spectral region. These positive findings serve as an overview of organic functionalization of 2D
germananes that can be expanded to other “Xanes” for targeted tuning of the optical and electronic properties for photo-
and electrochemical energy conversion applications.

KEYWORDS: group 14, layered materials, covalent functionalization, photoelectrochemistry, density functional theory, band gap,
formation energy

planar layers, the covalently terminated group 14 graphene
analogues, including silicene, germanene, and stanene, mainly
consist of sp?—sp3-hybridized networks with buckled

Ihe escalated demand for renewable and sustainable energy
resources and the advocacy to minimize negative
environmental impact have been a pressing global challenge.

At present, photo- and electrocatalytic hydrogen production is
one of the promising green strategies for ultimate clean energy
conversion. The contemporary two- dimensional (2D) layered
materials, from graphene to transition metal dichalcogenides
(TMDs), layered double hydroxides (LDHSs), graphitic carbon
nitride (g-CsNa), and hexagonal boron nitride (h-BN), with
distinctive properties have been continuously exploited as
photo- and electro- catalysts.'® To catalyze photo- and
electrochemical reactions, the mutual criteria owned by these
2D materials are their high electron mobility and conductivity,
exposed active crystal planes, large specific surface areas, and
shortened charge transfer path by the planar 2D structure.™

honey- comb-like structures.”® As Si and Ge have been
utilized as base materials in semiconducting devices, their
2D forms, i.e., silicene and germanene, are of particular
interest, as both can be readily integrated into existing
semiconductor technologies.>!® Another point of interest
lies in the tunable physical and chemical properties of these
2D materials by covalent functionalization, which formally
transforms these 2D Xenes into Xanes, for example, from
germanene into germanane, i.e., germanene terminated with
hydrogen atoms. %810

Beyond graphene, 2D monolayers composed of group 14  Received:

elements, silicene and germanene, are emerging with current
scientific fervor.>® Dissimilar to graphene, with sp?
hybridized
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Scheme 1. Schematic illustration of the workflow for topotactical deintercalation of CaGe, for 2D germanane and
covalently functionalized germananes (methyl, propyl, hydroxypropyl, and 2-(methoxycarbonyl)ethyl terminations).
Germananes were then employed for the electrocatalytic hydrogen evolution reaction and photoelectrocatalytic water

oxidation.

Successful syntheses of germanene were foremost achieved
by ultrahigh vacuum deposition'! and molecular beam
epitaxy’? on various metallic (111) surfaces. The major
constraints in the synthesis of layered germanene are its
lower thermodynamic stability and _inclination toward
oxidation as compared to graphene.® To circumvent such
shortcomings, topochemical deintercalation of a layered Zintl
phase, i.e., calcium germanide, CaGe,, was introduced to
directly prepare _?erman_ane (Ge-H) without the formation of
germanene.*>* The deintercalation process in concentrated
acid at low temperature removes the Ca?" interlayers, leaving
the honeycomb-like sheets composed of GesHs units. The
single-step approach was innovated by employing methyl or
other organic halides instead of the concentrated acid to
transform CaGe; to germanene with methyl (methyl
germanane, Ge-Me) and other organic group termina-
tions.™>*" In comparison to its hydrogen-terminated counter-
part, these covalently functionalized germanenes revealed
improved thermal stability, stronger photoluminescence in
the red wavelength region, and tunable optical band gaps.'>*’
These encouraging outcomes have stimulated the possibility
to alter the properties of 2D germanenes by rationally
dem%ned terminations, succeeding in the functionalization of
grap ene. In turn, this has elicited the interest to graduall
evelop other synthetic and functionalization techniques, suc
as ion- exchange,*® solvothermal reaction,*® deintercalation by
dro- fluoric acid,”® and deprotonation of germanene by
alkali metal arenides such as sodium naphthalenide followed
b?/ alkylation for different modifications.®?* In particular, the
alkylation  approach utlllzmgb n-alkyl ~halides or
trifluoromethyl group- containing benzy! halides has emerged
as a versatile technique that has created rich possibilities for
the functionalization of germananes.®?? )
Presently, the intensive research has collectively
[.I)_roduced germananes in more than 30 varianfs 8151721724
he experimental investigations on various terminations
have been thus far focused almost exclusively on their
fundamental thermal stability and structural, vibrational, and
optical properties.®t>1/.212Z2 Notably, the ligand strain and
electro- negativity of the organic ligands have disclosed a
profound influence on the vibrational and electronic structures
of functionalized germananes.’® Nevertheless, only a few
works aimed at  the practical applications of these
functionalized germananes, and even so, those were
concentrated on the —H and —CHj3 (Me) variants. To name a
few, Ge-H, Ge-Me, and 4-carboxybutylgermanane were
evaluated for their cytotoxicity
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via different cell viabilities.?#?® For energy storage
purpose, Ge-H was alloyed through an lithium
insertion/extraction process, resulting In LiisGes as a
battery anode.?® Ge-Me and 4-fluorophenylgermanane with
different emission colors were observed upon UV irradiation
and utilized as fluorescent microrobots.?® Simultaneously,
Ge-Me was studied in a field- effect transistor and
demonstrated promising photoconductive properties.?” For
photo- and electrocatalytic activities, Ge-H and Ge-Me
selectively loaded with 1.0 wt % platinum as a cocatalyst
have demonstrated enhanced photocatalytic activ- ities for
the degradation of organic contaminants, hydrolysis of
ammonia—borane c_om}i)lex and hydrogen evolution in the
visible spectral region.'81%28 |n a separate study, Ge-H and
Ge-Me as electrocatalysts have presented poor oxygen
reduction reaction but appreciable hydrogen evolution
reaction performance. Due to the limited literature and the
minor disparities from different studies, a greater
understanding of the photo- and electrocatalytic properties
of germananes is thus required.
In this work, we prepare a series of 2D germananes, namely,
germanane (hydrogen termination?, methyl germanane, propyl
ermanane, h?/droxypropy germanane, and 2-
?methoxycarbony )ethyl germanane as depicted in Scheme 1.
We present a comprehensive set of material characterizations
encompassing structural, morphological, optical, and electro-
chemical properties of the 2D germanane-based materials in
an effort to understand the fundamentals of these materials.
Subsequently, we investigate their photo- and electrocatalytic
activity and compare the effect of various functional groups. It
is envisaged that this work can serve as a starting point for the
2D germanane-based materials in diverse photo- and electro-
catalytic applications. The presented work can be followed by
numerous variations in terminations, which can be potentially
extended to other group 14 2D materials.

Material Characterizations. The preparation of Zintl
phase, CaGe; crystals was the initial step for the subsequent
deintercalation process to produce 2D germananes with
different terminations. We adopted the synthetic
procedures from the literature?® and carried out the general
character- izations to confirm that CaGe;, crystals were
synthesized. The Raman spectrum, X-ray diffraction (XRD
pattern, and X-ray photoelectron spectroscopy (XPS
spectrum in Figure S1 of the Supportmg Information are
consistent with the previous result.?®

https://doi.org/10.102 1/acsnano. 1c02327
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Figure 1. (A? Overview of all 2D germananes disrersed in water. SEM images showing the layered structure of (B) germanane, Ge-H,

C) methylgermanane, Ge-Me, (D) propylgermanane, Ge-Pr, (E) hydroxypropylgermanane, Ge-PrOH, and (F) 2-
methoxycarbonyl)ethyl- germanane, Ge-PE.
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Figure 2. Materials characterizations for all of prepared germananes, Ge-H, Ge-Me, Ge-Pr, Ge-PrOH, and Ge-PE: (A) Raman spectra
including the starting material CaGez, (B) FTIR spectra, (C) XRD pattern with CaGe: as a reference, (D) thermogravimetric curves, (E)
micro-PL emission spectra, and (F) excitation (dashed lines) and emission (solid lines) spectra.
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Upon obtaining the starting material, germanane (k&ydrogen-
terminated, Ge-H) was exfoliated by topochemical deinterca-
lation of CaGe». The resulting grayish plates are in line with
the observation of Bianco et al.,**"and the Ge-H dispersed in
water is shown in FI%UI’E 1A. The selection of appropriate
alkylating agents is the key to preparing germananes with
other substituents. Inspired by the work of Jiang et aI.és who
successfully produced methylgermanane (Ge-Me),> we
scrutinized other alkylating™ agents and optimized the
ﬁrocedures for progylgermanane (Ge-Pr),
ydroxypropylgermanane (Ge- PrOH), and
(methoxycarbonyl)ethylgermanane (Ge-PE) preparations.
Figure 1A presents a digital image of the dispersion of all
germananes in water for electrochemical studies. Ge-Me
appears in dark gray, Ge-Pr in vibrant orange, Ge-PrOH in
dark brown-red, and Ge-PE in blood-red color. )
The as—preﬁared germananes are scattered and overlapped in
blocks as shown In the images in Figure S2 of the Supporting
Information. Figure 1B—F present images obtained using a
scanning electron microscope (SEM) for all germananes. A
closer view of the blocks reveals the typical layered feature of
a 2D material. ) ) )
We further performed a series of systematic material
characterizations in order to understand the properties of the
prepared germananes. To start with, the successful exfoliation
of CaGe; into germananes was confirmed by Raman
spectroscopy. The characteristic Eeak of CaGey, E4 at ~235
cm, disappeared and a new peak at ~303 cm™ appeared in
the spectrum of all prepared germananes, which was identified
as the Ge—Ge in-plane Eyq vibrational mode (Figure 2A). A
very small difference of approximately 3 cm™ in wavenumber
was observed among the prepared germananes. The A
vibrational mode was observed for GaGe, (~211 cm™) an
Ge-H (~231 cm™) as a faint peak, in their respective
spectrum. As for other functionalized germananes, the
overlapping and low-intensity Aig peak was not clearly visible
due to its stronlg luminescence background. The high
luminescence background also directly resulted in the lower
quality of Raman spectra in the range of 100—400 cm™,
s/\spemally for Ge-PrOH. ] )

e analyzed the presence of functional groups by Fourier-
transform infrared (FTIR) spectroscopy (Figure 2B). It should
be mentioned that the CaGe, does not exhibit an
characteristic peak in the FTIR region from 400 to 4000 cm™.
Hydr_ogen—termmated_%ermanane (Ge-H) prepared by the
reaction of CaGe, with cold concentrated HCI shows two
major_peaks at 2000 and ~500 ¢cm™?, associated with Ge-H
vibration. The peak at ~500 cm™* can be resolved into three
components at 574, 502, and 475 cm™?, all related to the Ge-
H wagging vibrations.***! The other peaks in the region below
900 cm™* are associated with Ge-H, edge terminafion. Other
functionalized germananes were prepared by a two-phase
extraction procedure between an organic phase (alkyl halide)
with CaGe; crystals and water. Methyl (Ge-Me) and propyl
(?e-Pr) germanane present charactéristic alkyl vibrations
a

~2950, ~1400, and ~800 cm™*. The successful connection to
the germanane framework is confirmed by the peak at ~570
cm™T as the characteristic of Ge-C vibration. In addition to
these peaks, the germanane modified with a three-carbon
chain terminated by a hydroxyl grou(g) éGe-PrOH) exhibits
two broad peaks at ~3300 and 1050 cm™, which are
associated with the OH group vibrations. Finally, the
germanane modified with a two-carbon alkyl chain and
terminated with a COOMe group (Ge-PE) shows a
characteristic peak for ester carbonyl
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vibrations at ~1730 and ~1220 cm™ . Water intercalation is
observed in all germananes, as evident by the two peaks at
~3400 and ~1630 cm™.
Based on the XRD pattern in Figure 2C, all germananes
present much broader peaks compared to the crystalline
CaGe>. This observation suggests that the prepared materials
are predominated by an amorphous phase in terms of the
number of layers and interlayer distances. All materials can be
fitted to a 2H unit cell with two Ge-R (R=alkyl) layers per
hexagonal cell with c-spacing. The a-parameter is almost
constant for all materials except for Ge-H. Accordingly, the a-
arameter evaluated for Ge-H is 3.86 A, for Ge-Me 3.94 A, and
or all Ge-Pr, Ge-PrOH, and Ge-PE 3.89 A.
We attribute the variation in a-parameter to the different
degrees of functionalization. Ge-H was the only hydrogen-
terminated one with no steric repulsion between the
hydrogens, supported by density functional theory (DFT)
calculations (details to be discussed later). In the case of Ge-
Me, with the highest degree of functionalization (more
information in the TG-MS and DFT discussion later), some
steric repulsion between adjacent methyl groups causes the
increase of the Ge—Ge distance and a-parameter. For the
remalnln%}< functionalized germananes, the functionalization
by the alkyl substituents is combined with the remnants of
hydrogen termination because of their higher steric demands,
resulting in a smaller a-parameter. As a consequence, the a-
parameter for Ge-Pr, Ge-PrOH, and Ge-PE is in between that
of Ge-Me and Ge-H. It should be noted that the similar a-
parameters suggest that the degree of substitution was
comparable among all these cases. On the other hand, the c-
parameter, i.e., the interlayer distance, varies significantly
among the materials. Specifically, the c-parameter for Ge-H
is11.2 A (5.6 A per layer), Ge-Me 17.0 A, Ge-Pr 22.1 A,
Ge-PrOH 21.0 A, and Ge-PE 25.9 A. Overall, the computed a-
and c-values for Ge-H and Ge-Me are consistent with the
values in the literature.***S
The general composition proposed for the prepared
?ermananes was confirmed by thermogravimetric anaI?/ms
ollowed by mass spectroscopy detection of the evolved
gases (TG-MS) (Figure 2D) under an inert condition. Ge-H
experienced a mass loss of ~2% during the heating from 40 to
250 °C. A similar mass loss was also observed for the other
functionalized germananes, suggesting either loss of hydrogen
or initial loss of alkyl functionalities from the more reactive
centers, e.g., edges or more exfoliated fractions.
An obvious mass loss was observed for all germananes when
the temperature was increased beyond 300 °C. Between 325
and 400 °C, Ge-H exhibited an additional mass loss of ~5%,
attributed to the loss of CI,** as CI (in total 6-8% Cl per 100
Ge, evidenced by elemental XPS analysis in Table S1 of the
Supporting Information) was removed from Ge in this
temperature range.’° For Ge-Me, a major decomposition
occurred between 400 and 570 °C, where ~25% mass was
released in the form of CH4. The higher mass loss of Ge-Me
that corresponded to its stoichiometric formula (Geg(CHz)e)
was attributed to the formation of Ge(CHs), fragments on the
edges of the sheets. Similar behavior of ~15% was reported
when the TG analysis of methyl germanane was performed at
temperatures up to 500 °C.*>"The results suggested that the
composition was very close to Geg(CHs)s. Examining the TG
curves for all other functionalized germananes, Ge-Pr and Ge-
PrOH recorded ~24% and ~17% mass loss, resgectivel ,
suggesting the general composition of GegH3(CH3 Hchgg

https://doi.org/10.102 1/acsnano. 1c02327


http://www.acsnano.org/?ref=pdf
https://doi.org/10.1021/acsnano.1c02327?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02327/suppl_file/nn1c02327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02327/suppl_file/nn1c02327_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c02327/suppl_file/nn1c02327_si_001.pdf

ACS Nano www.acsnano.org
a —GeH —adv. : — adv.
Ge 2p - Cis e O'ls ot
Ge 2p;,

Loss
feature

H-29 (V

Loss
feature

1260 1250 1240 1230 1220 1210 292 288 284 280 276 540 538 536 534 532 530 528 526
' " " " Gec " ' —adv.C T o
Ge 2p Ge O C1s Ge-C O1s S
Ge 2p;,
Ge 2p,;,

an-29 (g

Loss
feature

Intensity (a.u.)

1260 1250 1240 1230 1220 1210 292 288 284 280 276 540 538 536 534 532 530 528 526
: ' ' " —— GeCH ' ' —cc adv.C < —aiv.o0
Ge 2p —Gi0 C1s g O1s Goi0
Ge 2p,,

1d-29 (D

1260 1250 1240 1230 1220 1210 288 284 280

276 540 538 536 534 532 530 528 526

Loss
feature

292
Ge 2p ——Ge-C/H C1s ——C-0,C-C, adv. C O1s ——C-0,adv.O
——0Ge-0 —GeC Ge-0
Ge 2pg;,
Ge 2p,,,

HOid-29 (a

288 284 280

1260 1250 1240 1230 1220 1210

276 540 538 536 534 532 530 528 526

Loss
feature

292
— Ge-C/H — 0-C=0 O1s —— 0-C=0, adv. O
Ge 2p —Ge-0 C1s ——C-C, adv.C —— 0-C=0, Ge-O
Ge 2py, —— Ge-C

3d-99 (3

288 284 280
Binding energy (eV)

1260 1250 1240 1230 1220 1210 292

276 540 538 536 534 532 530 528 526

Figure 3. XPS high-resolution Ge 2p, C 1s, and O 1s spectra for all germananes (A) Ge-H, (B) Ge-Me, (C) Ge-Pr, (D) Ge-PrOH, and

(E) Ge-PE.

and GegHa(CH2CH>CH>-OH),, respectively. Between them,
the smaller mass loss of Ge-PrOH was attributed to the partial
oxidation of germanium by oxygen from the hydroxyl group.
A similar trend was observed for Ge-PE with ~20% mass loss.
Altogether, the TG curves are summarized in Figure 2D, and
the complete mass spectroscopy data are included in Figure
S3 of the Supporting Information as reference.

Luminescent properties of all germananes in the solid state
were investigated by microscopic photoluminescence (PL)
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with a green laser excitation source (2.33 eV, 532 nm) and
standard macroscopic PL setup with a Xe lamp as a light
source. The spectra were presented in energy scale (eV) and
were Jacobian-corrected.®* The micro-PL spectra in Figure 2E
show that with the irradiation of a very low laser power of 0.5
nW all materials except Ge-H exhibited very high luminescence
intensity. The maximum emission was recorded at 1.97 eV
(equivalent to 630 nm) for Ge-Me, Ge-PrOH, and Ge-PE and
1.93 eV (640 nm) for Ge-Pr. When the irradiating laser power
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was increased to 0.5 W (Figure 2E), Ge-H showed a weak
emission at 1.36 eV éllo nm).

For the macroscopic PL measurement, the optimal excitation
energies were determined as a reference for the subsequent
measurement of emission spectra in Figure 2F. The maximum
excitation ener?ly for both Ge-PrOH and Ge-PE was at 2.23
eV (550 nm) followed by Ge-Me at 2.17 eV (570 nm) and Ge-
Prat ~2.05eV (600 nmg. Note that the insignificant emission
of unfunctionalized germanane (Ge-H) observed by micro-PL
prevailed in macro-PL and, thus, [i)recluc_jed the measurement
of its excitation energy. As a result, the intensity of emission
in ascending order follows that of Ge-Me at 1.91 eV (650 nm),
Ge-Pr at 1.97 eV (630 nm), Ge-PrOH at 1.99 eV (620 nm
and Ge-PE at 2.04 eV (610 nm).

As a final step to_confirm the synthesized germananes, the
elemental composition and chemical state were investigated
by XPS. Above all, it should be mentioned that the materials
had shown a substantial surface charging during the
measurement, which was countered by charge compensation
followed by referencing to the adventitious carbon (284.8 V).
As such, the chemical shift of individual species in high-
resolution spectra was rather arbitrary. Hence, instead of a
comparison among the different terminations, the analyses
serve more as an insight into the structure.®> The XPS survey
spectra for all the germananes are similar, and they are
included in Figure S4 of the Supporting Information. The
detailed elemental analysis for all germananes is summarized
in Table S1 of the Supporting Information. No traces of other
impurities are found, except for a small amount of halogen
from the alkylatm? agent for Ge-Me (0.2 at. % of iodine) and
Ge-H((34at. %o _chlorlne%. The amount of iodine in Ge-Me
is essentially negligible; thus, we evaluate only the high-
resolution Cl 2p spectrum for Ge-H in Figure S4B of the
Supporting Information. The CI 2p peak at Eg =198 eV can be
assigned to Ge-Cl, and its origin is related to the synthesis
process.*

We  present  the hi?h-resolution Ge 2p, C
1s, and O 1sspectra for all germananes in Figure 3. The
high-resolution Ge 2p spectra of all germananes share a similar
pattern, where the intense and sharp Ge 2ps/; peak manifests
the predominance of Ge-C/H with small modulations
depending on the functional groups. The carbon-containing
substituents for Ge-Me, Ge-Pr, Ge-PrOH and Ge-PE are
confirmed by the presence of a peak with Eg =~ 282 eV in the
form of a clearly distinguishable shoulder (C 1s spectra, blue
line). In addition, for Ge-PE, an additional peak at Eg ~288.5
eV corresponding to C O is observed (C 1s spectrum, pink
line). The signal corresponding to the C—O and C—C groups of
the Ge-Pr, Ge- PrOH, and Ge-PE is contaminated by the
presence of the adventitious carbon species. The majority of
the oxlygen species lie at the higher binding energy region and
are related to the adventitious contamination of the samples.
The presence of a small amount of oxides and/or hydroxides
(labeled as Ge-0) is deduced based on the shoulder peak at Eg
=529 eV, * which is clearly visible especially for Ge-PrOH and
Ge-PE (O 1s spectra, red line).

Photoelectrochemistry of Germananes.

The in-depth material characterizations evidence the
successful synthesis of all ﬁermananes and provide a
fundamental understanding of their physical properties. Prior
to the photo-electrocatalytic investigation, we evaluated the
surface charge transfer kinetics of all germananes b
evaluating the heterogeneous electron transfer (HE
properties. Figure 4A depicts the cyclic voltammograms
(CVs) of a blank and all germanane-modified
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supporting electrolyte recorded with scan rate of 100 mV s™*. (B)
Peak-to-peak separation values, AEp, extracted from the corre-
spondklong cyclic voltammograms in (A) and the calculated HET
rate, k°.

glassy carbon (GC) electrodes recorded within the potential
range of —0.4 t0 +0.6 V ag/agcl With a scan rate of 100 mV s
in 10 mM K3[Fe(CN%6] with 0.1 M KCI as a supportin
electrolyte. Taking the blank GC as reference, for a
germananes, the shift of anodic and cathodic peaks toward
each other leads to a significantly decreased peak-to-peak
seEgaratlon, AE,. Specifically, AE, of GC is ~370 mV, whereas
AE, of all germananes is between ~110 and 170 mV. This
allows us to employ the well-established Nicholson’s
method based on the”AE, from CVs to evaluate the HET
rate constants, k%.*> As a result, the calculated k° of GC is
0.11 x 10°cm s, and the k® of all germananes is s gnificantly
higher than the GC, between ~1.7 and 3.9 x 10 °cm s* as
summarized in Figure 4B. The hlg%her k® implies that all
E_erm_ananes possess reasonably Tfaster charge transfer
inetics than the GC, which is favorable for subsequent
electrochemical studies.
We subsequently assessed the electrocatalytic hydrogen
evolution reaction (HER) of all germananes. Figure 5A
ﬂresen_ts the linear sweep voltammetry (LSV) curves for
ER in an acidic medium. Considering the typical over-
potential comparison point for HER at the current density,
-10 mA cm?, Ge-H shows the lowest electrocatalytic
performance, reflected by its highest overpotential of ~982
mV among all germananes. Except Ge-PE (possesses a similar
overpotential of ~972 mV), all other germananes have
demonstrated _ improved ~ performance  with  lower
overpotentials. The overpotentials in descending sequence are
as follows: Ge-Me (~879 mV), Ge-Pr (~859 mV), and Ge-
PrOH (~812 mV).
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Besides the overpotentials, Tafel analysis as another common
indicator for HER was performed to observe the
electrochemical kinetics of germananes. The Tafel slope
relates the ovgrﬁotentlal and current density in a logarithmic
function, which deduces the possible rate-limiting steps
involved in HER.*® The Tafel slopes in Figure 5B were
determined from the linear portion of the polarization curves

in Figure 5A. The slopes of all germananes in ascendinq order
are as follows: Ge-H and Ge-Me (both ~106 mV dec™?), Ge-
Pr (~113 mV dec?), Ge-PrOH (~120 mV dec™?), and Ge-PE

(~149 mV dec™). The Tafel slopes of all germananes in the
range of 100 to 150 mV dec™? circle around the value of ~120
mV dec™®. Accordingly, the reaction is predominated by
electrochemical adsorption via the Volmer process followed
by electrochemical desorption via the Heyrovsky process.®
We evaluated the optical band gap of all germananes by
combining the Tauc plot with the Kubelka—Munk function
based on the absorbance measurement included in Figure S5
of the Supporting Information. Figure 6A presents the optical
band gaps determined using direct allowed transition for
germananes,'*? where Ge-H presented the smallest band gap
of 1.66 eV, followed by Ge-Me with 1.76 eV. These values are
close to the experimentally determined values in the
literature.'**> Organic functionalization has further broadened
the band gap, specifically, 1.84, 1.88, and 1.90 eV for Ge-
PrOH, Ge-PE, and Ge-Pr, respectively. )

We proceeded to investigate the photoelectrocatalytic water
oxidation ability of all germananes. Figure 6B shows the CVs
for all germananes starting in the anodic direction, as indicated

11687

by the arrows, under dark and irradiation of a light source with
a 660 nm wavelength in a basic medium. All germananes have
demonstrated higher photocurrent density (solid lines) than
the dark current density (dotted lines) but in different
magnitude. The general trend in the anodic region shows
that the current density increases with the increase of potential.
The applied potential facilitates the charge transport for both
conditions as well as the separation of photogenerated
electrons and holes under the irradiation condition.>” For
the dark current densities, gradual saturation is observed at the
higher potential regions, portraying a limitation by the
external applied potential. Nevertheless, the photocurrent
densities continue to increase, especially for Ge-H, which
implies an efficient charge separation process. By comparing
at 1.23 Vg, marked as a faint line in Figure 6B, the other
functionalized germananes are between 0.2 and 0.35 mA cm,
whereas Ge-H shows an eminent photocurrent density of ~1.8
mA cm. In addition, Ge-H possesses a lower onset potential.
For all other germananes, a distinguishable current density
between dark and irradiation is observed at an applied
potential larger than ~0.6 Vrne, Whereas a noticeable
difference is detected at ~0.4 Vrue for Ge-H. Overall, Ge-H
is the most promising photoelectrocatalyst for the water
oxidation reaction.

The CVs in Figure 6B certainly provide a wealth of
photoelectrochemical behavior, yet it is equally interesting
to observe the immediate photoresponse of all germananes.
Taking 1.23 Vrxe as a common comparison point for water
oxidation by a photoelectrochemical catalyst, we applied a
constant potential for chronoamperometric measurement
with continuous switching between on and off of the
irradiation light source. All germananes presented immediate,
consistent, and repeatable responses over five identical cycles,
as shown in Figure 6C. In a similar behavior with the CVs
recorded in Figure 6B, Ge-Pr and Ge-H have registered the
lowest and highest photocurrent densities, respectively. We
continued the chronoamperometry measurement with the
variation of applied potential and irradiation wavelength.
All germananes exhibited a similar behavior. Using Ge-H
with the most promising photocurrent density in Figure 6C
as an example, the photocurrent density increases with the
increase of applied potential in Figure 6D, as expected.
Figure 6E illustrates the photoactivity by the irradiation from
different wavelength light sources from 365 to 660 nm. Ge-
H is less active in the UV spectral region, as evidenced by
the lower photoresponse among all wavelengths. In
general, the tphotoac’uvny in the visible spectral region is
more crucial for the efficient utilization of the solar energy.
The photoresponse from the blue to the orange wavelength
region is marginally different, and the inght[F/ higher
activity is attained in the red wavelen?th region. The high
activity over the entire visible spectral region is associated
with the strong light absorption of Ge-H, as shown in the
absorbance spectrum in Figure S5 of the Supporting
Information, which was also separately observed by Liu et
al.'® and Giousis et al.?° It should be noted that the trace
amount of Ge-Cl and Ge-O within Ge-H, evidenced by
XPS measure- ment, does not significantly contribute to the
photo- electrocatalytic activity, which will be discussed
along with the DFT calculations.

Density Functional Theory Calculations of Germananes.
Because several material characterizations point to the
incomplete surface ligand termination, we performed calcu-
lations by DFT to gain further insight into the characteristics
of the functionalized germananes. This approach is
particularly
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Table 1. Formation Energy (eV) of the 2 x 2 Germanane Sheet (Eight Ge atoms and Eigly_t H Atoms) Functionalized by

Replacing One (or Two) H Atoms by Single (or Double) Functional Moiety/ies (See Figure 7)2

Ge-Me Ge-Pr Ge-ProH Ge-PE
functional group *CH3 *CHchch;; —CH,CH,CH,0OH *CHzCH2COOCH3
single functional group 0.32 0.25 0.45 0.20

two functional groups 0.28 (0.26) 0.21 0.35 0.17

aThe functionalization by two functional groups was calculated in several possible arrangements, and the formation energy of the most
favorable structure is listed. The formation energy of germanane fully functionalized by methane is given in parentheses.

viable because the covalent terminations on the Ge atom are
thermodynamically favored.'” The germanane itself exhibits a
buckled structure with anisotropic corrugation. The bond
length of Ge—Ge and Ge—H is 2.45-2.47 and 1.56 A,
respectively, consistent with previous studies.*®“° The Ge—C
bond length is 1.99 A for all of the considered functional
groups. The calculations show that the fully functionalized
germanane is unlikely to take place due to steric limitations,
except for methyl group functionalization (Ge-Me). For the
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other fully functionalized germananes, the atoms of functional
groups are too close to each other, resulting in excessively
strong relaxation of atoms and unfavorable total energy. Thus,
we replaced only part of the hydrogens in the Ge-H structure
with functional groups.

Table 1 summarizes the formation energies of the function-
alized 2 x 2 germanane sheet (eight Ge atoms). It should be
mentioned that the germananes functionalized by two organic
groups were computed in all possible nonequivalent positions
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Configurations of double-functionalized germanane represent the most favorable arrangement of a given group. Atom color scheme: Ge
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of functional groups, and only the formation energy of the
most favorable arrangement is listed. The formation energies
of the more densely functionalized germanane (two
functional groups) are slightly lower than the energies of a
single group functionalization. This fact suggests that the
germanane functionalization by organic groups is favorable
until the steric limitation is reached. This is corroborated by
the formation enelr\%y of germanane functionalized by a
methyl group (Ge- Me), which decreases with the increase
of the number of functionalization groups on Ge-H, and the
full functionalization by CHs results in the lowest formation
energy (0.26 eV). The slightly positive formation energies
imply that the functionalized  germanane s
thermodynamically less stable than its constituent species,
but the formation energy depends on the choice of the
reference states; if the “yI” form of the functional group (i.e.,
CHs instead of CH4-H) is used as the reference state, then
the formation energies will turn negative. Altogether, both
computed findings and experimental characterizations
gFlgu_re 2) concretely validate the different degrees of
unctionalization. Complete or uniform functionalization is
constrained by the steric crowding effect, which can be
overcome only by smaller li%ands such as the —CHz group.
The remaining larger Tigands experienced partial
functionalization with partial —H termination. This
observation is in agreement with earlier studies of the
functionalization of germanane and Ge(111) surfaces.64
The calculation of the electronic structure revealed that the
key optical properties of single-layer germananes were only
slightly altered by the functionalization. The electronic band
?.ap remained as a direct gap, located at the gamma point of the
irst Brillouin zone. No midgap states emerged upon
functionalization. In most cases, the presence of
photoluminescence is closely associated with a direct band
gap. However, the calculation that leads to a direct band é;ap
and the weak photoluminescence of Ge-H (Figure 2E and F)
in this work perfectly agrees with Bianco and co-workers
based on the deduction of the presence of nonradiative defect
stfates”or impurities.’* Figure 7 presents the structure
of a
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functionalized germananes and their respective electronic
band gap calculated using the HSEO06 functional.*> The band
gap was close to 1.8 eV for the majority of the functionalized
germananes except for the fully functionalized Ge-Me, in
which the band gap was reduced by ~0.2 eV. The calculated
band ?ag of 1.63 eV for Ge-Me corresponded well to the
optical band gap of ~1.7 eV for GeCHs experimentally
determined in earlier studies.>!° It should be noted that the
spin—orbit coupling was omitted in our calculation. The
spin—orbit interaction splits the conduction band by 0.2 eV
and, hence, lowers the electronic band gap.'* Moreover, we
observe that the calculated band gap is very sensitive to the
lattice parameter of Ge-H, which in turn is strongly
dependent on the structural relaxation induced by the
functionalization. This factor accounts for the minor deviation
in the experimental values of the band gap, influenced by the
different synthesis methods of Ge-H and Ge-Me, and the
resulting number of stacked layers.'*?° Overall, the band gaps
of germananes in this work lie between 1.6 and 1.9 eV, which
manifests the photoactivities in Figure 6, especially for the
longer wave- lengths within the visible spectral region.
Besides manipulating the band gaps, functionalization can
inject additional charge carriers into the samples, as evidenced
by the calculated Mulliken charge differences between the
germanium sheet and functionalized organic molecules.*® The
Ge—C bonds are positively charged, while the neighboring Ge
atoms in the nanosheet are negatively charged.

To shed light on the role of Cl and O impurities identified by
XPS analysis toward the photoelectrochemical activity of Ge-
H, additional DFT calculations were performed for Ge-H
containing an impurity atom. Details of the calculation of the
Cl impurity in different configurations (Figure S6) along with
the discussion are appended in the Supporting Information.
Overall, the presence of trace Cl and O shifted the band gap
of Ge-H very slightly (by 0.02 to 0.06 eV), which corroborates
the negligible influence of impurities on the photoactivities
shown in Figure 6.
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In brief, we prepared a series of 2D germananes
functionalized with alkyl and ester groups, namely,
germanane (hydrogen termination), methylgermanane,
propylgermanane, hydroxypropylgermanane, and
(methoxycarbonyl)ethyl-  germanane. We studied the
roperties of germananes and confirmed the successful
unctionalization with different alkyl groups via an extensive
set of material characterizations including structural,
morphological, optical, and electro- chemical properties. We
further employed density functional theory calculations to
model the structures and compute the formation energies and
electronic band gaps of the function- alized germananes, as
well as the possible influence of Cl and O impurities toward
the photoelectrocatalytic activity. Experimental observation
and theoretical calculations con- firmed that complete
functionalization was achieved only for —CH; groups of
methylgermanane. For the other organic 8roups
(-CH2CH>CH3,—CH,CH,CH,0OH,-CH,CH,COOCH3;
), the most favorable structure was two- group
functionalization. For electrocatalytic HER, the perform- ance
of the germananes was influenced by the functionalized
groups, where the lowest HER overpotential wasattained by
—CH2CHCH,0OH termination. For photoelectrochemical
water oxidation, all %ermananes demonstrated considerable
response, and the highest photoactivity was achieved by —H
termination. All germananes presented a fast and consistent
photoresponse over the entire ultraviolet and visible spectral
region, but favored the longer wavelength regions. This work
shows that organic functionalization is a good prospect for
’Ituningd distinct optical and electronic properties of 2D
ayere
materials such as monoelemental Xenes and MXenes for
applications beyond photoelectrochemistry.

Synthesis of 2D Ge-Based Materials. Calcium Germanide,
CaGez. CaGez was prepared according to previously published
procedures.?® Germanium (2.0 equiv, purity 99.999%) and calcium
(1.2 equiv, purity 99.9%) were placed in a quartz glass ampule with
an Al20s liner and sealed under high vacuum (I x 10~° Pa). The
reaction mixture was heated at 1050 °C for 3 h and then cooled to
room temperature by using a cooling rate of 0.5 °C min~*. The
formed CaGe: crystals were mechanically separated from the
ampule and stored In an argon-filled glovebox. ]
Germanane (GesHs). CaGe: crystals (0.50 g) were added into cold
aqueous 35% HCI (50 mL). The mixture was gently stirred at —40 °C
for 10 daXS. The solid was collected by filtration and washed with
ice- cold 1 M HCI (2 x 50 mL) and water (5 x 100 mL). The process
yielded solid GesHs (0.39 g) in the form of dark brown-gray plates,
which were dried in vacuo and stored in an argon atmosphere.#
General Procedure for Alkyl Germananes. Alkylating agent (~5
mL) was added to the sintered glass funnel, which was immersed
into the water in such a way that the levels of liquid and water were
the same. CaGez (300 mg) was added to the alkylating agent layer,
and the mixture was left undisturbed in a dark argon atmosphere at
room temperature for at least 7 days. The solid was collected b%
filtration and washed with acetone (2 x 50 mL), 1 M HCI (2 x 5
mL), water (5 x 100 mL), and ethanol or acetone (2 x 50 mL). The
solid was obtained in the form of brown plates or powder, dried in
vacuo, and stored in an argon atmosphere. The general procedure
was used to prepare the other germanene variants by varying the

alkylating agent. The alkylatingpagents for methylgermanane (Ge-
Mg,ﬁ propylgerma- nane (Ge-Pr), hﬁdroxypropylgermanane Ge-
PrOH), and 2- (methoxycarbonyl)ethylgermanane (Ge-PE) are

methyl iodide, propyl bromide, 3-bromopropan-1-ol, and methy| 3-
bromopropa- noate, respectively. Details of all materials
characterizations are given in the Supporting Information.
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Preparation for Photo- and Electrochemical Measurements. The
as-synthesized materials were dispersed in ultrapure water at 2.5 m
mL™* followed by 1 h of ultrasonication to prepare the individua
suspensions. Prior to drop-casting onto bare GC or screen-printed
carbon (SPC, part number SE 101, CH Instruments Inc.) electrodes,
the suspensions were subjected to 10 min of ultrasonication again to
ensure dispersion. The GC electrodes were repeatedly polished to a
mirror-finish surface with a 0.05 um alumina particle slurry on a
polishing pad and rinsed with ultrapure water, whereas the SPC
electrodes were used as received. An aliquot of 10 xL was drop-cast
on GC or SPC electrodes and dried under ambient air. ;
Photo- and Electrochemical Measurements. All voltammetric and
amperometric measurements were performed by a potentiostat
(PGSTAT 204, Metrohm Autolab, The Netherlands) connected to a
computer operated by NOVA software version 2.1. A three-electrode
configuration was used for all electrochemical studies, with a GC or
SPC electrode, platinum wire, and Ag/AgCl (1 M KCI% as the
working, counter, and reference electrode, respectively. The
potential with reference to Ag/AgCI (Vagiager) was converted to the
potential with reference to a reversible ghydrogen electrode (RHE,
Vrre) by calculation. )
For the investigation of HET, CV was conducted in 10 mM
Ks[Fe(CN)s] with 0.1 M KCI as supporting electrolyte in the
potential range of —0,6 to +0.4 Vag/agci at a scan rate of 100 mV
s™L. For electrocatalytic activity, LSV measurement was performed
in 0.5 M H2S04 at a scan rate of 2 mV s™* to investigate the HER.
For photocatalytic activities that involved irradiation, the
measurements were conducted on SPC electrodes for direct
irradiation. For photo- oxidation of water, CV measurement was
carried out in 1 M NaOH in the potential range of —0.5 to +1.2
Vagiagel With a scan rate of 10 mV s1. Chronoamperometry was
carried out in the same electrolyte by varying the constant
otentials from +0.2 to +1.2 Vagaqc and irradiation wavelengths
rom 365 to 660 nm, with the irradiation source switched on/off at
constant intervals. A customized setup with a light-emitting diode
(LED, LZ4-44UV00, LZ4-40B208, LZ4- 40G108, LZ4-40A108,
LZ4-40R208, LedEngm Inc.) of different wavelengths was used,
centered at 365, 460, 523, 590, and 660 nm, as the irradiation source.
Density Functional Theory Calculations. DFT calculations were
performed using the projector-augmented wave (PAW) method in
the Vienna ab 1Initio Simulation Package (VASP).*#5 The cutoff
ener%y for the plane-wave expansion was set to 250 eV owing to the
soft PAW potentials available for Ge and H. The optimized van der
Waals functional éoptBSGb_-vdW)46 was used for the calculations of
both structure and formation energies. The formation energies of
functionalized Ge-H were used to gauge the thermodynamics of the
substitution of hydrogen by a functional group in its most stable form;
that is, the energy of methyl group was calculated as the total energy
difference of the methane molecule and hydrogen, Ecns — 1/2Em2.
Thus, the formation energy was calculated as

Eform = Efunct - EGeH - nEmolecule + Ny,

where Esnct iS the total energy of the functionalized germanane,
Ecen is the total energy of (unfunctionalized) germanane (Ge-H),
Emotecule is the total energy of a given molecule (functional group)
calculated according to the description above, un is the chemical
potential of hydrogen, and n is the number of attached functional
groups and substituted hydrogen atoms. The chemical potential of
ydrogen is calculated as half of the total energy of molecular
hydrogen in the gas phase.
In addition, the formation ener?ies of Cl atom binding to Ge-H were
calculated in two different configurations shown in Figure S6 of the
Su plgrting Information to estimate the respective thermodynamic
stapility.

For absorbed Cl,

(1) Eform = Egerict — (Egent * He)
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For substituted CI

Eform = Egerict — (Egent + M1 — 1/2 Epyp)
where uci  represents the chemical

Mot =Enci — 1/2 Eyyz s taken as the reference state.

potential of CI, and

The single layer of Ge-H was modeled by a 2 x 2 supercell (8 Ge and
8 H atoms) in connection with 5 x 5 x 1 k-point sampling. The layers
were separated by at least 10 A of vacuum. The lattice parameter was
fixed at a value of a = 4.05 A to gauge the intrinsic effect of
functionalization. For the calculations of the electronic structure
(band gap), the range-separated screened hybrid functional HSE06?
was utilized, as the standard DFT functionals based on local density
or generalized gradient approximation are well known to severely
underestimate the band gaps of semiconductors and insulators.*"8
The screened hybrid functional HSE06“? contains a fraction of exact
Hartree—Fock exchange, which mitigates self- interaction error of
standard DFT functionals and, hence, significantly improves the
calculated band gaps for most systems,*® including monoelemental
2D materials such phosphorene and functionalized phosphorene. %5
The charge transfer was estimated by calculating the Mulliken
charges on the germanane sheet and the attached organic molecules.

=< Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1c02327.

Experimental description for material characterizations;
Raman spectrum, XRD pattern and XPS survey spectrum for
CaGe, (Figure S1); for all germananes, additional SEM
images (Figure S2), mass spectroscopy analysis of the evolved
gases (Figure S3), XPS survey spectra and CI 2p spectrum for
Ge-H (Figure S4), elemental analysis from XPS measurement
(Table 1), absorbance spectra (Figure S5); Ge-H with the
relaxed geometries of Cl and O impurities in different
configurations for DFT calculation (Figure S6) and discussion
(PDF)
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