HOH-IIJTASMA BA JIABEP TEXHOJIOT'MAJIAPA UHCTUTYTH
XY3YPUJATH NJIMHAH JTAPAJXKAJIAP BEPYBYH
DSc.02/30.12.2019.FM.65.01 PAKAMJIN NJIMUU KEHI'ALL

AHTBEPIIEH YHUBEPCUTETMU (BEJIbI' US1)
HNOH-IIVIABMA BA JIA3EP TEXHOJIOTUAJAPU UHCTUTYTHU

XAJIMJIOB YMEJI’KOH BOMMAMATOBHY

YIVIEPOA HAHOCTPYKTYPAJTAPUHUHI'
MOJIEKRYJIAP JAPAKAJATHU CEJIEKTUB CUHTE3H

01.04.03 — Moaexyasip pu3uKka Ba HCCUKJIUK (PU3UKACH

Xaakapo uiaMuid MabJAyMOTJIAp 0a3acura KUPUTHITAH XamM/1a
uMnakT-gpakropu 1,0 Ba yHIaH IOKOpH 0Y/IraH WJIMHUH )KypHa/LUIapaa
YOIl 3THJITaH MaK0JI1aJ1ap aCOCH/A THCCEPTALUS XMMOSICHCH3
¢pusnka-maremaTnka pannapu 0yiinda ¢gan grokropu (DSc)
WIMHI 1apaKacMHM OJIMII Oyiu4a
TAKAUMHOMA

(2013 itmana ¢pancada noxropu (PhD) namuii napasxacu TacAMKJIAHTaH)

TOIIKEHT - AHTBEPIIEH - 2020



YIK: 544.272
TakauMHOMa MyHAAPUHKACH
Contents of the presentation

OrJiaBjieHHe Npe3eHTALMU

XaaujaoB YMmen:xkoH borimamatoBuy
Yraepoa HAaHOCTPYKTYPATAPUHUHT MOJICKYJISIP Japa)kajaaru CeJIeKTUB CUHTE3H. .. 3

Khalilov Umedjon Boymamatovich
Selective synthesis of carbon nanostructures at the molecular level ..................... 42

XaaujaoB YMmen:xkoH borimamatoBuy
CeNeKTUBHBIN CUHTE3 YIJIEPOIHBIX HAHOCTPYKTYP Ha MOJIEKYJISIPHOM YPOBHE ....77

JbJIOH KWINHIaH UILJIAp pyiXaTH
List of published works
CIHCOK OMYyOIMKOBAHHBIX PAOOT .. .evuttniiiitte et eneeeteeteenteenneeanserennenn. 83



HOH-IIJTASMA BA JIABEP TEXHOJIOT'MAJIAPA UHCTUTYTH
XY3YPUJATH NJIMHAH JTAPAJXKAJIAP BEPYBYH
DSc.02/30.12.2019.FM/T.65.01 PAKAMJIN WJIIMHHU KEHT' AL

AHTBEPIIEH YHUBEPCUTETMU (BEJIbI' US1)
HNOH-IIVIABMA BA JIA3EP TEXHOJIOTUAJAPU UHCTUTYTHU

XAJIMJIOB YMEJI’KOH BOMMAMATOBHY

YIVIEPOA HAHOCTPYKTYPAJTAPUHUHI'
MOJIEKRYJIAP JAPAKAJATHU CEJIEKTUB CUHTE3H

01.04.03 — Moaexyasip pu3uKka Ba HCCUKJIUK (PU3UKACH

Xaakapo uiMuii MabJIyMOT./1ap 0a3acura KUPUTHJITAH XaM/a
umnakT-pakropu 1,0 Ba yHIaH I0OKOPH 0YJIraH WJIMMIM )KypHaJJIapaa
YOIl 3TWITAaH MAK0JIAJIap aCOCHIA TN CCEPTAIUSA XMMOSICHCH3
¢usuka-maremaruka panaapu 0yiinua pan xoxropu (DSc)
WIMHI 1apa:kacHHU 0JIUII Oyiin4ya
TAKAUMHOMA

(2013 iinana gancada noxkropu (PhD) uiamuii 1apaxacu TacAUKJIAHTAH)

TOIIKEHT - AHTBEPIIEH — 2020



Tankuxkot (DSc) mas3ycu Vi6exncron Pecny6inkacn Basupiap MaxkamacH Xy3ypHaard
Ouinii arrecranus komuccnsicuaa B2020.3.DSc¢/FM159 pakam Onian pyixarra oJIHHIaH.

Wm AwuteeprieH yHuBepcuteTHaa Ba MoH-mymasmMa Ba Jasep TEXHOJIOTHSUIApU WHCTHTYTHJA
Oaxxapuiras.

Wamnii maciaxaTan: MupsaeB Cupoxxnaans 3aliHHeBHY
¢usrka-mMaTemMaTHKa haHaapy JOKTOPH, npodeccop

Pacmuii onnonenTap: Baxpamos Carayiia A6ay /LiaeBHY
¢usrka-mMaTemMaTHKa haHIapyu JOKTOPH, mpodeccop
V36ekucron Pecriybnukacu ®@aHnap akageMHsICH aKaJlEMUTH

KyriueB Yuxkyn OraboeBuu
bu3uKa-MaTeMaTHKa (aHnapu JOKTOpH

Scymn IlInbyTa
npocgeccop
Tokuo Yuusepcuretu (SInoHus)

ETak4H TAIIKHJIOT: V3P®A PU3UKA-TEXHUKA UHCTUTYTH

TakqumMHomMa  HMos-rulasma  Ba  Jla3ep  TEXHOJNOTWsUIapM  WHCTHTYTH  Xy3ypHOaru
DS¢.02/30.12.2019.FM.65.01 pakamu wimuii kenramnuar 2020 winn « ©2» 42 coat 4¢.o91aru
maxciucuaa 6ymu6 yranm (Manswn: 100125, Towkent m., JIypMoH iynu kyuacu, 33-yi. Ten./daxc:
(99871) 262-32-54, e-mail: info@iplt.uz, Hon-nna3ma Ba na3ep T€XHOJIOTHsIapH HHCTUTYTH Ma)JIMC/Iap
3aJTH).

MUH KOTHOH
¢u3rKa-mMateMaTHka $haHIapu JOKTOPH

1 bt o

Wnmuii napaxanap 6epyBu WIMHHA KEHrain
KOLUMJArd WIMHIA CEMHHAp PauCH,
¢usrka-maremaTHka (aHiapy JOKTOPH, mpodeccop

B.E. Ymup3akos



KHWPHUIII (TakATHMHOMA AaHHOTAIUSICH)

Mag3yHuHr 3apypaTu Ba A0J13ap0auru. KonaeHcatnanran xonat pusukacu
Ba MATEPUANIIYHOCIMKHUHT SHI J073ap0d MyaMMmoiapuaaH Oupu HOED
XyCycHsITIIapra sra SHIM YIJIEpOJ HaHOMaTepUaUIapUHU HIUIa0 YWKUII Ba
IIYHUHTAEK yJap CHHTE3HMHHHI OOIIKApUIN WYJUTapuHU Tomumaup. YyHKH
HKCIIEPUMEHTAJ PAaBHILJA YpraHWITaH YIJIepoJ HaHOMAaTepHAIUIAPUHUHT (U3HK-
KUMEBUN XYyCYyCUSTIapH, XyCyCaH, MyKaMMaJl MEXaHUK MYCTaXKAMJIUTH, IOKOpU
UCCUKJIMK Ba DJIEKTP YTKa3yBUAHJIMIM, XOHA XapopaTujaru OaJsIMCTHK KBaHT
YTKa3yBUaHIUTH JTyHE OVinald yjaapHU TIKOpATIAINTUPHUIN OYindya KU3UKUIIHU
ce3niapiu Japaxkaaa OLIMpIN.

XKaxonga OyHpallik HOEO  Xycycuarnapra dra  OyiaraH — yriepon
HaHOCTPYKTypajlapuJaH HOOpaT HAHOKYypUJIMAJIApHUHI aHbaHABUW KpeMHMIIra
acoclaHraH MHKpPOKypuiMa Ba acOoOmapra acocuil MykoOoun cudaruga
KapanaéTranauru cababmu ymoy CTPyKTypaJapHUHT MOJEKYJsp Japakajgaru
CEJIGKTMB CHUHTE3M OyinYa TaJKUKOTIapra ajoxuaa 3bTUOOp KapaTUIMOKIA.
OKcrepuMeHTall ycyiulap yumly CTpyKTypajlap UIAKUIAaHUIIA TauThaa COAup
Oynanuras TypJu XWl )kapaéHiap, 1y ’KyMJiaJaH HyKiealus, KaTauus, aacopouus,
dazaBuii yTum Ba Oomka jxkapa€Hiap TabWaTh TYFpUCHIA KYNTHHA 3apyp
MabJIyMOTIapHU Oepcana, ymly yCysl OpKajlud HAHOCEKYyHJ BaKT IIKalacuiaru
CUHTE3 OOCKUWIAPMHHUHI MYXHMM OpAJMK >KapaCHJIaph XaKUAa MablyMOT OJIMILI
UMKOHMATH 4ekyaHrad. IIIlyHuHr yuyyH Xo03upru BakTZa Marepuaiap
HaHOCTPYKTYpPACH Ba YJIAPHUHT CUHTE3UHH YpraHUIL YUyH SKCIIEpUMEHTAI yCyJUIap
OunaH OMp KaTtopa KOMIbIOTEPAA MOJACIUIAIITUPUII YCYJUTapuaAaH (poiiganaHumnira
Xapakar KWIMHMOKJIa. HaHoymyamparu cTpykTypajap CHUHTE3U »Kapa¢HJIapUHU
KOMIIBIOTEP/1a MOJIEIUIALITUPHUII HAHOCTPYKTYpasiap a0 Oyauiy Ba ycuiuaaru
HOOJATH >KapaCHJIAPHUHT MOXUSATHHHM OaTtad)Cui TYHIYHUII YYyH eTapindya KEHT
KyuaHwiaau. XycycaH, KOMIbIOTepJa MOJSIUIAIITUPHUIN HaTHXKacuaa rpadeH Ba
yriaepon HanoHaiua (YHH) map xabu 6aw3u yraepon mHanoctpykrypanapu (YHC)
HU [AKJUTAHTUPHILI ME30HJIApH aHUKJIAHAW. Y MyMaH, MOJCIUIAIITHPHIN YCyIIapu
KYITHHA SKCIIEPUMEHTal Ky3aTyBJIapHU MyBad(dakUsITIN U30XJ1araH Ba yJIapHUHT
CHMHTE3 MEXaHU3MJIApWHU aHUKJAIITUPraH Oyica Xam, CelIeKTHUB CHHTE3HU
OOIIKapHIIl COXACHAa SKCIIEPUMEHT Ba KOMIIBIOTEPAa MOJACUIAITHPHUII YpTacuaa
OYLUIMK ce3wIapiy Japakaja CakIaHuO KOJIMOKIa. by OVIITMKHU KUCKapTHUPHIL
MaKCcaauaa X03Upryu naiTaa JyHEHUHT KYNITMHA €TaKud WIMHAK TYpyXJlapy MaB3yra
TErMIUIM KYNTMHA J10J13ap0 Macananapla, KyMjaJaH, yriepoj HaHOHaiuanapw,
rpadgeH Tacmasapu Ba KapOMH KaOu  yriepoJ  HAHOCTPYKTYpJIapUHU
MyBaQGaKUATIN TaHJIa0 CUHTE3 KWJIMILJIA SKCIEPUMEHT Ba MOJCIUIAIITHPUII
Oyin4a XaMKOPJIMKKA TasHUO U KYPUIITMOK/IA.

V36ekucron Pecry6nmkacuiaa —MaTepHaIIyHOCTHK, SIEKTPOHHKA Ba
MOJIEKYJIsIp (pr3HKa coxanapuaa Oy KaOu XaMKOPIUKKa aCOCIIaHTaH TaJKUKOTIapra
anoxujaa 3bTUOOp Oepunran Oyicana, HAHOCTPYKTypajapuHU TaHjad CUHTE3
Kuiuil Oyiinya Oy uiiap Xauu Y3uHUHT Oonutanrud Hykracuaa. llynnan kenu6
YUKKaH XOJia HaHo3appayiap (u3ukacu Ba KuMEcHM xamaa (GU3UK-KuMEBHIA



KapaCHJIapHU KOMIbBIOTEpAA MOJAEUIAIITUPUII Kabu € Ba HMCTUKOOIUIU
HyHanmunuiapia WIMHA-TAAKUKOTIAPDHU KEHTaWTHUPHII Makcaara MYyBOQUK.
XycycaH, HAHOTEXHOJIOTHUSTA aCOCIAHTaH APTAHTH KyH acOOOCO3TUTMHUHT aCOCHIA
Bazudanapuaan oupu OYiIraH Typiid XWI yIIepoj HAaHOCTPYKTypajap CUHTE3UHU
Oomkapum  Oyiimua  OWJIMMIIAPDUMH3HU  PUBOXKJIAHTHPUIN ~ Ba  OJraH
TaxpubanapuMu3Hu €1 aBIOAAPUMM3Ta €TKa3uil Joh3apd Basudanapaan Oupu
oymu6 TypuOmm. by kabm dyHgamMeHTan TaaAKUKOTIAp MamJIaKaTUMU3 HIIM-
(baHMHMHT PUBOKIAHMIINAA KATTa aXaMHSTIa drajup. Y30ekucton PecryGimkacy
[Ipesuaentununr 2017 un 7 depangaru [1d-4947-con «2017-2021 #unnapnaa
V36exncTon Pecry6ankacHHM PHBOXKIAHTUPUIIHMHT OEITa YCTYBOP HYHAIMIIN
Oyiinua Xapakatnap crparterusicu Tyrpucuganru ®dapmonu Ba 2018 iun 14
utoniaru [1K-3855-con «Mnmuii Ba niaMUi-TeXHUKaBUM (HaoausaT HATHXKAJIApUHU
THKOPATIAIITUPUILI  CAMAPAJIOPJIUTUHU  OlIMpUIll  OYyiiMya KymuMya 4opa-
tagbupnap tyrpucuaanru Kapopunga xamaa maskyp (aosiusTra TErHILIM OOIIKa
MEeBEPUN-XYKYKUI XyXoKaTiaapaa OeiruiaaHrad BazudanapHu amanra OLUIMpPHUIIIA
MyaisiH Aapakaja Xu3mMaT KAjaaiau.

TaagkukoTHapHUMHr  pecny0auka (¢aH  Ba  TeXHOJOTUSIAPWUHH
PMBOXKJIAHTHPUIIHUHT YCTYBOP HYHAJIUILIAPUIA MOCIMIH. Ma3Kyp TaaKuKOT
peciyOnuka ¢aH Ba TEXHOJOTHsUIap puBOXIAHUIMIMHUHT .2, «DPusuka,
acTpOHOMMSI, SHepreTvka Ba MaimuHaco3nuk» III. DHepreTtuka, sHepropecypc
TEXKAMKOPJIUTHU, acO00CO3JIMK, 3aMOHAaBHHl 3JIEKTPOHHUKA, MHUKPOAJIEKTPOHHUKA,
ANEKTPOH acOOOCO3MKHUHT PUBOMIIAHTUPUIITHU YCTYBOP MYHAIUIIM JIOMpacHia
OakapuJIraH.

TaakukoT MaB3ycH OVilMua XOPHMKHH WIMHMIA TAIKHKOTJAp mapxu'.
XKaxonna yriepoJl HAaHOCTPYKTYpaJIApUHUHT CUHTE3U OYinya TaAKUKOTIap €TaK4u
WIMUKA Mapkasjiap Ba OJMH TabJIuM Myaccacaiapuia, Kymiaman Paric
yHuBepcuteTd, Maccauycenyr TexHomoruss uwHCTUTYTH Ba Texac A&M
yauBepcuretu (AKII), KemOpmwxk yHuBepcuteTd Ba MaHuyecTep yHHUBEPCUTETH
(byrox bputanus), Tokuo yausepcuretu, AIST, Bacena ynusepcutetu Ba Toxoky
yauBepcutetd  (Smonums), CNRS (®panmus), Aantro Danmap Makrabu
yHuBepcutetu (Ounnanaus), [lexkun yausepcureru (Xuroit), CSIRO (ABcTpanus),
Kapncpye Texnonoruss mactutytu (I'epmanust), JleyBen Kartonuk yHuBepcuretn
(benbrus), Bena ynuBepcureru (ABctpusi), HansHr TexHOJOTMsT YHHUBEPCUTETH
(Cunramyp), CkonkoBo ¢an Ba TexHosoruss uHcTUTYyTH (Poccus)ma ommb
OOpUIMOK/1A.

XKaxonna yriaepoa HaHOCTPYKTYpaJapUHUHI CHUHTE3U OYyilmua amanra
OIIMPUIITAH WIMHHM TaJKUKOTIap OViinUa, )KyMmiiaaaH KyHuaara uiMud HaTHxXanap
OJIMHTaH: MabayM xupawkiau oup kaBatiun YHH (BKHH) nmapununr ycummnau
OOIIKApUII, CEJIEKTUB YCTUPHUII YUYH KaTallu3aTop JU3aiiHU, HUIIIOHA MOJIEKYyJIanap
opkamu BKHH ycrupum, bKHH yenmman xommbrorepia MOIEUIalITHPWHIL,
tarnukka Oofmanran BKHH cunTe3n, Beptuxan taptubmanran BKHH nap,
YIAEPOAJIM Ta3 KUMECHHUHT TabCUpH, I'pa(eHHUHT YCHUII MEXaHU3MH, IOKOpU

! JIOKTOpIMK MK TAaKIUMOTH MaB3yCHTa TETHIIIIN XAIKAPO UIMHI TaAKUKOTIIAP IAPXK KyHHAAruIapra acOC/IaHTaH:
R. Rao et al. ACS Nano 2018, 12, 11756; H. Shinohara Jpn. J. Appl. Phys. 2018, 57 020101; A. C. Ferrari et al.
Nanoscale, 2015, 7, 4598.
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Japakalii MeTauioyJuiepeH, MeTall-HaHOCUM Ba TpadeH HaHOTaCMalld UM JIap
CUHTE3U Ba OoIIKamap.

Kaxonna yriepos HaHOCTPYKTypaJdapuHUHI CHUHTE3U Oyiinua, >KymulagaH
KyWAHJard yCTYBOp WYHATUILIAPAa TAAKAKOTIAP 0JIN0 OOpUIMOK/Ia: HAaHOHAIaIap
Ba OOIIIKA MKKHU YITYOBIM MaTepuaIapHA CUHTE3 KWJIUII Ba YJIapHU KalTa UIILIall,
0JIMOC Ba OJIMOCTA TETHUILILIN MaTepuauiap cuaresn, Y HH numna sHru xycycusarim
yYIJIEPOJ, HAHOCTPYKTypaJlap CHUHTE3H, Iula3Ma €plaMuaa HaHO3appantap XOCHII
OynuirHM OOMIKapHUIll Ba OoIIKaiap.

MyaMMOHMHI YPraHWITaHJIUK JapaKacu. YTIEPOJ HAHOCTPYKTYypaCH-
HUHT XOCCAaCH YHHHT T€OMETPHUK Ty3WJInIIura OofIuK. BUupok, HaHOCOHUsIapaa 103
Oepaauran xamaa 3KCIEpPUMEHTAN Ky3aTUIl KMMMH OYJraH opaiuk *)apacHIapHU
YpraHuil KMCMaH YeKJIAHTaHIurd Tydaianm Oy CTpyKTypajJapHH XOCWJI KWJIMIL
YCTUIAH aHUK Ha30paT Xaiu xaMm TYyiuK YpHatuiManu. Ly ca®abmm, Typam xun
saddextnap xakuaa arpodanya MabIyMOT OJIMII YUyH Typiau XUCOOJal yCcyiiapu
KYJUIlaHWIIM Ba OyJmapHUHr Oapyacu SKCIEPUMEHTANl Ky3aTyBJIApHU TaXJIWiI
KUJIUIIra Ba TylIyHTupuira épaam Oepau. Alinukca, F. Ding, B. Yakobson Ba
OomIKa OJUMIIap TOMOHMJIAH TaKIM(] KWIMHTaH TUCIOKAlWs Ha3apHusIch xamaa Y.
Magnin, C. Bichara, H. Amara Ba 6omkanap Tomonuan unad ynkuiarad bBKHH
YCUIIMHUHT TEPMOJUHAMHUK MOJIEN XUPAUTUTH OOLIKApHIaUral HaHOHAN YCUIIIH
XaKuJaru OWIMMIIAPUMU3HU CE3UJapiu JAapaxana sxmuiand. JlekuH, ycum
MaH3apaCUHUHT  YIJIEpOMJIA Ta3ra OOFJMKIWMIM Xaldd XaM aHuK SMac.
Taxpubanapuuar akcapusitu YHH Veummpa yrieBogopoa MoJeKyJacuiaH
doiigananuiMra Kapamad, akcapuaT MOJESIUIAIITUPUIL HUUIApUIA  YIIEpPO]
KaTHamMaraH raznap (ssHu, H,, H»O Ba Oomikanap) HUHT >kapa€Hra TabCUpHU
KaMpoK €K yMyMaH HyK, 1e6 xuco61ad, dhakaT yriaepoJl aTOMUHU yTIIEPOJIN a3
cubatuna Qorigananwirad. [lyHUHr yd4yH, WIOHUHT UWKKAHYU OYIuMuna,
yraepoanu raz 3@dexktuHuHr YHH Hu Tanna® ycrupuingard aHuk pOJIUHU
Vpra"uin HaTHXKaaapyu KEITUPUITaH.

CenexTuB Tap3aa KUMEBUN MYKOTUII MyKOOHJI BapHaHT cudaruga Mabiym
XUPAUTMKIN YTJIepOJ HAaHOHAWYalapuHU OJMII WMKOHUHHM Oepaau. YMymaH
onranna, anbanaBuil YHH nnénkacuna raxmunan 2/3 spumytkazrua BKHH Ba 1/3
metain BKHH nap mapxyn 6ynaau. [Inazma épanamuaa KuMEBUI MyKOTHUIIT METaJL
HaWYaJTapHUHT SPUMYTKA3THUIN HaWdamapfaH axparuO® OJIUIl WMKOHUSTUHU
Hamouui 3tau. Xycycad, G. Zhang, H. Dai Ba xamkacOmapu sipuMyTKa3rudiu
HAHOHAWYaJJADHUHT ABBAJITM IIAKIWMHU AEApAM cakjaraH xonaa, CHys miasmacu
épaamMua MEeTaJ HAaHOHAMYalapHU TaHiIa0 HYKOTUIN WYIMHU TaKIUM STHIIIH.
bomika Ttomonman, A. R. Harutyunyan, D. Zakharov Ba xamkacOmapu meTasul
yTkazyBuanaukiu bBKHH napuunr tannad ycrupuiinau kypcarau. JIGKUH, MyxXuMm
AKCIIEpUMEHTANl I0TyKJIapra Kapamai, CeNeKTUBIMKHUHT ca0aOMHM TYUIYHHMII Ba
WVKOTUIIIHUHT WIK KaJamuja €TraH HaHoyI4aMJard MeXaHU3MJIApHU TYIIyHUII
XaHy3raya KuiiuH 0ynu6 konmokaa. [LIlyHuHr y4ayH, ym0y MyaMMO UITHUHT YYUHYN
KUCMU/Ia YPTraHWITaH.

Masbiiym reomerpusira sra OyiaraH HaHOCTPYKTypajap OJUIIHUHT siHA Oup
YCYAU YJApHUHT SHAOSApal CHHTE3H XucoOmaHagu. XycycaH, Yriepon



HaHOHaWyacu wuyuaa Oe3apap yuuiad Typuil (4derapanaii) WMKOHUSITH SIHTU
KYJUlaHMaJdapHu TaAOWK 3TUIIHH, MacajlaH, OOMIKapuiaAuraH XyCcycHsTiapra sra
SHTW YIVIEPOJ HAHOCTPYKTYPAJIAPWHM YCHUIIMHM TabMUHIAWAW. JlapXakukar,
Coso@BbKHH ne6 nomnanran yraepon nunoanapu (a1, BKHH xancymacumaru Ce
¢ymnepennapu) wuar (H. Shinohara Ba Oomka onumiaap TOMOHHAH)
HKCIIEPUMEHTAJI CHHTE3U HaHOY T4aM1aru Oy KOHTeHep WYuaaru SHru (ru3nKa Ba
KUMEHU KEHI MHKEcaa ypranumau Oomad Oepau. Typiau Xui KamcynajlaHTaH
yTJIepoJ HAHOCTPYKTYypajiapu ymly ycyiaaH ¢oigananud myBadPpakusTiIn CUHTES
KulMHaéTran Oyicajga, KaTaliuM3aTop Ba YIAEpOJJIM Ta3HUHT CHUHEPIreTHK
(KOJUJIEKTHB) POJIMHU TYLIYHHII XaJId XaM KUHUHiIuruya konmokaa. lynaan kenuo
YuKUO, WIMHUHT TYpTUHYM OViaumuna yiapHuHr YHC »HAo31pan CHUHTE3WHU
Oomkapumaard Kymma tabcupu (3GHEeKT) MyxokaMa KUJIUHTaH.

Karanuzatop Ba yHUHI TarjluruHA TaHJall  CEJIEKTHB  YIJIEPOJ
HAHOCTPYKTYPAJIAPUHUHT CUHTE3MHHU CaMapaiy OOLIKApPHUII YUyH XaM MYXHUMIUD.
XycycaH, yJapHH MOXHUPJIMK OWJIaH TaHJIAIl OpPKAId MAabJIyM XUPAUIHKINA
YHHnapuu cenexkTtuB YCTUPWIMIIM KypcaTHO KEIMHMOKIA. AMMO, XO03Upraya
11a3Ma OpKajH KaTalru3aTop HaHO3appajapu XOCui OYIuI skapaéHUHUHT TabuaTu
XamJia yJIapHUHI aHUK POJM XaKujaa mMabiymotriaap WyK. IIlyHHHr y4yyH, WUIIHHHT
OemmHuM OynmumMuAa ymoly MyaMmMoJiap YpraHuiraH.

TagkKuKoT MaB3yCMHHMHI WIMHIA HII O0a:KapWIraH oJIMA TabJINM
MYyacCaCACMHMHI WJIMHI-TAAKUKOT HILIAPU pekajapu OMJIaH OOFIMKJIMUIHU.
Tanxkukotnap AntBepneH YHupepcuTeTuHUHr (benbrus) PLASMANT rypyxu
WIMHI unutapu pexacura MyBo(GUK Ba @DuaHIpuss WIMUNA TaaAKUKOT (QOHIU
TOMOHHU/JIaH MOJIMSUTAIITUPUWITAH KyHUAaru MOCTAOKTOPIIMK TaIKUKOT JIOMUXaIapH
noupacuaa onubd Oopunran: Nel2MI315N “OnTtun  katanuzatopu €paaMuja
yrJepoJ HAHOHAMYAJIAPWHHMHI aToMap JapaXkaJa VYCUIIMHUA KOMIIBIOTEpPA
moaesamtupum” (2014-2017 innnap, AHTBEpIieH yHuUBepcuteTd, benbrusi) Ba
Nel2M1318N "VYraepon HaHOCTPYKTYpacH YCUIIMHUHI Y30K BaKT JUHAMHUKAcCH'
(2017-2020 innnap, AHTBEpPIIEH YHUBEPCUTETH, benbrus) MaB3yapuaard WiMun
Joinxanap noupacuia Oaxapuiras.

TaaKUKOTHHHT MaKCcaH MabJIyM XyCyCUsATIapra sra OyJIraH SHTH yTaepos
HAHOCTPYKTYPAJIAPUHUHT CEJIEKTUB CHUHTE3MHHU MOJIEKYJAp Japakaga OOLIKapHIll
MEXaHU3MIIAPUHU WIFOP MOJEIUIAIITUPUII yCyJUlapu €pAamMuaa aHUKIAll Ba M1y
OpKaJIA CTPYKTYpa dXTUMOJIUHN OOLIKAPYBU YCYJIUHU UILIA0 YUKUIIAAH HOOPAT.

TaagKuKOTHUHT Basudaaapu:

yraepoJ, HaHOHaWYanapu VCUIIMHUHT WIJIK OOCKUWIapuaarud acocui
MEXaHU3MJIAPUHU TyLIyHUlI, xycycaH YHH HuUHr cenekTtuB ycummumaa yriepon
Ta3UHUHT POJIMHU TAJIKUK ATHILL

YIJIEPOL HAaHOHAWYaJIapUHU KUMEBUU WYKOTUIIIHUHT acocum
MEXaHU3MIIAPUHU YPraHMIl, XyCyCaH, MypFaK yriepoJ HaHOHaldYaJapuHU I1a3Ma
épmamuna uyK KwinmHW TymyHam. [lysuarnex, YHH mapum cenexrtus
WYKOTUIIHHUHT WIK KaJaMUHU aHUKJIAII,

YIJIEpOJl HAHOHAWYacu MYMJArd AXTUMOJMUHN YIJIEpOJ HAHOCTPYKTYypajapu
CUHTE3MHHMHI HAHOyJIYaMJard MEXaHW3MIIAPUHU YpraHum, ymoy yIiepoJ
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HAaHOCTPYKTYPAJAPUHUHI CEJIEKTHB YCHIIUAA KaTalIU3aToOp Ba YIIEpOUIM Fa3HUHT
KOJUIEKTUB POJIMHU YpraHull,

mazma myxutuaa Hukeln (Ni) Ba ontuH (Au) (KaTaan3aTop) HaHO3appaiapu
XOCHJI OYJIMITMHUHT aTOM Japakacuard MEXaHU3MJIApUHU TAJKUK 3THILL

KaTajau3aTop TarJIMTUHU OJIMII  y4yH KpeMHuM (Si) HaHOOKCHAJIAMI
XKapaCHUHUHT MUKPOCKOIIMK MEXAHU3MJIAPUHH aHHUKJIAILL;

OJIMHTaH SIHTH YTJEPOJ HAHOCTPYKTYpaJapUHHUHI AJIEKTPOH Ba MEXAHHK
XYCYCUATIAPUHU YPTaHMILL.

TagkukoTHUHT 00bekTH cudaruga Ni (€ku  Au) KataiImM3aTop
HaHo3appanapu, C<Hy Ba CiH,O, Mmonexynanapu cudrapu yriaepoum raszinap, H, Ba
O, monexkynanapu éxku H Ba OH paaukannapu, Al, Si Ba S10, cupTiapu OJIMHTaH.

TaagKMKOTHUHI NpeAMEeTH SHIU YIVIEPOJ HAHOCTPYKTYpaJapUHUHT
OOLIKapWJIaAUraH CEJIEKTUB CUHTE3M MaNTHAa coaup Oynanurad xapaénnap (ury
KyMJIIaJlaH, OpaJMK *kapac€Hiap) Ba XoAucaiapaaH Hoopar.

TaagKMKOTHUHT ycy/uiapu. TagkMKOTIA PEaKTUB MOJIEKYJISAp JIHWHAMHKa
(MD) Ba rubpung wmonekymssp auHamuka/Monte  Kapnmo  (MD/tfMC)
MOJIeJUTAIITHPHUII yCyJUTapuAaH (poiganaHuiIraH.

TaagKMKOTHUHT WIMMH SIHTWINTYM KyHugaruiapaad noopar:

WIK 00p y4 XWJ yriaepoa TabMUHOTYWIAPH, S’bHU KaTalu3aTop CUPTIArd
yraepoa, aud@ysussiaHrad yriepoa Ba ra3 MyXUTUAArd (WIrapupoK CHPTAAH
NYKOTWIraH) yTAEpOMJAPHUHI XOCHJ OYJIUIIM YIJIEpOJUIM Ta3sHUHI Typura
OOFNUKJINTU KypcaTub OepuiraH;

OMpUHYM OOp CUCTEMAaHMHT BOJAOpOACH3IaHuIl aapaxkacu (k-koadduireHr)
YHH ycummHuHr Uik OOCKUYMIAru OpajuK OOCKUWIAPMHM aKpaTHUILIra MMKOH
OepuIlN KYpCaTUIITaH;

napajuies yriaepoj, HaHOJAEBOPJAPUHMHI Maia0 OYIMIIM 3KCIEPUMEHTAN
paBumga taxmuH atwiarad kyn kasariu YHH (KKHH) map yenmmHuHr mik
Ka/JIaMMHH TYUIYHTHPA OJIIIU KYPCATHIITaH;

KUCIopoaHu To3anam 3¢dextu Tydainu KaBarinapu (AeBOpiapH) Kam
oyaran YHH nap ycum sXTUMOJIUTH SKCIIEPUMEHTHUHT KYMOOKIHU (TYyIIyHHIL
KUIKH OYJraH) HaTWXKaJTapUHU TYIIYHUII UIMKOHUHU OCpHUIIN KYPCATUITaH;

wik 6op Haiiya nuamerpunu (spHM, BKHH kenraiimmm €xu TOpaituimm)
yTAEpOA TABMUHOTUWIAPUHUHT KYIIUJIUIL CypbaTUTa TecKapy OOFIMKIUTY OOIIKA
MOJICJUTALITUPUII yCyJUIapUra acoC/IaHraH TaJKUKOTJIap HaTWXKallapura MyKoOWI
paBuIlla AKCHEPUMEHTaN JalwUlapHU (Ky3aTHILJIapHU) TYLIYHTUpUO Oepuiin
AQHUKJIAHTaH;

oupunun 60op BKHH konkoru OyTyHnalh KMMEBHN HWYKOTUIWIIAAH OJIIMH
KEeTMa-KeT paBullja yriaepoa Kadacura (pysuiepeHra), yriepoja HaHOKATIamMHra
(rpadenra) Ba moJIMKMH 3aHXXKUpJIapura (KapoOuHra) allylaHUIIM aHUKJIaHTaH,

wik mapta Hr-rna3ma opkanu BKHHuuM iiykoTrin sxTuMosuru y-0ypyakka,
apHu opTo HC-CH G0F Ba XupasIMK BEKTOpH Opacuparu Oypyakka OOFIMKIUTH
AHUKJIAHTaH;

BKHH nunparu nHanonaiya €ku rpa)@eHHUHT CENIEKTUB YCHUILN MOC PaBHILA
3aHKUP-XAJIKA-KOMKOK Y3rapUIITUHUHT TE3TUrY OuiiaH OeNTruIaHuIIy aHUKIaHTaH;
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wik 6op Ni OujiaH TyrajulaHral KapOUHJaru TaKUKJIaHTaH 30Ha KEHTJIUTUHU
3amkup Oyinmad H koHUeHTpalusiCHHM OOIIKapHIll OpKaJld Y3rapTUPHIL
MYMKHWHJIUTH aHUKJIAHTaH;

BKHH nunaaru Metamn (Kataau3aTop) HaHO3appaJlapuHUA OKCHUJIJIAII OPKAIU
HUYKOTUII HATHXKACHA YIJIEPOJ HAHOCTPYKTYpaJapUHUHT OapKapOpiUryd OLIUIIN
AHUKJIAHTaH;

OMpUHYM MapTa KaTaJu3aTop HaHO3appaJapuHUHT BojopoanaHumu Ho-
ia3Ma MYXUTHAA YJIApHUHT XQXMUHU cakjiad Typulldra oJd0 KeJUIIu
KYpCaTWJITaH;

OMpHUHYM MapTa OKCUJJIOBUMHHUHI SHEPTUSICHHH, YCHIIl XapopaTH Ba CHUPT
STPUIIMTUHM aHUK Y3rapTupuil opkaiu a-Si0, (karanu3atop Tariurua cudartuaa)
HUHT YATPAIONKA KATUHIUTUHU OOIIKAPUII MYMKHUHJIMTU OaXOoJaHTaH.

TagKUKOTHUHT aMaJIMii HATHXKAJIApH Kyluaaruiapaad noopar:

CAJIMOKJIM HKCIIEPUMEHTANl HATWKaJIAPHW/Ky3aTyBIApHU UYYKyp TaJIKUH
KWJIUII Ba Iy OPKAJIU SHCH YTIEPOA HAHOCTPYKTYpaJApUHHUHT OOLIKApUIaIUTaH
CEJIGKTMB  CHHTE3MHHM  TaKOMWUIAIITHpuUml  yuyH  rubpun  MD/tMC
MOACIIIAIITHPHII YCYIIH UILIA0 YNKUITaH;

WiK OOp SHIW YIiepoJ HaHOMAaTepUAIUIADUHUHI CEJIEKTUB CHHTE3UHU
OoIKapHIga KaTaau3aTop Ba YIJICPOAIM Ta3HUHT CHHEPreTUK 3(PPEeKTUHUHT
FOKOpY MMOTEHI[MATN HAMOWHUII ATUJITaH;

CEJIeKTUB  CHHTe3  OmiaH  OOFIMK  OSKCHEpUMEHTIApHU  sHajJa
TaKOMWUJIAIITUPUIIT  MAaKCaAuJa KOMIIBIOTEPAA MOJCIUIAIITUPUIL  aCOCUAAru
OamopatyiapHu 3pTHOOpra oMb XMCoOJalll HATHXKAJAPUHU TaNKUH KUJIUIITHUHT
MYMKHH OYJIraH yCyJulapy TaKJIUM STUIITaH;

OJIMHTaH MOJISJUTAIITUPUII HATHXKATAPUHY YYKYpP TaXJIHJI KWK MaKcaauaa
TypJid XWJI aHanu3 ycyiiapu, xymianad DFT meronu Ba sHTM spaTWiran
JacTypiap pUBOXKIAHTUPHUIITaH.

TaagKuKOT HATHKAJAPUHUHT MINOHYWIMJIUTH YJIAPHUHT WJIFOP 3aMOHABUH
MOJCJUIAIITUPUILL  YCYJUIApUHU  KYJUlaim  €pJlaMuia OJIMHTAHJIUTH, [IYHUHITIEK,
aJIeKBaT MOJEN THU3MMIIApH Ba XHMCOOJall ajirOpUTMIIAPUHUHT HIUIATUITAHIUTH
XaM/Jla OJIMHTaH HaTXKaap SKCIepUMEHTal HaTHKadap OulaH MyBO(QHUKIUTH OWIaH
UCcOOTMHU TomraH. byHIaH Tamkapu, OOKTOPIMK HWIIM HAaTWKaJapuHU Y3uaa
My’KaccaMm KHITaH MaKoJanap Karop 1okopu uMmnakt ¢akrop (UD) nu xypHaapaa
YOIl ATWIraH Ba €TaK4YM SKCIEpPTIap TOMOHHWAAH TaKpu3 KWIMHTaH. JloKTOpiuk
UIITMHUHT HaTHXKajaapu ymoy coxana Hydysnu Accounts of Chemical Research (N®
=21,661) )xypHanura HaIp dTUIITa TaKIA( KWIMHUIIN TAIKUKOT HaTHKAJIApUHUHT
UIIOHYIMJIUTUHU TaCAUKIANAN.

TaagKUKOT HATHKAJAPUHUHI WJIMHMHA Ba aMajJvMl axaMUATH. TagKUKOT
HATW)KAJIAPUHUHT WJIMHUN axaMUsITU MUKOCEKYHNJIAaH CEeKyHJradya OyiraH CHHTE3
KapaHIapuHU TYFPUAAH-TYFPH Taxpuba xamaa MaBXKyJd MOJCIUIAIITHPHIL
yCyJulapu OWiIaH Ky3aTUIl KMMUH OYJraH opaluK HaHOYI4aM MEXaHHU3MIIapH Ba
cunepretuk dddexTnapuan Oatadcun TaXJIWI KWIAII MYMKUHJIUTA OWiaH
OenrunaHan.
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TaakuKOT HaTWXKAJIAPUHUHT aMaluid  aXaMHsITH MOJCJUIAITUPUIL  Ba
Taxpubamap opacuaard OYNIIMKHA KaMaWTHUPHUIN OPKAJId HAHOCTPYKTYpajlapHU
CEJICKTUB CHHTE3MHU OOIIKApHWIIIa Ha3apuid Ba aMaluid  TaIKUKOTJIAP
HATWKAJTAPUHUA ~ YWFYHJIAIITAPHUIN, HWCTaldTraH Xycycusriaapra odra Oynrax
HAHOCTPYKTypaJapHu OOIIKApWIAIUTAaH CHHTE3W XaKuJard OWIuMIapUMHU3HU
KCHTaWTUPUII Ba My OPKAJIM 3PTAHTU KyH HAHOTEXHOJOTHUSACH YUyH STHTU aBJIOJ
MaTepUaUIapUHU  UNUIA0 YHKAPHUIIHMA SKAJAUIAMTHPHUI MYyMKHHIWTH OWiiaH
U30XJIaHAH.

TaagKUKOT HATHKAJTAPUHUHI KOPUM KWJIMHHMIIM. YTJIEPOJ HAHOCTPYK-
TypaJJApUHUHT MOJIEKYJISIP lapaka/laru CEJIEKTUB CUHTE3W OYVinYa OJMHTaH WIMHNA
HaTwkanap Web of Science unmuii MabirymoTiap 6azacura KupyBuu rokopu Ud nu
KypHajutapaa von dstwiaran 130 unMuii unulapHUHT Taxpuba Ba XucoOuarl
HATW)KAJApUHU IapxJjam €k TaBcudiall, UIYHUHTACK TaXJWiIuk uiiapaa
UKTHOOC KENTUPHII OPKAIH KOPUHA KWIMHTAH, KyMJIaJaH:

YIJIEBOJOPOMIAp €pAaMHaa yIJIepoJ HAaHOHAMYAJIapUHU YCUIIW, BEPTHUKAI
rpadeH KaTJIaMUHUHT Maio Oynuimu, Bogopoanamt 3¢p¢GeKTyu Ba yriiepoia ra3ra
o6ornuk O6ynran YHH wu ycummHuHT miak OocKuwiapuaard OOIIKa MOJEKYJSp
nanwiapy (SbHU, TAAKUKOTHUHT 1, 2, 3, 4 Ba 5 wimuii ssarunmkinapu) [Chem. Rev.
2020; 120: 2693 (UD=54,301), Mater. Today 2018; 21: 845 (MD=24,372), ACS
Nano 2018; 12: 11756 (MD=13,903), J. Catal. 2017; 349: 149 (MD=7,723), Carbon
2016; 107: 171 (M®=7,466) Ba J. Phys. Chem. Lett. 2015; 6: 2232 (U®=7,329)]
Makojanapfa OepwiraH HaTWXKaJIapHUW TaJKWH KWIWII Ba TaBcHamiga
UIUIATUJITaH;

mwiazma éppamuaa YHH napHUHT yCHUIIM Ba MYKOTWIIMINM XaMJa yIJIEPO.
KaTHamMaraH rasnapHuHr YHH napHUHT cenekTWB CHHTE3Ura TabCUPH (SbHHU,
TaIKUKOTHUHT 6, 7, 8 Ba 9 mnmuil ssHrunukiapu) [Mater. Horiz. 2018; 5: 765
(UDd=14,356), Chem. Sci. 2017; 8: 7160 (UD=9,556), Carbon 2018; 137: 527
(UDd=7,466) Ba Int. J. Hydog. Energy 2020; 45: 15302 (M1d=4,084)] makonanapaa
TaxJIAJI KWIMHTaH Ba KYPUO YNKHUIITaH;

KaTanu3atop (MeTad) HaHOo3appadajapd Ba HaHOOKCHJIAI EpaamMuja
KaTajau3aTop Yy4YyH TariuK MaTepHalIapuHU XOCHUJ Oynumu Owuinan OOFIUK
HaTwxanap (spHU, TaaKUKOTHUHT 10, 11 Ba 12 wnmuit aurunuknapu) [ACS Nano
2019; 13: 3005 (M®=13,903), Phys. Rev. Lett. 2017; 118: 1 (MdD=9,227), Sol.
Energy Mater. Sol. Cells 2020; 208: 1 (M®=6,019), Appl. Surf. Sci. 2020; 505: 1
(UD=5,155), Fuel 2017; 210: 1 (MD=5,128), J. Phys. Chem. C 2020; 124: 1932
(N®D=4,309), Cryst. Growth Des. 2015; 15: 3105 (M®=4,153), Phys. Rev. B 2019;
100: 1 (MdD=3,736), Plasma Process. Polym. 2017; 14: 1 (A®=3,173); J. Phys. D:
Appl. Phys. 2018; 51: 1 (M®=2,829), J. Appl. Phys. 2014; 116: 1 (M®=2,328) Ba J.
Nanomater. 2016; 2016: 1 (Md=2,233)] makonanap/ia KEHI MyXoKaMa KWJIHMHTaH.

TagkukoT HATHKAJAPUHMHT  anpodamusick. OnuHraH TagKUKOT
HaTHXkanapu 23 ta Hyy3Iu XalKapo KOH(EpEeHIHs, CHMIIO3MyM Ba CEMHHApJIapIa
Takn} STUITaH Mabpy3ajiap, OF3aKd Ba Kypra3Ma TaKIuMoTiaap cudaTtuaa Takaum
ATWITAH Ba MyXOKama KWJMHTaH.
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XycycaH, Kyluaaru xaiakapo KoH(epeHIHs/ceMuHapaa Takiaud KWIMHTaH
Mabpy3ajap Ba (OF3aKd) TaKAUMOTIap OWIaH MINTHUPOK OSTWIraH: XucoOiail
¢usukacu Oyiinua 9-xanmkapo koHdepenuus, 2015 imn 7-11 suBap, Cunramyp
Mwunnuii  yHUBEpCUTETH; DHEprus MaTepuajulapd Ba HAHOTEXHOJIOTHs Oyiuda
XopBatua Hurwnumm, 2016 imn 4-7 wmaii, JyopoBuuk, Xopsatus; I[lnazma
busukacu 6yiinua 7-xaikapo cemMmuHap Ba €3ru maktao, 2016 it 26 uton - 02 uton,
Kuren, bonrapus; DHeprus marepuajiapu Ba HaHOTexXHoJorus Oyitmua ['penms
yupamyBu, 2018 iwun 14-18 wmaii, Wpakmmon-Kpur, I'penusa; Pan Ba
MYXaHAUCIIMK/Ia XHco0am ycyJuiapu oyitnda xankapo koHdepennusicu, 2019 vnn
1-5 mait, Ponoc, I'penust; Xankapo duszukaBuit kum€ cumno3uymu, 2015 iun 5-10
utoJi, AHTBeprieH, benbrus; OnMoc Ba yriepoa MaTepuauiapu 0yiinua 28-xaikapo
koHpepeniusa, 2017 wun 3-7 centsop, ['orenOypr, llIBenus. bomka kuivHraH
Kyprasmayap Karopujaa, Takiug dTUiraH Kyprazmanapu ukku Mmapra (2015 Ba2017)
BKHH cunTesn coxacuaarn IyHEHUHT €TaKYl MyTaXacCUCIApUHU OWpPIIalTUPTaH
"I'Bapanyne cemuHapua' HaMOWMII ATUITAH. ByHJlaH Talmkapu, TaKaIMMOTIapAaH
oupu 2012 iinun 24-29 uron kynnapu Canrta @e (Hpro-Mekcuko, AKI) na 6y116
yrran "Kartuk okucmiapaaru  pagumanuoH 3G @eKTIapHu  KOMIIbIOTEpAa
MozemamTupun”"  Oyitnua xankapo KoHpepeHmuscuna 51 Ta KUIUHTaH
TaKIUMOTIIAp opacuaa Gpaxpiu MKKUHYM Japaxkand EpIuK OUIaH TaKIupiIaHTaH.

TagKuKOT HATHKAJAPUHUHT JbJOH KWIHHTAHIMIUA. J[OKTOpIUK
TAJIKUKOTJIApU HaTWwkKajlapyu Oyinya >kxamMmu 37 Ta WIMHH HWII Hallp KWIMHTaH,
KymiaagaH 13 Ta Makoma Y36ekucton PecryGmukacu Oumuit - aTTectamus
KOMHCCHUSICHHUHT JOKTOPJIMK JUCCEPTALMIIApY ACOCUN WIMUN HATUKAJAPUHU YOI
ATUII TaBCHs ATWITaH pyixatugaru 43-tuzum, spHu Web of Science xankapo
WIMHUI MabllyMOTIap 0a3acura KUpUTUIITaH XOPUKUN WIMHM )KypHaJUIapyuia Halip
stwirad. Web of Science xankapo wiMuii MabiymMoTiap Oa3acura KUPUTUITAH
XOPIKUA WIMHHA SKypHaJIapuga 4YON OJTWITaH Makojamnap QakaT Mas3Kyp
TaKIMMHOMa/1a (oiaJaHIIraH.

TakIMMHOMAHMHI TY3WIMIIN Ba XaKMU. TakKIUMHOMAHUHT TapKUOU
Kkupui, Oemra OynmuM, Xynoca Ba anmabuérnap pyiixarumaHn —uOopar.
TakaMMHOMAHUHT XKMHU 87 OETHU TAIIIKWII dTaIH.

TAAKUKOTHUHI ACOCHUI1 MASMYHH

Kupum. Ymly TagkukoT oAMHIaH OeNTUIaHTaH XyCyCcUsiTiiapra ra 0yiaran
SIHTY YIJIEpOJ HAHOCTPYKTYPAJIAPUHUHT CEJIEKTUB CUHTE3UHU MOJIEKYJISP JAapaxaaa
OOLIKApWIIMII MEXaHU3MJIAPMHU aHUKJIAIl Ba LIy OPKAJIU CTPYKTypa OOIIKapyBU
YCYJAMHU HWIUTA0 YMKHUIIHKA 3aMOHABUM MOJEIUIAIITUPUIL YCYJUIApH OpKaId
YpraHuiiura KapaTHIraH.

TagKMKOTHUHT OMPUHYM KHCMH MOJICIUIAIITUPUIT YCYJUIapy XaKuja.
Monekynsip nuHamuka (MD) ra acocinaHrad mMojie/uIaliTUPUIILIapa CUCTEMAaru
atomnap HIOTOHHMHr XapakaT TeHrJamanapu OpKajiu, (a3o Ba BakT Oyiinua
Ky3aTwiaau. ATOMJIApPHHA XapaKarra KeITUPYBYM Kywiap Oapda aroMmiapapo y3apo

12



TabCUPJAPHU TABCU(DIOBUM Kyd MaWJOHUHUHT (€KW MOTEHUATMHUHT) MaHbui
rpagueHTy cudartuaa xucodnanaau. by momemmamrupunuiapaa, acocan, ReaxFF
MOTEHITMAIA PEAKTUB Kyd MangoHu cudaruna unviatwirad. ReaxFF Gormanwm
napaxkacu Ba OofiaHWIn Macodacu opacujard OOFIUKIMKIAH (oiganaHamu.
CucrteMaHUHT YMyMHI SHEpPrusick OWp Heya XyCyCHMl »Heprusuiap, Xycyca,
OOFJIaHUII SHEPTHUSCH, EIFU3 AIIEKTPOH KYy(PTIUKIAp dHEPrUscH, MacT Ba IOKOPU
KOOpJMHAIIMS SHEpTusjiapy, BajJeHT Ba OypwiHuml Oypdyakiap 5SHEpPrusiiapu,
KOHBIOTAIMSl SHEPIUsICH, BOAOPOJ OOFJIAaHUII SHEPTUSCH, IIYHUHI/ACK BaH JEp
Baanc Ba Kynon ¥3apo Tabcupu HsHeEprusuiapy MHUFUHIUCUIAH HWOOpaTAMP.
['eomeTpus Ba OOFIaHUINITa acCOCHaHTaH 3apsi TAKCUMOTHU 3JIEKTPOHMaH(UUTUKHA
terrnamtupun ycyau (EEM) épnammuna xuco6nanamu. ReaxFF mapamerpnapu
peakiusi SHEprusiapy, peakuus Oapepiapyu Ba KOHQUTypalusiiap >HEprusicura,
IIYHUHTIEK TEOMETPUK Ba CTPYKTYpPaBUH MabIyMOTJIAP YUYH XaM SKCIIEPUMEHTAII,
XaM KBaHT MEXaHUK Xucobnanuiapra HucOatad ontuMatamtupuinan. ReaxFF-MD
MOJEJUIAIITUPULIUIAPH ~ OJIaTAa  KBAHT-MEXaHMK  XHUCOOJall  aHMKJIWTUTa
TEHTJIAIITUPUIIAIUTaH OOFJIaHUII JUCCOLMALMACH Ba MIAKIUIAHUII >Kapa&HIapuHU
TYFpH TacBUpaammmuu Hamounui 3tau. ynunr yayn ReaxFF notennuanu nagakar
KOBaJICHT aJIOKajapHu, OalKy HOH alloKalapHU Xamjaa OyTyH OpaliuK y3apo
TabCUPJAPHU TaBCU(IAIIHU XaM KypcaT/iu.

1-skaaBan. ReaxFF HuHr 0ab3u HaTwXKalapuHU OOIIKAa MOACIUIAIITUPHUIN Ba
AKCIIEPUMEHT HATIKaJIapy OWJIaH COMUIITHPHUIIL.

ReaxFF bomka
JKCIIePUMEHT
MO/IeJJIAII THPH LI
Zou Mueller HAaTWKAJIapH
HATHXKAJIapH
Exor (N1), €V -4,45 -4,50 -4.42 -4.44
0,62¢ ; 0,20-0,36
AH (C), eV 0.29 0,78 0.40 0,43
VF (Ni,C)/Qq 0,784 0,684 0,64-0,8 -
Ezec (H2), eV 1,22 1,66 0,42-1,19¢ 1,0-1,37

“ Nig6aC yayH ° NissC yayn € Ni(100), Ni(110) and Ni(111) yuyr ¢ T>500 K xomnar y4yH

ReaxFF notennuanuaa Zou Ba Gomikajiap TOMOHHMIAH TaBCUsS THJITAH STHTU
napameTpiiap KOMIbIOTEp MOAESIUIAIITUPUIIIaApU]Ia OOF Y3UIMII Ba XOCHIT OYIIUILIN
*)apaéunapunu, skymianas, C-C 6oraunr y3umumimu, Hy €ku H,O xocun 6yaumm Ba
OOIlIKa peaklUMsUIapHU aHUKPOK TacBUpJAll YYyH KYJUITAHWIIU. SIHTH Takiaud
STWITAH  TapamMeTpjlapHU  MIIOHWIMJIMTMHM — TEKIIMPHIIL  Makcaaujaa, Oy
napaMmeTepiiap acocuaard CHHOB MoAeamTupuin Hatwxanapu (ReaxFF-Zou) Oy
noTeHaTHUAT Mueller Ba 6omikaiap TOMOHHIAH TakIu( STUITAH MapaMeTepiapu
(ReaxFF-Mueller) acocumaru MoOIEIUIAIITUPUIN HATHXaldapu, Xamaa OorikKa
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MOJEJUIAIITUPUII ~ Ba  OKCIEPUMEHT  HaTWXKailapu  OunaH  [-orcadeanna
KYpCaTWITaHUJEK COMUAIMTUPpIWIIA. JKymiagaH, HUKSITHHHT KOTE€3WB DHEPTUACU
ReaxFF-Mueller 6unan xucobmanranga 6upo3 ¢apk kuwicana (-4,50 sB), ReaxFF-
Zou Hatmxanapu (-4,45 sB) skcnepumenr (-4,44 3B) Ba DFT xuco6umam (-4,42 5B)
HaTWXanapy OWIaH Iesapiau OUp-Xuil SKaHIUTH aHUKIaHAH. Niges HUUIATH YTIIEPOT
YUyH 3pUTMa UCCUKJUTH (3puT™Ma sHTanbnuscu) (0,62 eV) 0,42-0,49 eV atpoduna
Oynran SKCIEPUMEHT HaTIKajlapugaH Oupo3 rokopu Oyncama, Niss Kiactepu
xosatu (0,29 eV) xam sKCrepuMeHT XxaM OOIIKAa MOJEUIAIITUPUIL HaTHXKajdapu
noupacura (0,2-0,4 eV) moc kemagu. laxmmasum xaxmu V' yroepon
ATOMJIAPUHUHT HUKEN KpucTaiy nunra kuputuiniu (N1,C) Tydaiinm KpucTaTHUHT
nedopmanusaanumuan  xapakrepaaian. Y VF = V(Ni,C) - xQo(Ni) opkamm
xucobmanaau, 0y epaa V(Ni,C) Ba Qy(Ni) moc paBumga Ni,C crpykrypa (x
cucteMagaru Ni aTOMJIapUHUHT COHM) Ba HUKEJl KPUCTATMHUHT OUp MOJIEKyJa €K1
aToMura TYFpH KelyBu4M Xaxmuapu. V'/Q, mumcbar (0,78) ReaxFF-Mueller
napametpiapu opkaim onuHraH (NigesC Ba Ni3C yuyn moc pasumiga 0,68 Ba 0,71)
HaTIDKaNapaaH Oupo3 KaTTapok Oyicama, Oy KuIMaT KBaHTOMEXaHUK XHCOO
Hatwxkanapura (0,64 — 0,8) xKyaa SKUH SKAHIWTUA aHUKIaHAW. ByHman tamkapw,
BOJIOPOJ] MOJIEKYJIACH I€COPOLIUSACH YUYH XUCOOIaHTaH SHEprus Oapbepu KUiMaTu
1,22 5B 6y1u6 ReaxFF-Mueller mapamerepnapu opkanu oauHran Hatwxkagad (1,66
»B) 6upo3 mact 6yncana, Oy kuitmat DFT xuco0 natmxanapu (0,42-1,19 sB)
JoMpacura xamaa 3KCrepuMeHTan aktupaius saueprusicura (1,2—1,3 sB) xxyna sskun
skanwuru anukitaHau. ReaxFF-Mueller Ba ReaxFF-Zou mapHuHT Mukaopui
HaTWXKanapu opacupard (apkiapra KapamaclaH, CHHOB MOJEJUIAIITHPHIL
HaTWXKanapu Oy kaOu KU4yuK (papkiap YCUIIHUHT YMyMUH MEXaHU3MUTa TabCUP
ATMACIIMTUHU KypcaTau. Y MyMUN HaTWXKajap LIyHra gajaonar Kuiaauku, ReaxFF
NOTEHIMAIA  YIVIEpOJA  HAHOCTPYKTYpaJapUHUHT  KaTaJIUTUK  CHUHTE3UHU
TacBUpJIAlIa eTapiivya aHuK 3KaH. YOy peaktuB MD moaemmamtupunuiapuaa
ReaxFF nan tamkapu Tersoff, MEAM Ba Jlennapna-XXonc xabu y3apo Tancup
MOTEHITHAIIIAPH (Kyd MalIOHIApH) XaM KYJUTaHWJITaH.

Opatma, MD MozaemnamTHpuuuIapuia SpUIIMITaH BakKT — KyJaMu
HAHOCEKYH/UIap TapTuOuaa Oynaau. Acnuaa, MaTepuasIapHUHT YCHUILN EKH YIIapHU
KaliTa WIIaHWII BakTUAa coaup Oymamuran kyrmiald sxapa€Hiap, XyCycaH,
KOOpIWHAIIMOH OOFNIapHU Kaiita TaptuOnam, auddysus, (KaTTUK KUCMIAH)
QXKpaTMO YUKHUIL, aXKPATHILl BA CHPTKU PEKOMOMHAIIMS PEaKUUsIapy Y30KPOK BaKT
naBomuza coaup O6ynaau. Kymnam MmyMkun OYirad BaKTHU y3aUTUPHIL MaKcaauaa
PLASMANT TagkukoT TYpyXH TOMOHMJIaH MIILIA0 YUKWITaH THOPHUA MOJICKYJISIP
munamuka /Monte Kapino (MD/tfMC) ycnyou >kapaéHilapHud MUKPOCEKYH/Iapra
Kajaap MO TUPHUIIT KOOWJIMSITHHU HAMOWUIII STIU. MD/ttMC
Moje/amTupunuiapuaa, MD KucMu KaTanu3aTop ro3acuja yriepoyiu Tasziap
a7copOLMsACHHYU Ba WIK MUKOCEKyHAJApaa COAup OynaauraH nacTiadKu KUMEBHUN
peakuusiiapau xucobra onaau, ttMC 3ca TU3UMHUHT y30KpPOK BakT J1aBOMUA
penakcanus Kwiaupuira épaaMm 6epaau. Ymly MOJeIalITUPUII TEXHUKACHIaH
doitnananran xonga MabiayM xupawmkian BKHH Huer yeum mexanusmu Ba
VCUIITHUHT WJIK OOCKUWIApUAA XUPAJUTMKHUHT Y3rapulliv, IIYHUHTACK IUIa3Maia
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xocuil 6yiran Ar” wonu, snextp Maigonn Ba YHH ycummparu Typau xun C, ra3
MOJIEKYJIaJIApUHUHT aHUK POJIH OYiinya TaJKUKOTIap YTKa3WiraH.

Ym0y TagKUKOT MIINAA, TAAKUKOT HATHXKATAPUHU XUCOOIAIl YIyH 3UUINK
Oyukunonamu Hazapusacu (density functional theory - DFT) Ba xuumk
nedopmarnmsiadran snactuk Tacma (nudged elastic band - NEB) xucobmanuiapu
XaM  UOUIATWIraH.  XycycaH,  YIVIEpOJACH3  MOJIEKYJIAJapHUHI  HUKEI
HAHOKATIU3aTOPH CUPTHJIA aICOPOIUACH/ 1eCOPOIMSICH, BOTOPOITIAHUIIT TABOMH/IA
yraepon  HaHoHaWvacuyparu C-C  OOFNApHUHT  y3aWMIIM, SHTCA  YIJIEPOJ
CTPYKTypaslapujia Xojatiaap 3uwinru Ba Oomkanap 6yiinda DFT xucoOmnanuiapu
VASP nacrypuii tapmuHoTH €ku OpenMX nactypu éEpaamuna Oakapuiiif.
Peakuust Gapwepu sHeprusicu NEB xwucobnammmapu opkanu tomwiad. byHnax
tamkapy, Komm kyunanum tenzopinapu BKHH narm mexaHuk KydjgaHraHIuK
yimuoBu cudartuna xucoobnanrad. by KydnaHuin HaHOHaW4YaHM KUYUK KyOudanapra
Oynran xonma xucobmanaau. KyumanuimHu XpcoOnamigaH OJAWH CTPYKTypaaaH
KMHETUK SHEeprus uykotui makcamuaa cuctema NpT ancam6bnga 0,01 K raua
COBUTWJIAIA. YHAAH CYHI, CHCTEMAaHUHT TYJIUK 3HEPrUsiCH THK TylWl (steepest
descent) Ba rpamuenTiapra OOFIMKIMK (conjugate gradient) ycyiutapu opkaiu
MUHAMAJIAIITHPUTIAH.

NmHuHr  acocuil HaTKamapu TYpTTa Kucmra OynuHran Oymmu0, Moc
paBuiga, 2-5 kucmiapaa oepunrad. TaIKUKOTHHHI UKKMHYU KUCMH YIJepo/
HaHoHayasapu (YHH) HMHr OOIKAPWJIAAUTaH YCUIIHIATH YIJIEPOJ ra3u
TabCUPUHM Ypranumra Oarunuianran. MDAfMC wmoxpemnamTupunuiapuaa
katanuzarop cudaruna auametpu | HM O6ynran Niss HaHOKIAcTepu TaHiaHraH (1-
pacm). HukenHuHr XxpcobiaHran Kore3us sHeprusicu -4,45 5B 6ynu0, y Taxxpuoa (-
4,44 »B) Ba DFT (4,42 »5B) Hatwxkanapu OuigaH >XyJa MOC KeJaJH.
Hanokaranusatop Buptyan Al éku Si ro3acuma ¢uzocopOcusmianran 0ymub, Oy
y3apo TabcupHH udonanamga z yku o0yiuda uHTterpauusiianrad Jlennapa-XKonc
NoTeHUMaINAaH (oilnanaHuIagu:

Fe) =D L% -1(2)'] n

V4

Oy epaa z - TarjavKka HOpMaJj >KOWJaIIraH atoM KoopauHatacu. D. Ba ©
napaMmeTpiapHU TaHJAll OPKaJd MaxCyc TarjldKKa TakJIuJ KuiauHaiau. MacanaH,
arap aJIOMUHHMN TarJIMKHUHT TabcUpHU YpraHuamokuu OVica, Ni-Al Ba C-Al
KydTaukiap yayH Oy napamerepiap moc pauiiga D. =2,3 3B Ba 0,03 3B, Bac =
2.37 ABa2,976 A cudatuia TaHJIaHAIN.

Karanutuk Oyram kuméBuit uyktupum (CCVD) ycynura acociaHraH
DKCIIEPUMEHTIIApPTa TaKIUA KWIuO, yraepo;in Ta3 cudatuga yrieBoAopO.
MOJICKYJIaJIapHu (}I”bHI/I, CH4, Csz, C6H6, CHQO, C2H60, C13H24011, CO Ba
6omkanap) au 1000K nan 2000K raua 6ynran xapopaTaa BaKyyMra KUPUTHIIH.
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1-pacm. Yu 6ockuura 6ynunran C,H, 0, ra acocnanran BKHH ycumm sxapaénu. Ni,
C, H Ba O arommapum MOC paBUIa 3aHTOPU, KU3WJ, KYK Ba SIIWI
paHriapaa KypcaTuiraH.

VYraepoy ra3HUHT 00CHMU MOJIEIUIAII TUPUTILIAP/IA ACOCIAHTaH TYKHAIIIUIIT
(3apba) cyppartura Oornmk. Maeanm ra3 xomaruma, 3apba (TYKHAIIWII) OKUMU
KyHuaaruya xucoOiaHau:

] - ZI;ITI:;?R (2)

Oy epma N4 - ABaraapo mommmuiicu, p - 6ocum (Ila ma), M - monsp macca
(xr/mMmonb na), R - yHuBepcan ra3z poumuiicu Ba T - xapopar (K nma). by
MOACIIIAIITHPHUII UITHAA 3apOa okuMu MuaIMa 6ocuM 1.46 kl1ara moc xonma 0,02
nm?ns?!, 0,2 nm?ns?, 1,0 nm?ns?! Ba 2,0 nm?ns”! ra tenr. 1000 K Ba 1400 K
XOlaTIap ydyH XaM IOKopu 3ap6a oxkumu (2,0 nm™ns!) xmcobmanmu. Ukkn
TYKHaIIyB opacuaaru yprada BakT 0,5 He (roKOpH 3ap0a okuMHU y4uyH) naH 50 HC
(mact 3apba OKMMU y4yH) radya Oynaau. Bakyymumaru yriaepov ra3 Kataau3aTtop
fo3acura énumranga ttMC  unuaTWIMIIM  HaTWKacuia CHCTeMa DJHEpTUsCU
MUHUMAUIAITUPWIAIU. By MUHUMaIamTupui xxapa€Huaa Xed KaHma Oorrka
YTIAEPOAJIM Ta3 CUCTeMara KHpUTHIMaian. bab3n MOJeKyIaJpHUHT MACT MUPOITU3
(pyrolysis) xapopatura osra Oynumu cababiau MoOJeKyja KaTanau3aTopra
énuimmMacaal OJIMH BaKyyMJIa€éK y XHJIMa-XWJI MOJICKYJIAp KOJIHUKIap/Oymakmap
cudatuaa TOMWINIINA XaM MyMKHH. JIlekuH, OyHIaH TUPOIN3 MaxCyJIOTIapUHUHT
XOcWa ~ Oynum  cyphaTH  JKyJa  [acT  JSKaHJIUTH  XaM  aHUKJIAH/H.

Monennamrupunuiapia MakCuMai BakT 2 |S raya OOpHUIIN aHUKIIaH/IH.
16



Q

A
£

energy per atom, eV/atom

interaction energy, eV/atom

2-pacMm. (a) I'opusoHTa HaHOKATIaM OWJIaH BEPTHKAJ HAHOJEBOPHUHT MOTEHIIHAI
(xore3uB) Ba ¥3apo TabCcHp dHEPTUsIIAPH. (b) DKCIEpUMEHTAIT Ky3aTyBJIap
MalTHUa OpaIuK OEKapop yriepo]l CTPYKAIAPUHUHT M0 OYITUITMHUHT
TaJKUHU (TYLIYHTUPHWINALLN).

Venmmuar ik Gockuanapuia (1-pacM), yriieBogopos MOIEKyIac GUPHHYK
Oy HaHOKATAJIM3aTopra aJIcOpOIMsIaHaId Ba KaTAJIMK MapyajlaHUII HATHKacK1a
yausr C-H, C-O Ba C-C 6ornapu acra-cekuH y3unanu. Lllynaan cyur, yriaepon aromu
kjactep uuura abcopoumsianranga, H, Ba H,O mMonekynanap karaau3aTop CUPTHHU
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Tapk 3Tanau. Niss knactepugard C aTOMMHUHT XMCOOJAHTaH 3PUTMA SHTAJBIUAICH
taxmuHaH 0,29 3B 6ynu6, Taxkpruba Ba O0IIKa MOAEIUIAIITHPHIL HATHKAJIApUra IKUH
(0,2-0,4 »B). Ulynunrmex, H, npecopOuusicu sueprus Oapwvepu (1,22 3B)
AKCIIepUMEHTaNl akTuBanusi sHepruscura (1,2-1,3 5B) Kynma SKuH SKaHIUTH
aHUKJIaHIUM. MoJe/mmamTupuil HaTwKanapu HIyHH KypcaTauku, HaHokiactep C
atomMu OwiaH TYHMHTaHJAH CYHT, KJacTepra KenmO KYHraH MoJieKyjajgap aBBall
Tak(p KWIMHTAH MEXaHW3Mapra KyIIuM4Ya paBUIa JacTIA0KU TIIeHTaroH
XankamapuHuHr xocun Oymummra (60y BKHH Veummawar wnk curHamum, ne6
XMCOONAHAMM) XUCCA KYIIamy. YCHIIHMHT MKKMHYM OOCKMYHMIAH OWpO3 OJIIHH,
KaTajM3aTop KIacTepuaa TUK-TYpYBUM (BepTuKai) rpadeH HaHOAeBOpiapu Ba
TOPHU30HTAJT YIJIepo]] KaBaTH IIAKIUIAHUIIK Ky3aTWiaun (2-pacm). Beptukan yriepoa
HaHoneBopu (NissCs + CaoHiz) Ba ropuzontran Hanokatiam (NissCs + CaoHg)
MOTEHLIUAT DHEPTUsUIApUHUHT  Oup-Oupura skunaura (5,5 sB/atom) wukkana
CTPYKTYPAaHUHT XaM YCHUITHMHT Oy OOCKMYMIa Taiao OYIuIm MyMKHHJIUTUTA
nanonat Kuiamu (2a-pacm). Yiap sHeprusuiapunaa knuuk ¢apk (~ 0,1 aB) marxyn
Oynca-na, rokopu xapopar ymoy 3ueprus Tycuruau earn6, BKHH komkoru (NissCg +
Cs) xocun OYymummaaH onguH Oy HKKaua CTpyKTypamap y3apo Oup-Oupura
allmanuimMra WMKOH Oepamu. Ym0y pamwuiap (OMpuHUM MapTa) aleTUsIeH
moekysacu €épaamuna bBKHH yenmmunar sknepumenrtan (TEM) ky3aTyBu nmaituaa
6exapop (OpaniK) yrieposa CTPYKTypalTapyHH Mai0 OYIUITUHN aHUK TYITyHTHPHO
oepau (pacm 20).

yHuHrAEK, HATWXKaJIap IIYHU KYPCATIUKH, YTIEpOo]l HAHOKATIaMIapu FOKOPU
H Ba mact C xoHueHTpauusuiap Tydailin mact ycuin Xapopatuia TUK TypyBYd
napajiien yriepoJl Kariamjapura aijlaHudind MyMKUH. ByHnail mapamien yriaepon
HAHOJEBOPJIAPUHUHT Mai0 OYIUIIN, WIrapy SKIEPUMEHTAN TakIu( KUIUHTaHUIEK,
C.H, rasugan kyn xaBarim (aesopnu) YHH (KKHH) yeummuuHr nik xagamMuHu
TYIIYHTHpUIIM MyMKHH. bomka tomonnan, C.H,O: ra acocmanran bKHH ycnmmna
KUCnopon €épaamuaa peaktus Bogopos atomnapunu HOe + He + Ni — H,O 1 + Ni
peakiusi opkasu (dHeprust 6apwepu 1,53 3B) Tozamamm cababmu OyHmai CTpyKTypa
aillaHuNUIapy (TOPU3OHTANIAH BEpTUKAIra) Kampok yupanau. Harmxana, C.H,O:
acocujJary ycuui xapaéuua kam Kapatiau (nesopiv) YHH napuHuHr yeumn sXTumMonu
opraau. YmOy mynoxazanap Fe-karammzatopu épnamupa C.H,O. opkamu kympok
bKHH Ba C.H, opkaym sca nkku kaBarau (aesopian) YHH (MKHH) yenmum acocuna
Kyma0-KyBBaTianau. XycycaH, Oy skcnepumentTiapaa dtaHon (C,HeO), tomyon
(C7Hs) Ba metan (CH4) opkanu onmuaran BKHH/MKHH nonynanusinapy Huc6atu Moc
pasuta 92/8, 89/11 Ba 25/75 (% na) 6ynuim aHUKJIaH/IH.

Oxopuna aitn® YTuiraH HaTKajgap UIYHH KYpCaTAMKH, BEpPTHKal Ba
TOpPHU30HTAJI rpadeH KaBaTJIapHUHT a0 OVIMIIKM MOC paBUIIIa BOJOPOIJIAHUII Ba
BOJIOPOJICU3JIAHUII Kapa€HNapu VYpracuaarun pakoOar Tydaiiau ro3ara Kelaiu.
Mynpaii  xkumud, MOJSIUTAIITUPUIAJUTaH  CHUCTEMAHUMHT  BOAOPOJCU3JIAHUIII
AapaskacHU 0axoJall yuyH k-Ko3((GUIIMEHTH KUPUTUIIH:

mNc—nNgy

k=4 3)

mNc+nNy
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Oy epna n Ba m - teruuud pasuiga yriesoxopoa C,H, Monekymacuparu
yIJIEPOJ Ba BOJOPOJ AaTOMJIApMHUHI COHHM, Ba N¢ Ba Ny 3ca MoC paBuija
HAHOKJIaCTep/Iaru aicopOIaHraH yriaepos Ba BOJOPO/ aTOMIAPUHUHT YMyMUN COHH.

N i55C30H30

3-pacM. k-kod3(pPUUMEHTHUHT Typau KuiiMariaapura Moc kemyBuM NissCyH,
CTPYKTypaylap  KypcaTasnTukd, k-xkoddduimeHt ommmu  OuiaH
CUCTEMaJlar'¥ BOJOPO]l MUKIOPH acTa-CeKHH KaMasiu.

k-xoapdurment (ke[0,1]) xataimzarop ro3acuja YIrJIEBOJOPOA MOJEKYJIACHHUHT
buzocopbimsicu (k = 0), agcopOumsitanran Mojekyia (kK > 0) Ba KaTaM3aTOPHUHT
TYJIMK BOAOPOIcU3IaHuIM (k= 1) H1 ocoHJIMKYa (apKJialira UMKOH Oepasu (3-pacm).
Ymby koadgduimeHT yriepojyii ra3 Typura, YCHIIl XapopaTura, ra3 OOCHUMH,
KaTalM3aTop TarjdMK Marepuaiura Ba OolllKa mapaMerepiapra OOFIMKIUTY
AHUKJTaH/IH.

[lyHuHraek, HaTwKajgap IIYHU KYpPCATOUKH, arap CHCTEMaJard BOJOPOJL
KOHIIEHTPALUSACH oOllica, SbHU k-kKoadduiment Hoira uHTWwiIca, YHH Hunr ycum
teamurn  nacasgu. Xycycad, CH, opkam BbKHH ycunmmpa yromepomm ras
ancopOrmsicu Niy/N¢ HucOaTura 60FmuK (4-pacm). Arap Oy HEcOAT HOJITa TEHT OYJIca,
cucremaaaru C aTomiiap COHU T€3pOK KyTapuinaau, ssbhu C aTOMIIApUHUHT aJICOpOIIHs
TE3HUru Kyhuaaru yriaepoanu ra3 taptuona opraqu:CHy — CH; — C €ku C,H, —
C,H — C,. Arap 0y nuc6at uxku xuwi C,H, rasu ydyH teHr 6yica, ancopOLust Te31uru
ra3 tapkubunaru C aToMiIapuHUHT coHura 6ormuK 6ynaau (4-pacm, C,H, Ba C¢He Ta
KapaHr). YmoOy TYIIYHTHPHUII YTJIEBOJAOPOA Ba MIYHUHTJEK TUIA3Ma 3appajiapu
épnamuna bBKHH HuHr yeum Te3nuruHu sHajga OWIMHIAIUTHUPAM Ba 0ab3u
AKCIIEPUMEHTAJI Ky3aTyBJIapHH, MacasiaH, Huma yuyH CHy épnamuna YHH Hunr yeuin
cypbaru C,H, xonatunaru ycuun Te3auruad NacTpoK SKaHIUTUHY TYITYHHIITA OJT0
KEeJI/IU.
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number of adsorbed C atoms

10° MD (+MC) steps

4-pacm. Typmm yrnepomm raznapaan bBKHH yeumm naiituna ancopoumsiianran C
aTOMJIAPUHUHT 3BOJIFOLIUSICH.

VYrnepon ycaérran rpadeH Kariaam €K HaHOHal4a Tyoura (KaTaau3aTop Haura
cu3n0 kuprad) nuddys3usuianrad yriaepo, (Karaau3aTop) CUpPTIard yriaepoa €Ky ras
MyXUTHIAru (CUpPTAAH WYKOTWITaH) yriaepoa cudaruga KYUIWIMIIM MYyMKHUHIUTHA
aHukIaHau (Sa-pacMm) Ba IIYHUHT Y4YyH y4ddayia yriepon xuccagopu xam YHH
yeuiura xucca Kyma onaau (56-pacM). ONMHraH HaTwkanap UIyHH KypcaTaaukw,
yIdy y4 Xui yriaepo] XUCCaIOpIapuHUHT a0 OYIUIIN KaTalu3aTop EKU yriiepoa
karHammMaran 3appanapauar (H, OH, O Ba Oomkanap) daommmrun OwiaH OOFINK
6ymm0, Oy (aomK yriaepoyi Ta3uHU TYJIUK €KM KUCMaH TMapyaaHUIIATa OJIHO
Keagau. YTIepo v ra3 MOJIEKYJIACHHUHT TUCCOILMAMSICUIAH CYHT, KaTaIN3aTOPHUHT
akTUBIMrd cabad Oapua C atommapu kiactep wumra auddysusiaHanm €xku
YTJIEPOJICU3 TA3HUHT aKTUBJIUTH Ty(Hain yriaepo i Ta3HUHT TYIIHUK Map4yaJaHMarad
KUCMH KaTaJM3aTOpPHU TapK 3TaAu. AKC XOJJa, YIJIepOUId ra3 MOJIEKYJIACHHUHT
napyajiaHMai KoJiraH KMCMU KaTaau3aTrop 103acuja CUPTAArd yriaepo] KYpUHHILIUAA
KOJIaJIu.
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S5-pacm. (a) BKHH ycum nadituaaru xap xui yriepoanu rasiap (b) Ydra yriepon
xuccanopyapu (c¢) Yraepon xuccagopiaapunuair bKHH ydyH TabMuHOT
JapaxacH.

Cyurru DFT xuco6nai Hatmkanapu mrynu kypcaraauku, C aromuauar BKHH
MACTKM XAJKACUra KyIIWINIIN HAYaHUHI XUPAJUIMIMHU y3raptupca, C; TMMEpHUHT
Ky 3ca ¢dakar YCUIIHM JaBoM H»Ttupuiira &épaam Oepaau. MD/AMC
Moaeamtupul Hatwxkanapu cupt C Hunr (acocan C,HyO, cudarnna) YHHra
KYIIMJIUIIM KOJraH MKKW YriepoJl OepyBumiapra KaparasHja OKopu (sibHH, Oapua
KYIIMIUII XoAucainapura HucOatan kamuaa 50%) skaHiauruHu Kypcatiau (Sc-pacm).
VYrnepom ra3 typura kapad 6y mukmopiap ysrapcaga (swau, CHa, C,H, Ba CH,O
yayH Moc paBuuiaa 87%, 65% Ba 50%) Oy kabu KYIIwidi HUcOaTu YCUIL JaBOMU/IA
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HallYaHUHT XUPAJUIMTUHU V3raptupMmaiiau. bomika Ttomonnan, auddysusnanran C
HuHr ¢pakmusmapn CHy (12%) xomatura wucOaran C (42%) Ba CH,O (47%)
XOJamiapia HaMYaHWHT XUPAUIMIMHU KYNPOK  Y3rapTUpUIl  MyMKHHJIMTMHU
Kypcataay. AWHaH, yriepoaid Ta3Hy TaHIall KaHJal yriiepos XUccaaopiaapy XOCHIl
Oymummnu Ba ury Ownan Oupra ycrupwiran BKHHna xupammukaunr y3rapumm
SXTUMOJINHU aHUKJIAUIH.

—m— alloying
—e— incorporation
—a— growth rate

0,51

0,8 0,9 1,0

dnr/dne

6-pacm. CH,O (a) Ba Ci3sHuO;; (b) monexkynanmapu €paamuaa YCTUPWITAH
BKHHnap. Tanrenuuan (c¢) Ba nepneHAUKYJsip (d) ycuin pexumiapuia
Vycran Haiuanap. (e) dnt/dne HuUCOaTMHMHT C KYIIMIUII TE3JIMCUTa,
HayaJapHUHT YCcuIl Te3nurura Ba Ni  HUHT yrjaepoja OuiaH
TYHHUHTaHJIUTUTa OOFIUKJINUTH.
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VYrnepon (YHHra) kyumnmii Te3nurudauar 3hQexT Xxam Ypranuiaan. XycycaH,
C/H/O nucbatu yxwmam (~ 1/2/1) 6ynran ukkura CiH,O, Monekyna, sbHU KUYMK
(CH,0) Ba katta (C3H24011) Monekynanap tannanau. JIekuH, kaTrTa MOJEKyJa xap
oup xyummumga (13 mapra) kympok C 6epa omaau Ba myHUHT yuyH C KYIIMITUII
TE3IMI'M KUYMK MOJIEKyJara Kaparasaa aHda rokopu. Kumumk (6a-pacM) Ba KkarTa
Monekynanap (66-pacm) opkamm BKHH ycwmm Moc paBuiiga WKKH XWJT YCHII
pexumura onub  Kedagu:  "TaHreHuuan', sSbHM Hal4a Ba  KaTaluM3aTop
HaHO3appayacUHUHI  jauaMerpiapy Oup xwn  (dnr/dwp=1)  (6¢c-pacm) Ba
"meprieHAUKYISIp”, S’bHM Halya JAMaMeTpyu HaHO3appaya JMaMETPUIaH KUYHUKPOK
(dnt/dne <1) (60-pacm). Bynnait yeuin tabuatu sxcriepumentan TEM ky3arysnapu
Oounan moc kenamu, sbHU BKHH nmamerpu yrnepon Ownan tabmunnami (Cyppy)
Te3nuru Ba yrinepo 1 Kymmiuiil (C;,.) Te3IUru ypracuiaru HUcOATHUHT (PyHKIUSACUAND
Ba BKHH nuamerpununr Topaiinim Ba keHraiumm Moc paBUIIAd Cgyppn/Cie <1 Ba
Couppy/Cine >1 1mapryiap OuiaH aHMKIAHAAWM. YMyMaH oiraija, Te3 (€KU CEKHH)
yriaepoa Kymmuimu top (€ku keHr) numamerpra sra BKHHuuar yeummra onu6
KeIUIIMHM ~ KypcaTau. YmOy SKCHEpUMEHTal TYIIyHTUpUID  6e-pacMmuaaru
MOJICIUTAIITUPUII HATW)KATIAPUHUA TYIUK TACAWKIAIW, SIbHU YIJEpoA KYIIWIUII
Te3nMuru dyp/dyp HUCOATUTA TeCKapu OOFIMK. YMyMaH OJraHjaa, MOIEUIAIITHPHUII
HATWKajdapyu OHKCIEPUMEHTANT yculll Xoaucanapunu, sbHM, bKHH kenranwmm,
TOPAWHUILIY Ba YCUIIIAH TYXTAllIMHA MOJIEKYJISP Japakaaa TyLIyHTHPA OJIIH.

TagKMKOTHHHI YYMHYH KHCMH YIJIEpPOJ HAHOHANYAJIAPUHU TaHJIa0
WYKOTHIIIHM ypraHuimra Oarunuianran. Mojemamrupuuuiapaa  OJAuHAAH
YCTUpUWITaH TYypJid XWI YIJepoJ KOMKOKJIapU Ba Halyalapu IuiazmMa €pramujaa
Kydatupwirad OyrHu kuméBuil uykrtupuil (PECVD) taxpubanapura yximatuo,
1000 K — 2000 K opanuruaa Bogopo €K1 KUCIOPOIM MyXuTAa Kyimnaad. OJIUMHTaH
HaTIDKaIAp/TOMWIMaIap Ba OJMHTH TaXprOa Ba Ha3apyii/XUCOOIAIl TaIKUKOTIIAPH
acocuja yriepoJ HaHoHaiiIapuHu Bogopon (H) opkamu YK Kunmuin ycynu Takiug
KWIMHIN. 7a-pacMaa KYpCcaTWITaHWUICK, Oy kapa€Hma ydra OOCKUYHH aXpaTHO
kypcaruin mymkuH: (1) H agcopOuusicu Ba ylnapHUHT KJIACTEpIaHUIIH (TYTIAHUIIIN),
KeWMHYaIMK (i1) WIK HYKCOHHUHT Taimo Oynmumm Ba HUXO0AT (iil) KUMEBUN HYK
KUIUIMHUHT Oonutanummm. [Iupamumanmszanms Ba C atomiapy T-OpOUTaUIApUHUAHT
HOTYFPH TAKCHMJIAIIT HATIKACH 1A a7IcCOPOITMOH Oapep macasiiyu Ba KaBapyK HaHOHAHYa
pEaKTUBIIMTU IUIaHap TpadeHra HucOaTaH ce3wnapiad Japaxkazga  OllaJiu.
Bonoponnanum sxapaéuumga (I - Oockuu), mry cabGabmu, H, momnekymacu KAYUK
muametpan BKHH napna oconruna ¢uzocopoumsiiana onamu (0,11-0,44 »B) Ba
HaTXKaaa y KUMEBUM napyanaHaim (JUccolalysIaHuing) MyMKuH. H aToMuHUHT
BKHH 6wunan y3apo Tabcup SHEPrusicu Kyuuaaruia XucoOaHau:

1
E: = Egonn-n — (EBQNN + EEHZ) 4)

Oy epna Egkpr-1, Esxnr Ba Ey, 1ap MOC paBuLIIa TYJIUK ONTUMAJLIANITHPHIITaH
BKHH-H ctpykrypanunr, Outra HaHOHaW4yaHWUHT Ba H, MoneKkyJacMHUHT TYIa

SHEprusiapu.
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stage | stage |l stage Il

N

(5,5) (6,4) (7,2) (8,0) (7,2)

HC-CH bond elongation
etching probability

Y, degree

7-pacm. (a) Bogopoa opkanun YHH Hu HUYKOTUIIHUHT y4u Oockuuu; (D) Typiu Xui
xupankan BKHH nmapna y-6ypuak; (c¢) C-C 6or y3aiimmum Ba BKHH
JIApHU WYKOTUIUII SXTUMOJUTUTHHUHT Y-0ypYaKka OOFIUKIINATH.
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bomika ToMOHIaH, BOAOPOAJIAHMIN kapa€Hua, aacopousuianran H atomu

Jlanrmyup-XunienBya (0orika agcopOuusiianran H Ounan OMpuKuIm HaTrxacuaa
&k Hype&Hapne) €xu Dneit-Punean (raz myxutunaru H Ounan Onpukuim HaTHXKacuia
éku  Hy&Hps) Mexanusmiapu  OpKanu — CUPTHM — KailTa  TapK — ITHILHU
(mecopOMsIaHMIIM) XaM MyMKHH. byHmai aecopOuumsinap Tydaiinu HaHOHai4a
103aCH BOJIOpOJI OMiiaH TYIMK KortanMaiinu. Xycycat, 300 K xapoparia KommaHui
napaxacu 22% Ta eTagu Ba UIYHUHT ydyH Oy azicopOrusi-mecopOuus TaOuaTw
AKCTIEpUMEHTAN NaliiHu, sbHd Y HH nunr H; caknam curumu xoHa xapopatuaa 21%
naH 25% raya OYIUIIKMHYU TYIIYHTHPA OJaIH.

bomika TomonaaH, xapakaryan H amatommiapu cupTaa TYIUTaHUIITa Xapakat
KWIMILIY KYITHA TOMOHJIApHU 3rajiad oiauiira oMl Kenaad. DIEKTPOHIap Opacuiaru
y3apo Tabcup ReaxFF ra acocnmanran xucoO-kurobOnapia xpcoOra oOJMHMaraH
Oyncana, ymly Ky3aTHIll KBAaHT MEXaHMKAcH KOHYHJIApU acocHjia XMcoOainuran
DFT mnatwxkamapura ’Kyga MOC Kenaad, sSbHM H-agaroMIapuHUHT TYTUIAHWIIN
AIIEKTPOH Ky (PTIamumIm Ba CUCTEMA SHEPTUSACUHI MUHUMAJUTAIIITUPHII HATHKACHTA
fo3ara kenagu Ba Oy H-xmacrepmanmm (Tymumanumn) 3¢Qdextn mned HOMIIaHAIM.
Knacrepnanum >xapaéHuia, Halida ro3acuaa ajgcoponanran H arommapunuHr mapa,
MeTa Ba OPTO KOH(UTypalusiIapy TONUICaa, OpTo KoHpuUrypamsiap aactiadku C-
C OOFNapHUHT Y3WIHIIN YUyH )aBoOrap xucoOmann6, YHH Hu MK KUITUITHAHT UK
KaJaMUHU  aHuKmaiau.  XycycaH, Oup  KaBamid  (OEBOpIH)  YIJIEpOX
HaHOHaMuYanapuaard aicopOLUsUIaHTaH OpPTO BOJOPOJ >Kydmiukiapu Oyiinama
MEXaHUK KywIaHUILIapra HUCOATaH IOKOPW KYHAAJAHT MEXaHUK Ky4WIaHUIUIApHU
kenTupu6 unkapuim (>3,5 I'Tla) opro HC-CH OGofnapHuHT Haliua XUPaJUTMK BEKTOPU
Owan xocws KwiraH Oypuarura (y OwiaH OenrwiaHanu, 70-pacMra KapaHT) MOC
paBuIIa y3anummra onu6 kenaau . Xycycad, 0y opro HC-CH 6or y3aitunuiapu MD
xucobmapuaa 13% nan 16% raua Ba DFT xucobnanuapuna 6,5% man 15,5% raga
6ymu6, 0 gan 90° raua y3rapud Typaaurat y Oypuyakka TecKkapu OOFIMKINKAA OYaan
(7c-pacm, DFT Ba MD). llynnait kumm6, oupuaan HyKcoH (medekr) (7a-pacm, II-
0ockuu) MuHKAMa Y Oypuakka sra 6ynran opro C-C OOFHUHT Y3WIMILIN HATHXKacuaa
naiino 6ymagu. Ymyman onranna, MDAfMC moaennamtupuin HaTHxanapy, KBaHT-
MEXaHHUK XMCOOaInIap Ba SKCIIEPUMEHTAT JaWUIap IIyHH KypcaTaauky, Y Oypyaru
(1) xpecnocuMOH (MeTall) HalYaJapHUHT 3UT3arCUMOH (SPUMYTKA3rW4) Haidamzapra
HUcOaT ad3an HYKOTHIMII TaOuaTh aHUKIAIITUPIU, IIYHUHTAEK OMprUHYN MapTa (ii)
yXimam JuaMeTpiii SipuMyTKa3rud Haivanapu, (6,5), (7,5) Ba (8,3) HaliyanapHUHT
CEJIEKTUB YK KWIMII MYMKHHJIUTMHU Oaropat Kuiau (7c-pacm).

lyHuHraeKk, aMaira OLIMPUITaH MOJEIUIAIITUPUII HATHXaJapu BOJOPO/I
miazMacu €paamuia bBKHH HM kuMEBMI MYK KWIMHUIIMHUHT YMYMUW MEXaHU3MU
yrnesojopon CiHy épnamuna BKHH yenmmuuHr mik 6ockuwiapura yxmai (SbHA
TeCKapu WYHAIMINA) SKaHJIUTUHU Kypcartau. Bomopoananuin Ba yHIAH KEHHWHTH
KMMEBUM MYK KWIMHMII KapaHUAA, MypPFaK yIJepoJ HAaHOHAWYacu €KW yIJepon
KOIKOFY TarJIMK ycTuaard Ni-HaHOKJIACTep CUPTHIAH TYJIUK WYK KAJIMHTYHUTA Kajaap
KeTMa-KeT paBUIllla Typiu XWI YIJEpOJ, HAHOCTPYKTypallapura, S’bHU YTrJepoj
HaHoKaTiIamu (Exu rpaden), HaHoaeBop (€ku TUK rpad)eH) Ba MOJIUEH 3aHXupapy (1iry
KyMJlaJlaH KapOuH) Ta ainaHanu. (8-pacm, H, plasma).

25



carbon cap nanosheet nanowall polyyne chains

H, plasma

O, plasma

8-pacm. IInasma €pmamugaru BOAOpOAJIAIl €KM OKCHJJIAINI Xapa€HUAa Yriepos
KOMKOFUHUHT K€TMa-KeT TYPJIU XU YIJIEPOJ CTPYKTypajiapura aiaHUILIN.

ﬁ}"fK KWW kapaéHuaa, raz myxuTH (€ku BakyyM) ga H atommapu Ba Hj
MoJIeKyJaJapuiaH Talkapu cuptiaal axpamno unkkan CHy nap nunga CHy Ba CoHy
MOJIEKYJIAJJADUHUHT KYIUIMTA Ky3aTwiad. byHman Ttamkapu, YHHHM miazma
épramuia KUMEBUI MYK KMIUILA KUCIOPOJIHUHT TAbCUPH XaM Ypranuiaan. OJIMHIaH
HaTIDKaNap nryHu Kypcatauku, O, acocumard ria3MaHUHT WYK Kuwim tabuati Ha
acocujard IUla3MaHuKugaH OyTyHnail ¢apk Kuiaagu. Xycycad, Ni KaTaau3aTopu
OKCHJIAaHMII >KapaéHuJa Te3la OKCHIJIaHaAW Ba HATWXKALA YIJIEpoJ KONKOFU
KaTan3aTop CHUpTHAaH yriepoa Kadacu (€ku ¢yuiepeH) €Ky MHIOAra YXImarl
YTJIepOT HAHOCTPYKTypasiapy cudarnaa axpannd ankamu (8-pacm, O plasma).

NmHUHr TYPTHHYM KUCMHIA TYPJIM XM €énuMK €K XMMOSUIaHTaH
yrJjepoa HAHOCTPYKTYPAJAPUHUHI YCHIIMHHM YPraHMll  HATHKAJIAPHU
MyXokamMa KWIMHAW. Mopaemnamrupuimga gactiad Ni, (m = 5, 10 Ba 18)
HaHozappauacu (10,10) natuara kuputminaau (9-pacm, 0 ue). Kelinnuanuk, yriepoa
(Cy) (9a-pacm) Ba yranesomopon (C.H,) (96-pacm) Monekynanapu Hailya nyura
OupmMa-Oup KUpUTHIIA OOTILIAIH.

BKHH nuxy KucMUHUHT OOTHK F03aCH OJ1aT/Ia PEAKTUB MAaC Ba IIIYHUHT yIyH
KUPUTUITAH yriepou ra3 Ni arom/Kiiactepura OofjiaHaiu. YTJIepoJ Ta3MHUHT
aacopOmust sHeprusich Ny/Nc HUCOATMHUHT OIMITM OWjaH Kamasau, SbHU
aacopomus >Heprusimapu C, yuyH -3,68 3B Ba C;H; yuyn -1,36 3B 6ynanqu. YHC
yeumm xapa€Huma, mapyalaHMail KOJTaH MOJIeKyJia OYiIakiapyu KaTaau3aTop
fo3acuga  Oomika — aJcopOIMsIaHTaH/apyaiaHnraH  yriepoyii  MOJIEKYJia
Oynakiapura OOfJaHUIIIaH OJIIUMH yJiap KaTanuzaTop cuptuaa nquddysusuianaiu.
NEB-MD xuco6nanuiapu myau kypcatauku, C,, C;H Ba C,H, nap xydrnanumnim
yuyH Moc pasuiiaa 0,1 3B, 0,26 3B Ba 0,3 3B nu sHeprusi 6apepiapuian yTHII
Kepak 0ymaau (9c-pacm).

26



00 01 02 03 04 05
reaction coordinate, nm

9-pacm. C (a) Ba CiHy (b) épnamuna xap xun YHC napuHUHT KaTaJUTHK YCHUIL
6ockuunapi. (c¢) Ni karanuzatopu opkanu C,, C;H Ba C,H, nap épnamuna
KapOWH YCUIITMHUHT WIK KaJaMu1ard OUPUKHUII/aKpaIuil peakiusiapy Ba
aKTUBAIUs YHEPTHSIIAPH.

Ymby rpaduk katanuzaTop Ba YIVIEpOMJIM Ta3 PaKOOATUHUHI CaMapacUuHU
udonanaiinu, apHu Huked C-C aloOKACHMHM IIAKUIAHUIIUHU OCOHJIAIITUPUILN
VIJIEPOIIIU 3aHKUP-XAJIKA-KOMKOK XOCHJ OVIMIIMHUA TE3JIallTUpca, BOJOPOA 3ca
OyHmail >kapa€HIapHUHT KETUIIMHU KEUYMKTUpamu Eku TyxTataau. Hartwkana,
BKHH nunna C, ra3 ty¢aiinu yriepon konkoru Ba C,H, raszu tydaiinu Tk TypyBun
rpadgeH xKoOuru mactiabku cTpykrypanap cudaruma ycumm mymkud. [llynnai
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kw6, BKHH wumpa C, Xxomatuna HaHOKONKOK/(ysiepeH, HWKKU KaBaTid
(nesopim) YHH (MKHH) éku UKHH nunna xap6us ycca, C,H, xonaruga 6up éxu
UKk KaBatiau rpaden manotacmanapu (I'HT) xocun Oymagu. XycycaH, oJIMHTaH
NKHH napuunr ypraua auamerpu 0,70 = 0,15 HM ymapHUHTI TallKU Ba WYKU
muametpiap opacuaaru dapk 0,33 + 0,08 M 6yIu0, SKCIIEpUMEHTAT AaHUKJIAaHTaH
kuitmatnapra (0,36 + 0,03 um) xxyna sikus. Lllynunraex, BKHH nunnara yeran THT
HUHT YpTada keHrimry 0,7 HM atpodua IKaHIUTH aHUKJIaHAW Ba TpadeH dekkacu
owinan BKHH neBopu opacuparu macoda taxmunad 0,35 HM HU TalIKWI KUJIAIU.
Hatmxanap sHa miyHM XaM KYpcaTAMKH, MYKHM HaHOHAWMYaHUHT cuU(daTh HUKEI
HaHO3apPPACUHUHT Ydyamura 00FIuK dMac. Xycycal, Nis, Nijg Ba Nijg kabu Typiu
Vnuampaan karanusaropyap Bocutacuga MKHH nap onmunoum Ba  ymapnaru
Oemobypuak, onTHOYpUaK, eTTUOYpUaK Ba OOIIKA yIIIepo ] XalKalapu MOC PaBHIIIIa
22 £ 1,4%, 57 £ 1,8%, 18 £ 1,0 % Ba 3 £ 1,1% sKanHaUTu aHUKIAHAUA. Y MyMaH
oNTaHja, HATIKAJNAp IIyHTa JaJioiaT KWIASOTHUKUA, CTPYKTYpaHU OOIIKAPHIII
KaTaJu3aTop Ba YIJIEPOJUJIN ra3 TAaHJIOBUTA XKy/1a OOFIIUK.
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10-pacm. YHC map yuyH HucOuii OGapkapopiuk (€mukK moupayiap) Ba KOTE3WB
sHeprusuiap (OYMK KBaapamiap). ByH&maH Tamikapy, KH3WJI Ba SIIIA
paHrIap Moc paBuiia Metaicu3 Ba Mmetauin Y HC nmapra terunuim.
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Metann apanamrad YHC napHunr Oapkapopnurusu Oaxosam yuayH, 10-
pacmaa kypcaruiaranuzek, 10 xun uaean Hanoctpykrypanap, sbHu BKHH@BKHH
(C540H60) €KH I/IKHH, Kap6I/IH@I/IKHH (C557H62), FHT@BKHH (C432H50), H-
I'HT@BKHH (Ca3:Hes), H-UKHT@BKHH (Csp4Hg2) Moc xomma meTtann aromnapu
Oynaran Ba OynmaraH xojaTiiapyu ydyH TaHiuaHiu. Kore3wB sHeprusuiap UIyHU
kypcarmoknaku, BKHH@BKHH ctpykTypa sHepreTuk ’xuxartnaH 3Hr MakOyll
SKaHJIUTU aHukKiIanau (-6,95 3B). byHnan tamkapu, Metayul atomiapu OyiamaraH
HAaHOCTPYKTypaJlap ~ JHEPrUsCH  MeTaulap  apajalirad  HaHOCTPYKTypajap
DHEpPrusicura HucOaTaH KaM, SbHU SHPreTHK >KMXAaTUAAH OapKapop SKAHJIUTU
kypcatunau (10-pacm, Ku3ui Ba sSimui KBagpardanap). bupok, HaHocTpyKTypanap
TYypiM XU KUMEBHUM dJ1eMEHTIIapAaH UOopaT OYJIraHIuId y4yH KOT€3UB DHEPIHUs
yI0y CTpyKTypaJapHUHI OapKapOpJIMTMHM TaKKOCAIa TYFpU TaHJIOB AMac.

[Iyaunr yuyn xocun Oynaran YHC napHuHr HucOuii OapKapopiIuru
['MOOGCHUHT MOJISIP SPKUH YHEPTHSICH OPKAJIM KyHuaaruia Xucoomanaau:

6G = E — Xcle — Xyl — Xmbm (5)

0y epaa E - YHC uunr xap Oup aromura TYFpu KellyBUM (KOT€3UB) SHEPTUS.
Yrnepon, Bomopoa Ba MeTad (HHKEN) aTOMJIAPUHUHT MOJISIp (pakiusuiapd Moc
paBHUILA X¢, Xy Ba X3y OWJIaH, XUMUSBUM MOTEHIIMAIUIAPU 3Ca MOC PABUIILAA [c, M
Ba ) Ountan 6enrunananu. by epna, uc Ba wy nap cudaruma Moc paBuiiga rpadeH
(-7,64 »B) Ba Huken (-4,45 5B) kore3uB »sHeprusuiapu TaHnaHraH. uy Ha
MOJIEKYJIACHHUHT Xap OUp aTOMUra TYFpHU KeTyBUYH OOFJIAHUII SHEPTUACUTa TEHT (-
2,36 3B). AG xucobnanutapu 10-pacmaa kypcatwiranaek H-I'HT@BKHH Ba H-
UKI'T@bKHH BKHH@BKHH Ba kapoun@WKHHra kaparanma Gapkapoppok
skannurunu kypcarau. bynnan tamkapu, THT@BKHH KHCnapu opacuna sHr
Oexapop CTpPYKTypa SKaHIuTH aHukKiIaHau. Ymoly xymnoca DFT xucobmamuiapu
OpKalii XaM TacaukiaaHraH. bynaan Tamkapu, ymoy TeHASHIHS METaJll aToMIIapu
Oyaran HaHOCTPYKTypanap yuyH Xam oup xunaup (10-pacMaa TYK sIIua goupanap).
bupok, metanmun YHC nap 6apua xomnatnapaa metamwicuz YHC napra xaparanaa
O6exapoppok Ba myHuHr yuyH YHC nmapHM MeTtaimapmaH To3ajail yJIapHHHT
OapKapOpIUTUHU OLIHPATIH.

Mynaait kunub, ymly HAHOCTPYKTypalapHU OKCHAJIAII EpAamMHaa MeTal
atomuapugad To3anam (11-pacm) ypranwnau. Oxcuiam €paamuia To3ajiall
HKCIIEPUMEHTAJl paBHILJ]a amajra OolupwiraH OVyicana, To3auall MEXaHU3MU
aHUKJAHMaraH 57u. YOy uijia To3anall MEXaHU3MUHU aHUKJIAIl YYYH >KapaéH
UKKHA OOCKHUYTa aXXpaTWJIMO CXEMAaTUK Tap3ja HaMOWHUI STWIIU, SbHU, ([-OocKuy)
BKHH cuptuna HykcoH (Temmk) naiao 0ynaumu Ba ¥3 HapOoaTuaa N1 aTOMUHUHT Oy
TeMUKHN OepkuTuiy (TukuHian), cyarpa (II-6ockud) okcuayaHuin HaTHOXKacHIa
tukuH Ni atomnapuan BKHH cuptunan oupma-6up axxkpanmu6 ynkumm. Kucnopon
Hapyara ajcopOIusJiaHTaH/IaH Ba Halyaja TEIIWK Maiao OynraHugaH xammaa Ni
aToMu ymi0y TeIIMKKa TUKWITaHWJAH CYHI cuctema »Heprusicu -5,4 5B raua
nacasau (11a-pacm). By sca ymOy opanuk >xapa€Hinap K€TMa-KETIUTH SHEPreTHK
KUXATIaH MabKyJUIAaHUIIHMHN Kypcatagud. TukuH Ni aTOMIApUHUHT aKpaHIId
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sHeprusicu dHaepronuk (3,12 s3B) 6¥ica, ynap okcuajiaHraHjaa 3ca dKCEProHuK (-
0,15 aB) 6ymanu (11b-pacm).

B
:U

@ stage Il

11-pacm. Tozanam xapaéHUHUHT KKK O0CKUYU. AE - CTpyKTypa 3HEpPrUsICHHUHT
YHUHT OOIUIaHFUY X0JaTU1aH (hapKH.

lyHuHr yuyyH, MKKMHYMA O0CKMYAa, THKUH N1 atomu okcunianaau Ba 4,0 oB
SHEPrusl TYCUFUHU EHTHIIM HATWKACHAAa HalvaJaH KeTMa-KeT paBUIIa YHKHO
ketagu. by nkkama 6ockuy Haitua Gapua MeTayl aTOMJapuaH Xajoc OYaryHuva
TaKpopJIaHaIu.

OHposapan yraepon 3awkupu, SbHU (5,5)@(10,10) MKHH wuuparu
KapOMHHUHT YCHUIII MEXaHU3MJIApU CHUCTEMATUK paBuiia ypranwiad. Mertan (Ni)
Katanu3aTopu Ba yrieponnu ra3 (spHu, C,, C,H Ba C;H») HuUHT ponm Xap xui
YIJIEPOJ 3aHXKUpJapH, 1ry kymiianan Ni €ku H ara 6ynran kapOMHHUHT YCUITUHUA
OOLIKAPHUII YUYH MYXUM SKAHJIUTH aHUKIAHIH.
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12-pacm. (a) Katanutuk ycuiaa OIMHAIITNT MyMKHH OYIITaH 3aHKUPIIU CTPYKTypa-
nap; (b) oHeprus V3rapUIIMHUHT 3aHXXKUP HHUCOMM  y3alMImra
OOFIMKIUTH; (C) Xap XWI YIJIEpOl 3aHKUPJIApU YUyH TaKUKJIaHTaH 30Ha
KEeHIJTUKJIApH.
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by 3amxupnapaa yriaepoJ KOHLEHTPAUUSCH OILUUIIM OWIaH YJapHUHT
NOTEHLIMAJ DHEPrUsicH XaM Kamas Oopaiu (AbHH OHHEPreTHK KUXATAaH
Oapkapopiamm6 6opann). XycycaH, xap oup C aToMu KyImmiraHaa CUCTEMaHUHT
SHEPTUSICUHUHT Y3rapuiu 6,42 3B Hu Tamkui 3Tagu Ba Oy KuiiMaT KapOUH YyYyH
5,77 3B naun 7,67 3B raua 6ynran DFT xucobnanuiap HaTnxanapura xyaa sikuH.

Karanmuzatop Ba yriepommm ra3 opacumara pakooar tydaitm (9c-pacmra
Kapanr), metaiut (Ni) ki BOJOpO aTOMU OUJIaH TYIUK €KUM KUCMaH TabMUHIaAHTaH
VH WUKKA Typharu yriaepon 3amxupiapu (12a-pacm), ury skymiaagaH, MOJIUUH,
KyMYJIMH Ba MOJUEH 3aHXUPJIAPH OJIUILI MyMKHUH. YTJIepO/1 3aH)KUPUHUHT y3yHIIUTU
3aHXKUPHUHT BOJOPOJIAHMII Japa)kacura Kapad HucOaTaH y3aluIIM aHUKJIaHIH,
spau C,, C,H Ba C,H, yriepoanu ra3 xonaruaa 3amwxkupiapaaru yprada C-C 0or
y3ynauru Moc pasumga 0,13 vm, 0,134 um Ba 0,14 HM OYnMIIM aHUKJIAHIM.
XycycaH, UKKM TOMOHU METaJlJI OMJIaH yerapajaHTraH yriepo 3aHKUPU KyMYyJIMHTa
yxmam 6ynu6 (12a-pacmaaru 4-cTpykTypara Kapasr), 00F y3yHIHUTH () TaXMUHAH
0,13 um Ba Oy w™eramianran KapOMHHMHT C-C O00OfM ydyH 3KCHEpUMEHTAaI
kuiimatura (0,131 am) xxyna skua. [llyauaTIek, karanmuzatop aromnapy Ba/€ku H
ATOMJIADUHUHT  yTJEPOJl 3aHXKupura OOFIaHWINIM YHUHT Y3YHJUTHTa Ba
OapKapopMrura TabCUp KWIHIIKA MyMKAHIUTH XaM aHukiaauam (126-pacm). Ni €xu
H Ownan derapasanran KapOWMHJIAPUHHUHT Y3yHJIWUTH CE3WIApid Japa)kaaa
y3rapmarad Oyica-ia, yJIapHUHT HUCOWN MOTeHnuan sHeprusicu macasau (126-
pacmua 1-4 ra kapanr). bomka TomonmaH, Ni/Ni (1la pacmparu 4,7-9, 12
ctpykrypanap) €ku Ni/H (12a-pacmuaru 3, 6, 11 crpykrypanap) €ku H/H (12a-
pacmpaaru 2, 5, 10 ctpykTypanap) OujiiaH yerapajaHrad yriepo] 3aHXKUpJIapuHUHT
y3yHJIMTM Ba OapKapopiurd 3amxkupaa H KOHIEHTpalMsICMHU OIIMIIM OWIaH
opramu (126-pacmaa 5-12 ra kapanr). lllyHunrnmek, ketma-keT H kymmnuiig
3aHKUP TY3WIHIIMHY "dU3UKIA" KyMYJICH/TIOJIMUHIIN aJUIOTPOIaH ""3Uur3arcuMoH"
MOJIUCH CTPYKTYpACUTa AHTAHUIIINATA OJTUO KEJIHUIIH KYPCATHIIIH.

bynpaii kymmmyanap Hagakat 3aHKUp MOPPOJIOTUACUHU OAJIKH YIapUHUHT
AIIEKTPOH XYCYCUSTIAPUHA XaM Y3TapTUPHIINA MyMKHH. 12c-pacMaad KYpUHATUKHA,
OHT KaTTa TabKHUKJIaHTaH 3Heprus keHrauru (1,25 »B) uexmanran kapOun (1-
CTpYyKTypa) Ja OKaHJIUTH aHUKJIaHau Ba Oy KuiiMar ab-initio xucoOmai
HaTmkanapura (~ 1,5 3B) skun. KapOun 3amxupunusr yuiapu Ni atomiiapu Ounan
yerapajaHrasaa (4-cTpykrypa), SHepIrusi KeHIJIUTY ce3uiapiiu qapaxana, apau 0,69
5B ra (-45%) kamasau. Cynrpa, H aromnapu kapOun 3amxupu 0yitnad kyumica,
Oy PHeprusi KEHIJIUIY stHaja kamasau. Xycycal, 2 H (7-ctpykrypa) Ba 8 H (12-
CTpyKTypa) aromiu Ni OuslaH yerapajaHrad kKapOUHJIAp YUYyH MakCHUMall SHeprus
keHriauru moc pasuiga 0,62 3B (-50%) Ba 0,16 3B (-88%) Hu Talukuia Kuiaau.
Jlapxakukat, Ni OwiaH uerapajaHraH KapOWH 3amxupu OVina6 H arommapu
KYUIWITaHJa, TAaKUKJIAHTaH 30HA KEHIJIMTH Ce3Wjiapiid Japaxaaa KaMaluiliu
aHUKJIaH/IH.

byHnan Tamkapu, Typiu KapOUH CTPYKTypajlapuaard 3JIEKTPOH TPAHCTIOPTH
Xam atpodauya Yprauuiau.
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13-pacm. Si(100) ro3acuma Ni uykma xocun kxuiumn (deposition) Ba romka Ni
MIEHKAaHU TTapyanant (re-structuring).

KaraauzaTrop HaHo3appayajapy Ba YJIAPHUMHI TarJMruHu (€Ku
cyOcTpaTHH) XOCWI KWJIMII OyiiM4a ypraHuuuiap TaAKUKOTHHHI OelMHYHU
KucMuaa Kearupuwirad. XXymianan, Ni HAHOKJIACTEpPIApUHUHT TJ1a3Ma acocua
HIAKJUTAHUIIA MEXaHU3MJIAPHU TYIIYHHUII YYYH SKCTIEPUMEHT TOMOHUJAH KYJIao-
KyBBaTsIaHaaurad mojetamrupuil (MD/AHMC) yeynu KyimaHuiu.
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Hactnad, N1 aroMiIapuHUHT S1 MOHOKPUCTAJIU CUPTHUra YTKAa3WIHILIHU, SHHU
Bommep-Bebep (opoi) pexxumu opkaiu onka KaTiamid Ni mIEHKaCUHUHT Y CHIIN
Vprauungu (13-pacwm, deposition). Moaennamtupwui opkaiu ofuHrad Ni miiéHkacu
(xamuunuru 0,3 HM - 1,2 HM opanuFuaa) aMmopd Ba CUPT FAAUP-OYoyPIUIUTH MaCT
Ba Oy KypcaTruuiap sKCIeprUMeHTal Ky3aTuuuiap ounad tacaukiaanau. Cyarpa, Ni
IOTIKA MIEHKACHHUHT MapyajaHuIl MEXaHW3MH, TUIEHKA IOMIIaTUiIranaad keiina Ni
HaHO3appavajapy KaHaal naiao OYIUIIUHYI TYIIYHUII yuyH Ypranunaau (13-pacw,
re-structuring). Xycycan, Ni TMJIEHKaCUHUHT CyroKiTaHumu ['u66c-Tomcon
s dekTH, SpHU HaHOCHUCTEeMAaJIap/ia PUIL XapOPATUHUHT MMacauim Tydaiim XaTTo
spumn Hykracura (1728 K) mucbGaran macTpok xapopataa Xxam pyi Oepaau Ba Oy
TeMriepatypa (papku Kyiuaarnya aHUKJIaHAIM:

2T
AT (r) = =205 (6)

Oy epaa Ty KATTUK )KUCMHUHT 3PUII XapOPaTH, OsL, - KATTUK YKUCM - CYIOKITHK
yerapaBui sHeprusick (aaresusacH), ps - KaTTUK KucMm 3uwinrd, AH - spuin
SHTAJIBIMSICHU Ba 7 - 3apPAYAHUHT PAJINYCH.

experiment interpretation by simulation
o - ¢ N\ "2 i
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14-pacm. Tepman Ba miazma dKcriepuMeHTapy nantuaa Ni rornka mi¢HKaCUHUHT
napyajgaHuIy HaTkacuaa N1 HaHOo3appadalapuHUHT (OK) XOCHJT OYITUIIIH.
Kuuuk Ni Hanozappavamapu (SIui1) IAKUIAHAIIAHA MOACIUIAIITHPHUIIT
acocuja TymyHTupuin. H atomiiapu kyk pasraa.
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Kyputum sxapaéuuna, ctpykrypa kanwuisip 3¢dext Tydailan ocoHIMKYA
napyananaau €ku Oy3unaau Ba Oyau [lnato-Paiineit 6exapopauru Ouiian n30x1anl
MyMKUH. YOy Hazapusira Kypa, HUWIMHAPCUMOH CYIOKIUK y3yHiuru (/) [>2mr
IIApTHU KOHMKTHpraHjaa mnapuanaHanu (y3unagu), Oy epla » - IUIUHAPCUMOH
CYIOKJIMKHHUHT pajgnycu. XycycaH, 13-pacMHUHT 65 Ic Jaru KU4UK HWJIMHIPCUMOH
(CYIOKJIMKKA VXIIall) CTPYKTYpaHUHT paguyCcd Ba Y3YHJIWTH MOC paBHIIIA
taxmMuHaH 0,3 HM Ba 3,6 HM HM TalIKWI KWJIAQU Ba IIYHUHI Y4yH HapyajaHUIl
X0JIATU KOHUKTUPWIAJIU, SIbHU Y 13-pacMHUHT 85 T1C 1a KYpcaTWIIraHUAEK y3UIaIu.

bynnan tamkapu, Ni 1IE€HKaCHHUHI TapyajaHumuaa Ba NI HaHO-
KJIACTEPJIAPUHUHT Maio OYiauiimaa BOAOPO IJIa3MACHHUHT POJHU KyJa MYXUM
AKAHJIMTH Ba 11y cababyim ymly >kapaéHiiapa YHU dXTUETKOPJIMK OUJiaH OOIIKAPHIIT
3apypJIMry aHUKJIaHAW. AWHHUKCaA, Te3 BojopoasiaHuil Ni HaHO3appayajapUHUHT
KymnuimuHay (sibHu, OcTBana cyduntupuin KoHyHH — Ostwald ripening) xeuuk-
TUPUIIIM MYMKUHJIUTH aHUKJIAHIW Ba Oy HaHO3appadajapHH Tariuk (KpEeMHHMA
OKCHJIM) CHPTHJA VY30KPOK CakjaHumra onaud keimaad. Ymly Xyjoca
DKCIIEPUMEHTANl KYy3aTUITHU, SIbHM HUMa Yy4yH YyaTparonka Ni TIEHKaCHHA
napuaiganum kapaéuuga  Hp-mmasma  kyimaHwnrasga  okyga  KMUMK - Ni
HaHO3appayvajap X0cui OYIUIIHHYA TyIIyHTHpUO Oepa onnu (14-pacwm).

Ni Ha"okmacrepiapugan Tamkapu Au HaHOKYO (15a-pacm) Typnm
TOMOHJIAPUHUHT  Y3rapuiid 3KCIEpUMEHT Ba MOJACIUIAIITUPUII  EpaaMuaa
Yypranuwinan. DKCIEpUMEHTal paBUILAa HAHOKYOHU KH3IUPHUIL Kapa€HUJlA YHUHT
yrinepoaianrad Au (100) ro3acu kuckapceaaa yHuHr (111) ro3acu yeuiiu Ky3aTuirad
(156-pacm). MD moaemnamtupui/xucoonanuiap 0y XoAucaHd CUPT SHEPTUACHHU
y3rapuilid OpKaJld M30XJiaau. XycycaH, TypJid TOMOHJU OJTHH KPHUCTAJIU CUPT
SHEPrusyiap Kyituaaru gopmyiia acocuia XucoOJaHIu:

1

— = _ Nsiab )
Y =2 (Eslab Ntk Epuik (7)

oy epma Egw Ba Epg - MOC paBuIia ONTHH TUIMTKA Ba KyHMaJTapuHUHT
sHeprusinapu. Nygp Ba Ny, - MOC paBHIIIA TTUTKA Ba KyHMagard atomiap CoOHH. A4
- IJTUTKA F03aCH.

Au tomonnapu KaymuHiura 0,5 HM Oynran ronka amopd yriepon (a-C)
KaTIaMy OMjIaH XaM Kortanaau. IInénkanunr suunury 2,4 xr/am® arpoduna 6yamo,
MacT 3UYIMKIM aMop() yIJIEPOAHUHT SKCHEPUMEHTan KuiimatugaH (~2,0 xr/mm?)
Oupo3 IKopH OYcana, KBaHT-MEXaHUK Xucob Hatwkanapura (2,0-2,9 kr/om’) xyna
skuH. OsuHran amopd yriepon miénkacu rpapur (daxar sp>-C arommapuaan
nbopar) Ba onmoc (dakar sp>-C aromnapugan ubopar) opacuaard CTpyKTypa Ba
TarJvKKa €TKU3WITaH SKCIIepUMEHTaN aMop( yriiepos rui€Hkacura yxmaii 0ynuo,
6% sp-C, 71% sp*-C Ba 23% sp>-C aTomnapuaad nbopaTaup.
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15-pacm. (¢) Au HaHOKYO CHUPT IO3IApUHUHT Yy3rapuimu: (b) dKCIEpUMEHTAT
Oaxouani Ba (¢) yHU CHPT SHEPTHsLIapH OPKAJIX TYITyHTUPHUII
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Amop¢ yriepoa OuiaH KoIutaHraH Au TOMOHJAPUHUHT CHPT DHEPrHUsIIapH
KyWdugarnda xucoOiaHau:

NS a
Ya =7 (Eslab — b;lb Ebulk) —-Y )

Oy epna Eg. Ba Epgr - MOC paBUIla ONTHUH KyWMa Ba muuTKanapuHuHr (a-C
MIEHKAHUHT SHEPrUsCHIaH Tamkapu) sHeprustiapu. y - (7) dopmyna opkanu
XMCc00J1a0d TOMUIIAUTaH yIaepoacu3 Au INIMTKACUHUHT CUPT SHEPTHSCH.

15c-pacmma 0 K, 300 K, 600 K Ba 900 K xapoparnapaga to3a (€nuk
TYpTOypUakiu 4u3ukiap) Ba a-C OunaH KoriaHraH (€MUK JOUPAd YU3UKIIAP)
Au(100), Au(110) Ba Au(111) TomoHIIap y4yH XHUCOOJAHTaH CUPT DHEPTUsLIaApU
kypcatunasnty. 0 K na roza Au(100), Au(110) Ba Au(111) Tomonnap yayHaa cupt
sHeprusiiapu Moc pasumiga 1,27 XK/am?, 1,21 JK/am? and 1,06 XK/am? ra tenr 6yum0,
CUPT JHEPrusCUHUHT Oy TapTuOma y3rapuiiyd Xxam skcrepuMeHT xam MD/DFT
HaTWKanapu omnan Moc kenaau (seuu, Y(110) > y(100) > y(111)).

Vupnan Tamkapy, (111) ToMoH yuyH cupt sHepruscu Kuiimatu 1,1-1,5 XK/am?
opanukaa OyiaraH SKCIepUMEHTaNl KUWMaTiapra kyna skuH. HaTwkamap myHra
JayioNaT KWIAANTUKY, T03a TOMOHJIAP CUPT SHEPTUSACH AU HUHT SPHILI HyKTaCUAaH
(~1350 K) mact 6ynran xommapaa xapopatrra 00rauk sMac, sbHU, Y(1jK) (T<Terish) =
const. Kauonku Au tomonu a-C O6unaH KoIuianca, CApTHHHT FaAup-0y Ay pIUT MHUHT
OLLIUIINA HATHXKACHUIAa CUPT SHEPTHsUIapH Ce3UIapiiv Aapaxana omaau, sbHu, (Y(ijk)
<7v4(1jk)). Hatmxanap Au(111)-a-C cTpyKTypaCUHHHT CUPT SHEPTUSICH YHUHT TO3a
XOJIATUAATW DHEPTUACHIAaH KaTTapok (2,5 wmaprta artpoduga) SKaHIUTHHU
Kypcarcana, 0y cCUpPT ¥3 SHEPrUsACHHHM KaTTapoK Xapopariap/ia XxaM Cakjaid OJIUII
MYMKUHJIUTHUHU KYpuill MyMKUH, SbHHU, Vo(111) (T<Terish) = const. Jlekun, a-C Ounan
KOIUIaHTaH OOIlKa TOMOHJAp 3ca XapopaT OWMIIK OWIaH Y3JapUHUHT
O0apkapopiuruau  HWykora Oommadau. Au(100)-a-C  cTpyKTypaCHHHUHI XOHa
xapopatujara Oapkapopiuruiu, sibHH, Y.(100) (T<300K) =~ const skaHIUTUHU
XxycoOra oJiMarasjia, YHUHT CHUPT SHEPTUSICH CUPT XapopaTH KYTapuwiMIld OuiiaH
acta-cekuH omia 6ouuiaiiau. a-C nmu Au(110) cTpykTypa CUPT SHEPrUsiCH KHIMAaTh
0 K na Au(100)-a-C HuHT cHUpT sSHeprusicura xyJaa gKuH Oyicana, Oy cupt
SHEPrusick Au HMHI XaMMa TOMOHJIAapH WYHUJAA SHT KaTTa Y3rapuiira y4pariuHu
KYpHIl MyMKHH. YMyMaH OJrapaa, ymly HaTwkaizap IOKOpUAa alTud yTuiarax
HKCIIEPUMEHTAN Ky3aTUIIHH TymyHTUpO Oepa onagu. bByHnman Tamkapw,
HaHOKyOHUHT (111) ro3acu OGapkapopiuru Tydainm mact xapopariapaa Oomrka
cupTiapra Kaparasaja rpad)€HHUHT KaTAIUTHK YCHINW yU9yH KyJail CUPT SKaHJIHUTH
AHUKJIAH/H.

Ba HuX0sT, IOKOpHA TUITAa OJIMHTaH HAHOKATaJIu3 3appajiapy YU4yH Tarjuk
Marepual, ssbHU amopd cuimka (a-Si0,) mI€HKacu TaaKUK KWIMHAU. XYyCYyCaH, a-
S10, onui yuyH, KpEMHUI CUPTUHUHT HAHO-OKCHJIAIll MEXaHU3MJIapy Ha3apHil Ba
AKCIIEPUMEHTAJl PABUIIIA YPTraHUIIH.

Adcycku, Si0, HUHr Si KpUCTall CUPTHIA aHbaHABUU TepMasl YCTUPHII
IOKOPH XapaopaTAa KUCIOPOJHUHT I0KopU Tudy3usnaHuim KU macT XapopaTaa
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EnumuIn KOOMTUATUHUHT NACTIAUTU Ty(dailu 1oKopu cu(aTiiv yITParonKa OKCHT
KaTJaMUHH OJIMIIra UMKOH Oepmaiinu. By Tycuknan yTum iynu cudatuaa nact
(xoHa) xapopariapja XaMm HWIUIAWAWraH WKKU Fos (ycyn) wiarapu cypuaad: (i)
CUPTHH THUIEPTEpPMal SHEPIHsUTM KHUCIOpojJ OwiaH okcumiam Ba (ii) arpu
CUpPTJIAaPHU TEPMAJI €KU ILIa3Ma-EpAaMuia OKCUIIALL.

growth
temperature

high 4

surface
curvature

cifcular

oxidant |
energy hyperthermal

16-pacm. Amopd cunmka (a-Si0O;) KQUIMHIUTHHUHT y4Ta YCHIN MapaMmeTpliapura
OOFJIMKJTUTH.

Ymby uniga, Oy TaHJIaHTaH UKKA OKCHJUIAI YCYJIM Xamjaa yiaTparonka (< 2
HM) SiO; HUHT XOCWJI OYJIHII KapaéHIapy aToMap Japakajard MOJEIUIAIITHPHIIL
yCyJuIapu OpKajH aTpoduinya YpraHwjad Ba HaTHXKaJlap TepMal Ba TUIEpTEpMal
OKCHJIJIAIIra aCOCIaHTaH KCIEPUMEHT HAaTWXKalapu XaM/a TepMasl OKCUTAITHUHT
Mamxyp Mojemiapu, xymianat, lean-I"poys, Kabpepa-Mott Ba Kao Mmoaemnapu,
Ba 0OIlIKa MYKOOMJI MEXaHH3MJIap HaTiKajdapu OWJIaH TaKKOCIAHAW. Si CUPTHHU
THUIIEpTEpPMall  DHEpPrHsuiap OpKajdk  OKCHUIAlll  XamJa CHUPTHH  KywId
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MIUKACTIAHUIIMHUHT OJAVMHU OJIUII MAaKCaAuaa KUCIOPOAHUHI CUPTra TYIIMII
sHeprusicn 1-5 3B nmouwpacupa tanmanau. ['mneprepman okcuaam MeEXaHW3MU
aHbaHABHM TepMall OKCHJAIIA Ky3aTWIMaraH Ba aJlJakadyOH MaBXyJ OynraH
MOJEIUIapla Ha3apuil >KUXATAAaH XaM KapaJMaraH HMKKM XWJI YCHUII PEXUMH
OopnuruHu Kypcatau. by ycumn pexxumiaapuaa XoCwin OYViIraH OKCHJT KaTJIAMHHHT
kamanura (1) Oycara xapoparuman (Ts = 600 K) mact Oynranm xosmapnaa
KHCJIIOPDOJHUHT KUHETHK »HHepruscura ¢k (2) Oycara xapopaTHaaH HOKOpU
X0JuIap/ia KUCJIOPOJHUHT CUPTTra TYIIUII SHEPTUACUTA Ba CUPT XapopaTura OOFIuK
oymumm  anukianau. T<Ts xommapma, SiO, 30Hamaru yerapa MEXaHHK
KYUYJIaQHUITHUHT OPTHUIIH Tyhalan KUCIOpo ] XapakaTdyanaurd (qudQy3usiaHuInm )
Ce3UJIapJiv Japa)kajia nacaiuum yarparonka a-Si0; OKCH]l KaTIIaMUHU OOIIKApHUIL
UMKOHUHU Oepanu. Mykoowi cudatuaa, yiarparonka aMopd OKCUIHUHT OOITKAPHUIIT
KPEMHUI HAHOCUMHMHHU TepMaJl KU T1a3Ma-EpAaMHuIaru OKCHUIJIAI OPKaIn OYIUIIN
MyMKHH. [lacT Temneparypanu y3-y3uHHA YEKIIOBYM OKCUJIAII OPKAJIU I0OKOPH CUPT
srpunuru Ba c¢-Si|a-Si0, derapamaru xapopatra OOFIUK (MEXaHWK) KyYJIaHHII
Ty}ailin KUCMaH OKCHJIAHTaH HAaHOCTPYKTypaJsiap OJIHHAIH.

Wkkana okCUAMIAHUII XOJUIapUIa XaM SHEPrus Ba XapopaT >PdeKrTiapuaan
TaIIKapy KUCIOPOUIA 3apPAHUHT TYpH Ba YIAPHUHT OKUMHUHH Y3TapTHPUII OKCHUJ
KaTjaM KaJWHJIUTUra TabCUp STUIIM MyMKUH. OIIMHTaH OKCHJ KaTiaMm amopd
Oynumm Ownan Oupra yHAa TepMaad OKCHJJAIra JOUP SKCHEPUMEHTAA XaM
Ky3aruwirad O-nepokcui Ba Si-3MOKCH]T OOFIapyu MaBXKYy [ SKAHIUTH aHUKJIAH]IH.

YMyMaH onraspa, TaIKUKOT Hatwkaimapu a-Si0, HUHT  yATparonka
KQJIMHJIUTUHA OOMIKAPUII OKCHAAHT (OKCUJJIOBUM) SHEPTUACUHU, YCUII XapopaTu
Ba CUPT STPWINTU Aapa’kaCUHU aHUK TaHJIalll OpKaJId OYIumuHU Kypcatau (16-
pacm).

XVJIOCAJIAP

dyHaaMeHTall  TAAKUKOT  HATWXKAJIapu acocuzia  KOMIIBIOTEpAA
MOJEJUIAIUITHPULI STHTH  YIJIEPOJ, HAHOCTPYKTYPAJIapUHHUHT OOLIKApUIAIUTaH
CEJICKTHB CHUHTE3WHU YpraHWIl YYyH acOCHMi WYHaIWIUIapuaaH OWpH SKaHIUTU
Kypcarwiarad.  XyCycaH, MOZJCUIAIUTHPHUII  aCOCHUJArd  H3JaHULUIapAaH
KyHUJarmjIapHy XyJa0ca KWIHIIAMA3 MyMKHUH:

1. Yraepoanu ra3HMHr 3XTUETKOPJIMK OWIAH TaHJIAHUIIU ad3al yIJIepos
XHMCCaopapyHu YcaéTrad Hailuara TaHaad KYIIMII Ba HATHKa1a OOLIKapuiIaurad
YHH neBopu, nuameTpu Ba XUpaJUIMTHHUA OOMIKAPHIIIA XUCCa KYIITUIIT KMKOHUHU
OepuIlIM aHUKJIAH/H.

2. BopopoAcuznaHMII Japa)KaCUHM XapakTepijall YYyH KUPUTUITaH k-
ko3 duuuent yriesonopon CiHy monekynanapu épnamuna YHH ycummHUHT MK
OOCKUYJIApUHU aXpaTuiljga EpaaM OepuIy aHUKJIaHIU. YHJIaH TallKapy, HaHOHAH
YCHIIl TE3IMTHHUHT Ba YHJIAru KaBaT (J€BOp)JIap COHMHUHT yuiOy ko3 duumeHTra
TeCKapu OOFIUKIINIU KypcaTud Oepuiian.
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3. BKHH konkoru €ku Myprak Haiya TYJIHMK (KUMEBHI) MYK KWIMHUITUIAH
OJITUH, TYPJU OPAJUK YIJIEPOJI HAHOCTPYKTypajapura, Iy KyMiIaJaH yriIepoaiu
kKadacra (€ku (pymnepenra), HaHoKaTiaamra (€ku rpadeHra) €K1 MOJTUUH 3aHKUPUTA
(6xu kapOWHTA) alIaHaIH.

4. y-o0ypuak (opto HC-CH 0o Ba HaHOHalua XupasIuK BEKTOPU OpacUaaru
Oyp4yak) HaHOHaW4ya OTPWINTH Japa)kaCd Ba YHUHT DJEKTPOH XyCYCHUSTHTa
KyIIMMYa paBUIIJa KAPUTWITaH KaTTaquk Oymub, Hr-mimasmacuma mabiaym
xupauukin BKHH nmapauar tanma® kuMEBUN WYKOTHIIHUHT WIK KaJaMUHU
TYUIYHTUPUII MMKOHUHU O€pUIM aHUKIAHAW. YHJAH TallKapH, SpUMYTKa3rud
BKHH napau Ttanna® MYKOTHII 3XTUMOJUIUTH Y-Oypuakka OOFJIMUKJIUIH WIK OOp
MOJICJUIAIITUPUII OPKAIHM KYpcaTHIIIU Ba Oy OOFIMKIMK 3KCIEPUMEHT TOMOHUIAH
TaCIUKJIAHH.

5. Kamcynamanran Ba MeTa/UlaHTaH HaHOHaWya €KU HAHOJEHTaAHUHT
CEJICKTUB YCHINIM MOC pAaBUINJA KaTaau3aTop €KA YIJIEpOA Ta3WHUHT yiap
opacujary pakoOaTaaru yCTyHJIUTH OWIaH aHUKJIAHUIIN KypcaTnbd Oepriiau.

6. Ni Ownan yerapanaHral KapOMHHUHT SJIEKTPOH XYCYCHUATHHHU 3aHXKUP
O6yinad H artommapu KOHIEHTPAUUSCUHU Yy3rapTUpraH xoijja OOILIKapHIil
MYMKHHJIATH ~ acociiad oepunam. XycycaH, KapOMHAaru  BOJOPOJ
KOHIICHTPAIIMSACUHA OpPTUO OOpHWINM YHUHT TaKUKJIAHTaH 30HAa KEHIJIMTUHU
Kamaiummra cabad Oymanu.

7. Merancu3 KancyjiajllaHraH YIJepoJ, HaHOCTPYKTypajap MeTalu
HAHOCTPYKTypayiapra HucOatan 6apkapop 3KaHaurud aHukiaanau. lllyHunr yuayw,
METaJJId HAHOCTPYKTYpaJIapHU OKCHUJIAI OPKAJIM yJIapHU METal aToMJapJiaH 0301
KUJIMII MYMKUHJIUTH KYpcaTuo Oepuiiiu.

8. Bomopomnam H,-mmasmana yatparonika Ni TIEHKaHUHT TapyalaHUIIN
Tydainu xocun OYiraH Katajlid3aTop HaHO3appaapUHUHI XaXKMUHU Cakjamijaa
épaam Oepuiu kypcatud 6epuiau.

9. Amopd cunuka a-SiO, kabu KaTalIu3aTop TArJIMTUHHUHT YITPAIONKA
KUIMHIUTHHN OOIIKAPUII OKCHIAHT SHEPTHSICHMHH, YCHII XapopaThd Ba CHPT
STPUJITUTH JTapaKaCUHU aHUK TaHJIAIl OPKAIH OV MyMKHHIIUTH KYPCATHIIIH.

10. MozennamTupui HaTukalapyu acCoCH1a KYNT'MHA MyXUM 3KCIIEPUMEHTA
Ky3aTyBJIApHU TAJIKUH KWIMHHUIIHA YTIEPOJ HAHOCTPYKTYpaJapUHUHT CEJICKTHB
CHUHTE3UIa JOUp Hazapus Ba HSKCIEPHUMEHT Opacuaard OYIIITMKHUHT Ce3ujiapu
napaxkana kKuckapummra onu6 kemnu. Xycycan: (1) BKHH Veumubauar wink
O0ockuuwiapuaaru opanuk yriaepoxa crpykrypanapu; (i) C.H, acocumarm YHH
ycummaa macT Ba IOKOpHM Ycunl cypbatiapu; (ii1) kam aeBopau YHH mapuunr
yeumuuuHar Wik 6ockuunapy; (iv) BKHH Ba UKHH ycummaa yriepoaiu ra3HuHT
poyiy; (v) Hailya AMAMETPUHHUHI YIJIEpOJ Ta3ura OOFJIMK paBUIa TOpaluil Ba
keHraviumm; (vi) BKHH ycummaunr ¥3-y3umpan tyxrammu; (vil) YHH cuptunusr
BOJIOPOJI aTOMJIapH OWJIaH MaKCHMall KOIUIAaHWIN napaxkacw; (viil) H, mmazmacu
épnamuaa metarn BKHH napunu adsan Ba spum ytkasruuwnu BKHH mapaunr
taHnad (kuméEmit) nykotunumw, (ix) H, mmasmacu éppamuaa Oup Xuia Ba Kynaa
knuuk Ni HaHO3appavyaJapUHUHT XOCWI Oynumm; (X) yriaepoand Au HaHOKYO
TOMOHJIAPUHUHT MOP(OJIOTHK KUXATAH y3rapuiny; (Xi) YCUIl XapopaTH OPTHIIN
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owmnan Si Ba Si0; opacuaru HTep()ENCHUHT KEHTaluIIK Ba OOIIKA SKCIIEPUMEHTA
Ky3aTHIILIap HATKAIAPHU TYITYHTHPUIIIH.

YMyMaH ofraHma, SKCIEPUMEHT Ba KOMIBIOTEpAA MOACIUIAIITHPHUII
opacujard XaMKOPJIHMK YTJIEpOJ HaHOCTPYKTypajapura acoCiaHTaH SHTU aBJIOJ
KypUIMAJIAPUHU SIPATUIIUIINTA Ba YIAQPHUHT TAKOMWUIANTUINHTA Ou0 Kenaau. by
aca, Y3 HaBOATHIIa, MATEPUAIIIYHOCIHK, MOJEKYJSp (U3MUKa, JJICKTPOHHWKA Ba
ac600CcOo3TMK coXalapuaa Ce3uIapiu CUDKUITa cabad oymaam.
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INTRODUCTION (description of the presentation)

The necessity and relevance of the topic. One of the most relevant problems
of condensed matter physics and material science is the obtaining new carbon
nanomaterials with unique properties, as well as finding routes its achievement
during synthesis. Because, experimentally studied physical and chemical
characteristics of carbon nanostructures, such as strongest mechanical strength,
highest thermal conductivity, extraordinary electrical conductivity, room
temperature ballistic quantum conductance significantly increase the worldwide
commercial interest.

Since nanostructures consisting of carbon nanostructures with such unique
properties are considered to be the main alternative to traditional silicon-based
microstructures and devices, special attention is paid to research on selective
synthesis of these structures at the molecular level in the world. While experimental
methods provide information a wide variety of processes, including nucleation,
catalysis, adsorption, phase transitions, etc., occurring during the formation of the
structure, the obtaining information about the key intermediate processes in the
synthesis stages take place on the nanosecond time scale is still not fully accessible.
Therefore, computer simulation techniques are being currently tried to use
simultaneously with experimental methods. Simulation of the synthesis of nanoscale
structures is widely used for a detailed understanding of the nature of unusual
processes during the nucleation and growth of nanostructures. Due to simulation
results, the formation criteria for some carbon nanostructures (CNS) such as
graphene and carbon nanotube (CNT) were found. While such techniques
successfully interpreted some experimental observations and elucidated underlying
synthesis mechanisms, there remains a gap between simulations and experiments
concerning the manipulation of selective synthesis. In order to reduce this gap, many
of the world’s leading scientific groups are now working on experimental and
simulation collaborations on many topical issues, including the selective synthesis
of carbon nanostructures such as carbon nanotubes, graphene nanoribbons and
carbynes.

Although the Republic of Uzbekistan pays special attention to such
cooperation-based research in the fields of materials science, electronics and
molecular physics, the research on the selective synthesis of nanostructures is at an
early stage. It is thus expedient to expand a research in young and promising fields
such as physics and chemistry of nanoparticle as well as the computer simulation of
physical and chemical processes. In particular, one of the key tasks of the device
manufacturing based on tomorrow's nanotechnology is to develop our knowledge on
the management of the synthesis of various carbon nanostructures and pass the
obtained experience on to our young generation. These fundamental researches play
an important role in the development of science in our country. The doctoral research
serves to fulfil to some extent the tasks stipulated in the Decree of the President of
the Republic of Uzbekistan dated February 7, 2017 No PF-4947 "On the Strategy of
Actions for the five priority areas of the Development of the Republic of Uzbekistan
in 2017-2021" and the Resolution No. PP-2789 dated February 17, 2017 "On
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measures to further improve the activities of the Academy of Sciences, the
organization, management and funding of research" as well as in other normative
and legal documents adopted in this field.

Compliance of the research with the priority directions of the
development of science and technology in the country. This research was carried
out in the framework of the priority directions of the development of science and
technology of the Republic of Uzbekistan: F.2. “Physics, astronomy, energy and
mechanical engineering” III. Energy, energy saving, instrumentation, modern
electronics, microelectronics, electronic equipment.

International context of the research?. Over the world, numerous advanced
research groups and centers, including Rice University, Massachusetts Institute of
Technology and Texas A&M University (United States), University of Cambridge
and University of Manchester (U.K.), The University of Tokyo, AIST, Waseda
University and Tohoku University (Japan), CNRS (France), Aalto University School
of Science (Finland), Peking University (China), CSIRO (Australia), Karlsruhe
Institute of Technology (Germany), Université Catholique de Louvain (Belgium),
University of Vienna (Austria), Nanyang Technological University (Singapore),
Skolkovo Institute of Science and Technology (Russia) are actively working on the
synthesis of carbon nanostructures.

In the world, the following scientific results were obtained according to
scientific research on the synthesis of carbon nanostructures: the control of the
growth of single-wall carbon nanotubes (SWNTSs), catalyst design for the selective
growth, SWNTs growth by predesigned nanocarbon segments, computer
simulations of SWNT growth, SWNT base-growth, vertical-aligned SWNTs, the
effect of feedstock chemistry, the growth mechanism of graphene, high-yield
synthesis of metallofullerene, metal-nanowire and graphene nanoribbon peapods,
etc.

In the world, research on the synthesis of carbon nanostructures is carried out
in the following priority directions: nanotube and other two-dimension material
synthesis and processing, the synthesis of diamond and diamond related materials,
endohedral synthesis of novel carbon nanostructures, plasma-based control of
nanoparticle formation, etc.

Current state of research on the topic. Property of carbon nanostructure
strongly depends on its geometry. However, precise control over the structures is
still lacking, in part due the limited understanding of the growth process. Especially,
a thorough knowledge of all intermediate processes taking place in nanoseconds,
which is difficult to obtain experimentally, is critical. Consequently, a variety of
computational techniques have been applied to gain complementary information on
various effects and all these have contributed to unravelling and explaining
experimental observations. Especially, the dislocation theory proposed by F. Ding,
B. Yakobson et al. and thermodynamic model for the SWNT growth developed by
Y. Magnin, C. Bichara, H. Amara et al. significantly improved our understandings

2 The review of the current state of research on the topic is based on R. Rao et al. ACS Nano 2018, 12, 11756; H.
Shinohara Jpn. J. Appl. Phys. 2018, 57 020101; A. C. Ferrari et al. Nanoscale, 2015, 7, 4598.
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on chirality-controlled nanotube growth. Nevertheless, the feedstock-dependent
growth picture is not entirely clear yet. Despite the fact that the vast majority of
experiments use hydrocarbon molecule, most simulations, so far, considered pure
carbon as a feedstock, assuming that the non-carbon species (e.g., H,, H,O, etc.) play
little or no role of importance in CNT growth. Therefore, the feedstock effect was
mainly considered in the second part of the work to unravel its precise role in the
selective CNT growth.

Alternatively, selective etching (removal) allows for obtaining carbon
nanotubes with a specific chirality. In general, conventional CNT film contains
approximately 2/3 semiconductor SWNTs and 1/3 metallic SWNTs. Plasma-
assisted etching has demonstrated its ability on the separation of metallic tubes from
their semiconducting counterparts. In particular, G. Zhang, H. Dai and co-workers
presented selective etching of metallic nanotubes by CH4 plasma, retaining the
semiconducting nanotubes in a near-pristine form. On the other hand, A. R.
Harutyunyan, D. Zakharov and co-workers introduced a preferential growth of
SWNTs with metallic conductivity. However, despite considerable experimental
progresses, the understanding the reason of selectivity as well as underlying
nanoscale mechanisms of the etching onset, still remain elusive. Therefore, this
problem was addressed in the third part of the work.

Another option for obtaining nanostructures with desirable geometry is the
endohedral synthesis. Specifically, the possibility of confinement effects inside a
carbon nanotube provides new application opportunities, e.g., growth of novel
carbon nanostructures with controllable properties. Indeed, experimental synthesis
(by H. Shinohara and others) of carbon peapods (i.e., encapsulated C¢ fullerenes
inside SWNT) so-called Coo@SWNT has initiated the extensive exploration of a new
physics and chemistry within the nanosized hollow container. While various
encapsulated carbon nanostructures are successfully being synthesized using this
technique, the understanding the synergistic (collective) role of catalyst and
feedstock for the synthesis of encapsulated nanostructures, is still elusive.
Consequently, their combined effect on the structure control was discussed in the
fourth part of the work.

The choice of catalyst and its support is also important to effectively manage
the synthesis of selective carbon nanostructures. In particular, the selective synthesis
of CNT with certain chirality is being shown by the careful choice of
catalyst&support. So far, however, the nature of the catalyst nanoparticle formation
process by plasma as well as their precise role are not fully understood. Therefore,
these problems were studied in the fifth part of the work.

Connection of the research topic with the research activities of the
research institution. The research activities of the author were carried out mainly
in the framework of the following postdoctoral research projects funded by the
Research Foundation-Flanders (FWO) (https:/www.fwo.be/): 12M1315N
“Computer simulations of gold-catalyzed growth of carbon nanotubes at the atomic
scale” (2014-2017, University of Antwerp, Belgium) and 12M1318N “Long time
scale dynamics of carbon nanostructure growth” (2017-2020, University of
Antwerp, Belgium).
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The aim of this work consists of the understanding of controllable
mechanisms of the selective synthesis of novel carbon nanostructures with certain
properties at the molecular level using advanced simulation techniques and
consequently developing a method of possible structure control.

The tasks of the research are:

clarification of underlying mechanisms of the nucleation of carbon nanotubes.
In particular, unraveling the precise role of feedstock in the selective CNT growth;

study fundamental mechanisms of the etching of carbon nanotubes. In
particular, understanding the plasma-assisted elimination of nascent base-grown
carbon nanotubes. Also, determination of the onset of selective CNT etching;

investigation of nanoscale mechanisms of the synthesis of possible carbon
nanostructures inside a carbon nanotube. In particular, understanding the collective
role of catalyst and feedstock in the selective growth of carbon nanostructures;

understanding the atomic scale mechanisms of the formation of Ni and Au
catalyst nanoparticles in the plasma environment;

elucidating the microscopic mechanisms of Si nano-oxidation in order to
obtain a catalyst support;

determination of electronic and mechanical properties of the obtained new
carbon nanostructures.

Object of the research is Ni (or Au) catalyst nanoparticles, carbon-bearing
species such as hydrocarbon C.H, and oxygen-containing hydrocarbon C.H,0.
molecules, non-C species such as H, and O, molecules or H and OH radicals, Al, Si
and S10; surfaces, etc.

Subject of the research is the phenomena and processes (including
intermediate processes) in the controllable selective synthesis of novel carbon
nanostructures.

Methods of the research. In the framework of the doctoral work, both the
reactive MD and hybrid MD/ftMC simulations were used to study fundamental
processes of the catalyzed synthesis of carbon nanostructures from different growth
feedstocks at various synthesis conditions.

Scientific novelty of the work is as follows:

it was revealed for the first time that the formation of three classes of growth
(carbon) contributors, i.e., surface carbon species, dissolved carbon atoms and gas-
phase (previously etched) carbon species strongly depends on the feedstock type;

for the first time, it was found that the dehydrogenation degree (denoted as the
k-coefficient) of the system leads to distinguish sub-stages in CNT incubation stage;

it was found that the appearance of parallel carbon nanowalls explains the
nucleation onset of MWNTs, as experimentally suggested;

it was demonstrated that the nucleation probability of CNTs with a low-wall-
number due to the oxygen scavenging effect assists to unravel the puzzling
experimental results;

for the first time, it was found that the inverse dependence of the tube diameter
(i.e., SWNT broadening or necking) on the incorporation rate of growth contributors
interprets experimental evidences, alternatively to other simulation-based studies.
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it was found that SWNT cap consecutively transforms to carbon cage
(including fullerene), carbon nanosheet (including a graphene) and polyyne chains
(including a carbyne) prior to the completely etching.

for the first time, it was found that the etching probability of SWNTs by Ho-
plasma depends on y-angle, i.e., angle between the ortho HC—-CH bond and the
chirality vector.

it was found that the selective growth of nanotube or graphene inside SWNT
is determined by the high or slow rate of the chain-ring-cap transformations,
respectively;

for the first time, it was found that the electronic band gap in the Ni-terminated
carbyne can be tuned by steering the H concentration along the chain;

it was found that the stability of encapsulated carbon nanostructures increases
by eliminating metal (catalyst) nanoparticles inside SWNT using the oxidation-
based purification.

for the first time, it was found that the hydrogenation of catalyst nanoparticles
keeps their size in H,-plasma environment.

it was evaluated for the first time that the scaling of the ultrathin thickness of
a-Si0;, (as a catalyst support) is possible by accurately tuning the oxidant energy,
the growth temperature and the surface curvature.

Practical results of the work are as follows:

hybrid MD/tfMC simulation technique was developed to deeply interpret a
significant amount of experimental outputs/observations and consequently to
improve the controllable/selective synthesis of new carbon nanostructures;

the high potential of the synergistic effect of catalyst and feedstock in
controlling the selective synthesis of novel carbon nanomaterials was demonstrated
for the first time;

possible ways of interpretation of computational results were presented in
order to consider simulation-based predictions in further development of the
experiments related to selective synthesis;

various analyzing techniques (i.e., DFT method and newly created codes)
were developed to better evaluate the obtained simulation results.

Reliability of the research results is evidenced by the fact that they were
obtained using state-of-the-art computational techniques, as well as, use of adequate
modeling systems and computational algorithms, and the compatibility of the
obtained outputs with the experimental results. Moreover, all articles of the doctoral
work were peer-reviewed by the experts in this research field prior to the publication
in high impact factor journals. The invitation to publish the results of the doctoral
work in the prestigious journal in this field Account of Chemical Research
(IF=21.661) confirms the reliability of the research results.

Significance of the research results. Being able to obtain carbon
nanostructures with specific properties, including length, size, chirality and edge
alignment, would make a huge leap forward in materials science. Therefore, a
comprehensive understanding of the synthesis mechanisms motivates controlled
formation of nanomaterials with controllable dimensions. The scientific significance
of the research results consists of the study of the synthesis processes in the
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picosecond-to-seconds regime through detailed analysis of the intermediate
nanoscale mechanisms and unclear synergistic effects, which are notoriously
difficult to observe directly by experiments and existing simulation techniques. The
practical significance of the research results is to connect experimental and
theoretical groups in this scientific direction by the reducing the gap between
simulations and real experiments.

In general, the scientific and practical significance of research results is to
assist improve our knowledge of the controllable synthesis/formation of specific
nanostructures with desirable properties, and thus significantly speed-up the
production of new generation materials for tomorrow’s nanotechnology.

Implementation of the research results. The main implementation of the
research results is the application of these results in other experimental and
computational studies, as well as the citation and discussions in reviews and the
interpretation or description of the experimental and computational outcomes of
about 130 research papers published in high impact factor journals, according to the
Web of Science database:

the growth of carbon nanotube from hydrocarbons, the appearance of vertical
graphene layer, hydrogenation effect and other molecular evidences for feedstock
dependent CNT nucleation (i.e., scientific novelties 1, 2, 3, 4 and 5 of the doctoral
work) were used in interpreting and describing the results in [Chem. Rev. 2020; 120:
2693 (IF=54.301), Mater. Today 2018; 21: 845 (IF=24.372), ACS Nano 2018; 12:
11756 (IF=13.903), J. Catal. 2017; 349: 149 (IF=7.723), Carbon 2016; 107: 171
(IF=7.466) and J. Phys. Chem. Lett. 2015; 6: 2232 (IF=7.329)];

plasma-assisting CNT growth and etching as well as the effect of non-C
species in the selective synthesis of carbon nanotubes (i.e., scientific novelties 6, 7,
8 and 9 of the doctoral work) were analyzed and considered in [Mater. Horiz. 2018;
5: 765 (IF=14.356), Chem. Sci. 2017; 8: 7160 (IF=9.556), Carbon 2018; 137: 527
(IF=7.466) and Int. J. Hydrog. Energy 2020; 45: 15302 (IF=4.084)];

the results related to the formation of catalyst (metal) nanoparticle and catalyst
support material using a nano-oxidation (i.e., scientific novelties 10, 11 and 12 of
the doctoral work) were broadly discussed in [ACS Nano 2019; 13: 3005
(IF=13.903), Phys. Rev. Lett. 2017; 118: 1 (IF=9.227), Sol. Energy Mater. Sol. Cells
2020; 208: 1 (IF=6.019), Appl. Surf. Sci. 2020; 505: 1 (IF=5.155), Fuel 2017; 210:
1 (IF=5.128), J. Phys. Chem. C 2020; 124: 1932 (IF=4.309), Cryst. Growth Des.
2015; 15: 3105 (IF=4.153), Phys. Rev. B 2019; 100: 1 (IF=3.736), Plasma Process.
Polym. 2017; 14: 1 (IF=3.173); J. Phys. D: Appl. Phys. 2018; 51: 1 (IF=2.829), J.
Appl. Phys. 2014; 116: 1 (IF=2.328) and J. Nanomater. 2016; 2016: 1 (IF=2.233)].

Approbation of the research results. The obtained research results were
presented and discussed at 23 prestigious international conferences, symposia and
workshops, by giving invited lectures, contributed orals and poster presentations.

In particular, invited talks and contributed oral talks were given in the
international conferences/workshops, such as 9™ International Conference on
Computational Physics, January 7-11, 2015, National University of Singapore;
Energy Materials and Nanotechnology Croatia Meeting, May 4-7, 2016, Dubrovnik,
Croatia; 7™ International Workshop and Summer School on Plasma Physics, June
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26 - July 02, 2016, Kiten, Bulgaria; (iv) Energy Materials and Nanotechnology
Greece Meeting, May 14-18, 2018, Heraklion-Crete, Greece; International
Conference of Computational Methods in Science and Engineering, May 1-5, 2019,
Rhodes, Greece; the International Symposium of Physical Chemistry, July 5-10,
2015, Antwerp, Belgium; the 28™ International Conference on Diamond and Carbon
Materials, September 3-7, 2017, Gothenburg, Sweden. Besides other poster
presentations, invited posters were presented twice (2015 and 2017) at the
“Guadalupe Workshop”, which brings together leading experts in the field of SWNT
synthesis. In addition, one of presentations was received a poster award (runner-up)
among 51 poster presenters at the 2012 Computer Simulation in Radiation Effects
in Solids international conference, June 24-29, 2012, Santa Fe, New Mexico, United
States.

Publication of the research results. The results of the doctoral work are
reflected in 37 scientific publications, including 13 peer-reviewed articles published
in international high impact factor journals displayed in the Web of Science, (i.e.,
43 system) recommended by Supreme Attestation Commission of the Republic of
Uzbekistan to publish the main scientific results of doctoral thesis. The publications
displayed in Web of Science were only used in this doctoral work.

The structure and volume of the presentation. The structure of the
presentation consists of an introduction, five chapters, a conclusion and a list of
references. The volume of the presentation is 87 pages.

MAIN CONTENT OF THE RESEARCH

Introduction. This research aims to study of controllable mechanisms of the
selective synthesis of novel carbon nanostructures with certain properties at the
molecular level and thus development of a method of possible structure control using
advanced contemporary simulation techniques.

First part of the work is about the computational methodology. In
molecular dynamics (MD) simulations, atoms in the system are followed through
space and time by integrating Newton’s equations of motion. Forces acting on the
atoms are calculated as the negative gradient of the force field (or potential) that
describes all interatomic interactions. In these simulations, ReaxFF potential was
mainly employed as a reactive force field. The ReaxFF uses the bond order - bond
distance relationship. The total system energy is the sum of several partial energy
terms; these include energies related to bond, lone pairs, undercoordination,
overcoordination, valence and torsion angles, conjugation, hydrogen bonding, as
well as van der Waals and Coulomb interactions. Charge distributions are calculated
based on geometry and connectivity using the electronegativity equalization method
(EEM). ReaxFF parameters were optimized against both experimental and quantum
mechanical data for reaction energies, reaction barriers and configurations energies
as well as geometrical and structural data. ReaxFF-MD simulations showed that the
bond dissociation and formation processes, for which they commonly approach QM
accuracy, were properly described. Therefore, ReaxFF potential has been shown not
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only to describe covalent bonds but also ionic bonds and the whole range of
intermediate interactions.

Table 1. Comparison of some results of ReaxFF, other simulations, and experiment.

ReaxFF Other
simulation Experiment
Zou Mueller
methods
Econ (N1), eV -4.45 -4.50 -4.42 -4.44
0.62¢ . 0.20-0.36
AH (C), eV 0.29 0.78 0.40 0.43
VF(Ni,C)/Q 0.78¢4 0.68“ 0.64-0.8 --
Edes (H2), €V 1.22 1.66 0.42-1.19¢ 1.0-1.3¢

@ for NigeaC  for NissC ¢ for Ni(100), Ni(110) and Ni(111) ¢ for T>500 K

In order to properly describe the bond dissociation and formation processes,
including the C—C bond dissociation, H, or H,O formation and other reactions
during the simulations, ReaxFF potential is applied with new force field parameters
developed by Zou et al. To validate the force field quality, we evaluated test
simulations carried out using new parametrized ReaxFF (ReaxFF-Zou) against
results obtained using parameterization by Mueller et al. (ReaxFF-Mueller), and
other simulations and experimental data, which are shown in Table 1. In particular,
ReaxFF-Zou reproduces the cohesive energy of nickel (-4.45 eV) in excellent
agreement with experiments (-4.44 eV) as well as DFT calculations (-4.42 eV),
while the ReaxFF-Mueller result is somewhat off (-4.50 eV). While the heat of
solution of the C atom in the Niges bulk (0.62 eV) is slightly higher than the
experimental value of about 0.42—-0.49 eV, the value for the Niss nanocluster (0.29
eV) is in the range of both experimental and other simulation results (0.2-0.4 eV).
The formation volume V' quantifies the deformation of the Ni crystal upon
incorporation of C in the lattice (Ni,C). It is defined as V& = V(Ni,C) - xQy(Ni),
where V(N1,C) and Q(Ni) are the volume of the relaxed Ni,C structure and the
volume per atom of elemental Ni, respectively, where x 1s the number of Ni atoms
in the system. We found that the VF/Q ratio (0.78) is in close agreement with the ab
initio data (0.64-0.8), although the value is slightly higher than the value calculated
using the ReaxFF-Mueller parametrization (0.68 and 0.71 for NigesC and Ni3C,
respectively). Also, we calculated the energy barrier of H, desorption from the Ni
surface to be 1.22 eV, which is close to the range of DFT calculation results (0.42—
1.19 eV) and in very close agreement with the experimental activation energy (1.2—
1.3 eV), while the ReaxFF-Mueller parametrization yields a slightly too high value
(1.66 eV). In spite of quantitative differences between ReaxFF-Mueller and ReaxFF-
Zou results, our test simulations indicate that such small differences do not affect
the overall growth mechanisms. The overall results indicate that the new ReaxFF
potential is sufficiently accurate to address catalyzed CNS synthesis using MD
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simulations. In reactive MD simulations, besides of ReaxFF, other potentials (force
fields) such as Tersoff, MEAM and Lennard-Jones were also used.

Typically, the time scale reached in MD simulations is in the order of
nanoseconds. In reality, however, many processes that occur during the growth or
the processing of materials, such as concerted network rearrangements, diffusion,
precipitation, segregation and surface-mediated recombination reactions, happen on
much longer time scales. In order to extend the accessible time scale, the hybrid
MD/force-bias Monte Carlo (MD/tfMC) technique was (co-)developed by the
PLASMANT research group, which has shown its ability to simulate processes up
to microseconds. In MD/tfMC simulations, the MD module accounts for the
adsorption of the growth species on the catalyst surface and for the initial chemical
reactions taking place during the first few picoseconds, while the tfMC module takes
care of the longer time scale relaxation of the system. Using this technique,
successful investigations have been performed on the growth mechanism of SWNT
with definable chirality and the change in chirality in the nucleation stage as well as
the precise role of plasma-generated Ar" ion, electric field and different C, species
in the CNT nucleation.

In this research, Density Functional Theory (DFT) and nudged elastic band
(NEB) calculations were also used. In particular, DFT calculations of adsorbed/
dissociated non-carbon molecules from the nickel nanocatalyst, the elongation of C-
C bond in the SWNT hydrogenation, the density of states in new carbon structures
and others were carried out by applying the VASP software or OpenMX code. The
energy of the reaction barrier is carried out by NEB calculations. Also, Cauchy stress
tensors were calculated as a measure of mechanic stress fora SWNT. The local stress
is calculated by dividing the nanotube structure into small rectangular boxes. Prior
to stress calculations, the structures were first equilibrated at 0.01 K using NpT
dynamics, to remove the kinetic energy part from the stress calculation.
Subsequently, the total energy was minimized using the steepest descent and
conjugate gradient techniques.

The main results of the work divided into four parts and provided in parts 2-
5, respectively. The second part of the work is devoted to the study of the
feedstock effect in the controllable growth of carbon nanotubes (CNTSs). In the
MD/fMC simulations, Niss nanocluster with a diameter of about 1 nm was chosen
as a catalyst (Fig. 1).

The calculated cohesive energy of nickel is -4.45 eV, in excellent agreement
with experiments (-4.44 eV) and DFT calculations (-4.42 e¢V). The nanocatalyst is
physisorbed on a virtual Al or Si surface, employing a z-integrated Lennard-Jones
potential:

Fe) =D L% -1(2)'] n

V4

where z is the atomic coordinate normal to the substrate. By choosing the De
and o parameters, a specific substrate can be mimicked. For example, if we study
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the influence of aluminum substrate we choose the parameters D, = 2.3 eV and 0.03
eV,andc =2.37 A and 2.976 A for Ni-Al and C-Al pairs, respectively.

Figure 1. Base-growth process of SWNTs from C.H,O; species, divided into three
stages. Ni, C, H and O atoms are shown in cyan, red, blue and green colors,
respectively.

As a feedstock, different hydrocarbon molecules (e.g., CH4, C,H,, CsHe,
CH,0, C,H¢O, Ci3H2404;1, CO, etc.) were inserted in a vacuum at the growth
temperatures between 1000K and 2000K, mimicking to the catalyzed chemical
vapor deposition (CCVD) experiments. The pressure of the feedstock is related to
the impingement rate that we target in our simulations. In the ideal gas
approximation, the impingement flux can be calculated as

Nap
2TMRT

J(molecules per m? per s) =

(2)

where N, is Avogadro’s number, p is the pressure (in Pa), M is the molar mass
(in kg per mole), R is the universal gas constant and 7' is the temperature (in K). The
impingement fluxes simulated in this work are 0.02 nm>ns™!, 0.2 nm™ns™!, 1.0 nm’
“ns! and 2.0 nm™ns’!, corresponding to a minimal pressure of 1.46 kPa. For the
highest impingement flux (2 molecules per nm? per ns), simulations were also
carried out at 1000 K and 1400 K. The average time between two impacts varies
between 0.5 ns (for the highest impingement flux) and 50 ns (for the lowest
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impingement flux). When a gas-phase species adsorbs on the nanocluster, the
resulting structure is allowed to relax by the application of tftMC. During the
relaxation, no new feedstock is allowed to enter the simulation cell. Due to lower
pyrolysis temperature of some feedstock molecule, different molecular fractions can
already be found in the gas-phase before the molecule impinges on the catalyst.
However, we found that the formation rate of the pyrolysis products is very low. The
maximum total simulations time realized in these simulations 2 ps.

Q

S o
interaction energy, eV/atom

energy per atom, eV/atom
(&)}

Figure 2. (a) Potential and interaction energies of vertical nanowall versus
horizontal nanosheet. (b) Interpretation of the appearance of unstable
carbon structures during in sifu experimental observations.
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During the nucleation process (Fig. 1), feedstock first adsorbs on the
nanocatalyst and it is catalytically dissociated by gradually breaking C—H, C-O and
C—C bonds. While carbon dissolves into the cluster afterwards, non-carbon species
such H, and H,O desorb from the surface. The heat of solution of C atom in Niss
cluster was calculated to be about 0.29 eV, which is in the range of both experimental
and other simulation results (0.2-0.4 eV).

Also, the energy barrier for H, desorption (1.22 eV) was found as a very close
agreement with experimental activation energy (1.2-1.3 eV). The simulations
demonstrated that impinging molecules contribute to initial pentagon ring formation
(which 1s considered as a first signal of SWNT nucleation) after the cluster
supersaturation, in addition to earlier suggested mechanisms.

Prior to the second stage, the formation of free-standing (vertical) graphene
nanowalls and a horizontal carbon network observed on the catalyst cluster. The
nearly-equal potential energies (about 5.5 eV/atom) of both vertical carbon nanowall
(NissCs+CqHj2) and horizontal nanosheet (NissCst+CaHg) indicate that both
structures can appear during the nucleation process (Fig. 2a). While a small energy
difference (~0.1 V) exists in their energies, high growth temperature allows these
networks overcome this energy barrier and transform (convert) mutually prior to the
SWNT cap (NissCg+Csg) formation. This evidence clearly interpreted (for the first
time) the appearance of unstable carbon protrusions (i.e., intermediate carbon
structures) during in-situ TEM observations of SWNT growth from acetylene
molecule (Fig.2b).

The studies also revealed that carbon nanosheets can transform to free-
standing parallel carbon sheets at low growth temperatures due to high H and lower
C concentrations. The appearance of such parallel carbon nanowalls may explain the
nucleation onset of multi-walled CNTs (MWNTs) from C H, feedstocks, as earlier
proposed. On the other hand, such transformations are less frequent in CyH,O, based
SWNT growth due to the oxygen-based scavenging of reactive hydrogen atoms
through HO+H+Ni—H,O1+Ni reaction with the energy barrier of 1.53 eV. As a
result, the nucleation probability of CNTs with a low-wall-number or a narrow-
diameter increases during the C,H,0O.-based growth.

This suggestion is supported by experimental observations of the Fe-catalyzed
SWNT and double-walled CNT (DWNT) growth from CH,O, and CH,. In
particular, they found SWNT/DWNT population yields (in %) of about 92/8, 89/11
and 25/75 for ethanol (C,H¢O), toluene (C;Hg) and methane (CH4)-based CNT
growth, respectively.

The aforementioned results showed that the appearance of vertical and
horizontal networks is due to competition between (re)hydrogenation and de-
hydrogenation processes, respectively. Consequently, k-coefficient was introduced
to estimate the dehydrogenation degree of the simulated system:

__ mNc—nNg

)

"~ mNg+nNgy
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where n and m are the number of carbon and hydrogen atoms, respectively, in
the hydrocarbon C,H,, molecule, and N¢ and Ny are the total number of adsorbed
carbon and hydrogen atoms in the nanocluster, respectively.

N i55C30H30

Figure 3. NissCyH, structures corresponding to various k-coefficients, showing a
gradual lower H-concentration for an increasing k value.

The k-coefficient (ke[0,1]) allows to easily differentiate between physisorption of
the hydrocarbon molecule on the -catalyst surface (k=0) and complete
dehydrogenation of the adsorbed molecule and the catalyst (k=1) (Fig. 3). It was
found that the coefficient depends on the feedstock type, growth temperature,
feedstock pressure, catalyst support, etc.

The simulations also showed that the CNT nucleation and growth rate
decreases if the hydrogen concentration increases in the system, i.e., the k-
coefficient tends to zero. In particular, the feedstock adsorption depends on the
Nu/Nc ratio in SWNT growth from C.H, species (Fig. 4). If the ratio tends to zero,
the number of system C atoms rises faster, i.e. the adsorption rate of C atoms
increases in the following order for the feedstocks:

CH4 — CH3 — Cor Csz . CzH . Cz.

In the case where the ratio is (nearly) equal for two different precursors, the
adsorption rate depends on the number of C atoms in the feedstock (Fig. 4, see C:H,
and C¢Hg). This explanation clarified the growth rate of SWNT from hydrocarbon
species as well as plasma species and interpreted some experimental observations,
e.g., why CHy-based CNT growth rate is lower than the rate of the growth from
C,H,.
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number of adsorbed C atoms

10° MD (+MC) steps

Figure 4. Evolution of adsorbed C atoms during SWNT growth from different
feedstocks.

It was found that carbon can incorporate to a grown network or a tube-end
either as dissolved, surface or gas-phase (etched) C species (Fig. 5a) and thus all can
contribute to the CNT growth (Fig. 5b). The obtained results indicated that the
appearance of these contributors is due to activity of catalyst or etchant (H, OH, O,
etc.) species, which result either completely or partially dissociation of the carbon
feedstock. After the feedstock dissociation, either all C atoms dissolve (dissolved C)
into cluster or a remaining part of the feedstock leaves the catalyst as an etched (gas-
phase C) specie due to the high activity of catalyst or etchant species, respectively.
Otherwise, the feedstock part remains on the catalyst surface as a surface C specie.

Recent DFT calculations demonstrate that the incorporation C atom to the
SWNT rim can change the tube chirality, the incorporation of C, solely contributed
in the growth continuation. The MD/tfMC simulation results demonstrated that the
incorporation event for surface C species (mostly C,H,0;) is higher (i.e., at least
50% over all incorporation events) than other two contributors (Fig. 5¢). While the
fractions change depending on the feedstock type, e.g., for CH4, C,H, and CH,O are
87%, 65% and 50%, respectively, such incorporation rate does not change the tube
chirality. On the other hand, the fractions of dissolved C indicate that the tube
chirality can be preferably changed in the C (42%) and CH,O (47%) cases rather
than CH4 case (12%). Namely, the choice of feedstock determines the appearance
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the carbon contributors and thus the probability of the chirality changes in grown
SWNT.

X
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Figure 5. (a) Different carbon species in SWNT growth. (b) Three carbon
contributors. (¢) Supply rate of carbon contributors to SWNT.

The effect of the C incorporation rate was also investigated. In particular, two
C,H,0; feedstocks, i.e., small (CH,O) and large (C3H240,;) feedstock molecules,
which contain a similar C/H/O ratio (~1/2/1) were chosen. On the other hand, large
molecule gives higher C amount per impact (13 times) and the C incorporation rate
is thus higher than small molecule. SWNT growth from small (Fig. 6a) and large
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molecules (Fig. 6b) results in two growth modes: ‘‘tangential’’, i.e., grown tube and
catalyst nanoparticle diameters are identical (dnr/dne = 1) (Fig. 6c¢), and
“perpendicular’’, i.e., the grown tube diameter is smaller than the nanoparticle
diameter (dnt/dne < 1) (Fig. 6d), respectively.

—m— alloying
—e— incorporation
—a— growth rate

0,51

0,8 0,9 1,0

dnr/dne

Figure 6. Grown SWNTs from CH,O (a) and C;3H2401, (b) molecules. Grown tubes
in tangential (¢) and perpendicular (d) growth modes. (e) The dependence
of dN'T/dNP ratio to the incorporation C rate, tube growth rate and Ni
alloying.

Such growth behavior is in agreement with recent in situ TEM observations:
a change of SWNT diameter as a function of the ratio between carbon supply (Csuppiy)
and carbon incorporation (Ciyc) rates and they found that necking and broadening of
SWNTs occurs when Cyppiy/Cine < 1 and Cgyppiy/Cine > 1, respectively. Overall, it
indicated that fast (or slow) carbon incorporation leads to SWNT growth with a
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narrow (or wide) diameter. This explanation completely corroborated the simulation
results in Fig. 6e: the carbon incorporation rate inversely depends on the dnt/dnp
ratio. In overall, the simulation results can interpreted the experimentally growth
events, vis., broadening, necking and cessation of SWNT at the molecular level.

The third part of the work is dedicated to the study of the selective etching
(eliminating) of carbon nanotubes. In the simulations, already-grown different
carbon caps and tubes are kept in hydrogen or oxygen environment at temperatures
in the range of 1000 K-2000 K, imitating to the plasma-enhanced chemical vapor
deposition (PECVD) experiments.

Based on the obtained results/findings and previous experimental and
theoretical/computational studies, the H etching scenario for carbon nanotubes was
unraveled. As depicted in Fig. 7a, three stages can be distinguished: (1) H adsorption
and clustering, subsequent (ii) defect creation and finally (ii1) etch initiation (or etch
pit formation). Due to pyramidalization and misalignment of the n-orbitals of the C
atoms the adsorption barrier decreases and the nanotube reactivity increases
significantly compared to a flat graphene sheet.

In the hydrogenation process (stage 1), therefore, the impinging H, molecule
can physically adsorb (0.11-0.44 eV) easily and consequently (dissociatively)
chemisorb on the small diameter SWNTs. The interaction energy of the H atom with
the SWNT is defined as

1
Eint = Eswnr-n — (ESWNT + EEHZ) (4)

where Egyyyr— , Eswyr and Ey, are the total energies of the fully optimized
SWNT-H structure, single nanotube and H, molecule, respectively.

On the other hand, the adsorbed H atom can desorb again due to either by the
Langmuir-Hinshelwood (LH) recombinative desorption (after a recombination with
another adsorbed H or depicted as H,4s&Hads) or the Eley—Rideal (ER) abstraction
(after a recombination with a gas-phase H, atom or depicted as Hags&Hgas)
mechanisms during hydrogenation. Due to such desorption, the nanotube surface is
not fully covered by a hydrogen “shell”. In particular, the coverage reaches about
22% at 300 K and thus this adsorption-vs-desorption nature can interpret the
experimental evidence that a total residual H, storage capacity reaches between 21%
and 25% at room temperature.

On the other hand, the mobile H-adatoms try to coalesce, leading to the
occupation of neighboring sites. While the electron interactions are not explicitly
taken into account in the ReaxFF-based calculations, this observation corresponds
well to DFT results, i.e., the association of H-adatoms is due to electron pairing and
strain minimization, which is called the H-clustering effect. While para, meta and
ortho configurations are found on the tube surface in the clustering of adsorbed H
atoms, ortho pairs, however, are responsible for the initial C—C bond breaking,
determining the onset of the CNT etching.
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(5,5) (6,4) (7,2) (8,0) (7,2)

HC-CH bond elongation
etching probability
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Figure 7. (a) three stages of H etching for CNTs; (b) the y-angle in SWNTs with
different chirality; (c) Dependence of C-C bond elongation and the etching
probability of SWNTs on the y-angle.
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In particular, the adsorbed ortho hydrogen pairs on single-walled carbon
nanotubes induce higher shear stresses (> 3.5 GPa) than axial stresses, leading to the
elongation of HC—CH bonds as a function of their alignment with the tube chirality
vector, which was denoted as the y-angle (Fig. 7b). Specifically, the HC—CH ortho
bond elongates from 13% to 16% in MD calculations and from 6.5% to 15.5% in
DFT calculations, respectively, both depending inversely on y, which varies between
0° and 90° (Fig. 7c, DFT and MD).

Consequently, the first defect appears (Fig. 7a, stage II) due to breaking of an
ortho C—C bond with a minimum y-angle. Overall, the MD/tfMC simulations,
quantum-mechanical calculations and experimental evidences indicate that the -
angle (1) clarified the preferential etching nature of armchair tubes (metal) over
zigzag tubes (semiconductor) as well as (i1) predicted for the first time the selective
etching of semiconductor tubes with a similar diameter, vis., (6,5), (7,5) and (8,3)
tubes (Fig. 7c, exp).

carbon cap nanosheet nanowall polyyne chains

H, plasma

O, plasma

Figure 8. Sequential transformation of a carbon cap into different carbon structures
during plasma-assisting hydrogenation or oxidation.

Also, the performed simulations demonstrated that the overall scenario of the
nascent SWNT etching by hydrogen plasma is similar to (the opposite of) SWNT
nucleation from hydrocarbon C,H, species. During the hydrogenation and
subsequent etching processes, the nascent carbon tube or a carbon cap sequentially
transforms to different carbon nanostructures, such as a carbon nanosheet (or
graphene flake), nanowall (or freestanding graphene patch), and polyyne chains
(including a carbyne), before it is completely removed from the surface of a
substrate-bound Ni-nanocluster (Fig. 8, H, plasma). In the H, assisted etching
process, CH4 and C,H4 molecules are found as most abundant C,H, species in the
gas phase, besides H-atoms and H, molecules. Moreover, the oxygen effect in the
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plasma etching of CNTs was investigated. The obtained results indicated that
etching nature of O,-based plasma is completely different than H,-based plasma. In
particular, Ni catalyst is quickly oxidized during the oxidation and the carbon cap
consequently detaches like a carbon cage (or fullerene) or peapod-like structures
from the catalyst nanoparticle (Fig. 8, O, plasma).

In the fourth part of the work, the results of the study on the growth of
different enclosed carbon nanostructures was discussed. In the simulations, Ni,
(n=5, 10 and 18) nanoparticle is initially inserted in (10,10) tube (Fig. 9, 0 ns).
Subsequently, carbon (C,) (Fig. 9a) and hydrocarbon (C.H,) (Fig. 8b) feedstocks are
sequentially inserted inside the tube. The concave surface of the SWNT interior is
generally inert or unreactive and therefore, inserted carbon feedstock will rather
connect to the encapsulated Ni atom/cluster. It was found that the adsorption energy
of the C-feedstock decreases with increasing the Ny/Nc ratio, i.e., the adsorption
energies are -3.68 eV for C; and -1.36 eV for C;H..

During the CNS growth from both feedstock, remaining molecule fragments
can diffuse on the catalyst surface before they connect to another
adsorbed/dissociated carbon species. NEB-MD calculations showed that the energy
barriers for dimerization of C,, C;H and C,H; pairs are 0.1 eV, 0.26 eV and 0.3 eV,
respectively (Fig. 9c¢). This graph explains a catalyst-vs-feedstock competition
effect, i.e., nickel facilitates C-C bond formation and thus enhances chain-ring-cap
transformation, while hydrogen prevents or delays such transformations. As a result,
either a carbon cap in the C; case or a freestanding graphene patch in the C,H, case
can be grown as initial structures. Consequently, encapsulated cap/fullerene inside
SWCNTs, double-walled carbon nanotubes (DWCNTs) and enclosed carbyne in
DWCNTs from C, feedstocks, as well as single or bilayer graphene nanoribbons
(GNRs) from C,H, molecule. In particular, the average diameter of the obtained tube
is found to be 0.70 + 0.15 nm and a difference between outer and inner diameters in
DWNT is about 0.33 = 0.08 nm, which is fairly close to experimental value of 0.36
+ (0.03 nm. Also, an average width of the encapsulated GNR (i.e., 4-ZGNR) is found
to be about 0.7 nm and the distance between the graphene edge and the host tube-
wall is about 0.35 nm. Also, in our results, the quality of the inner tube does not
depend on the size of the nickel nanoparticle. In particular, we obtained DWNTSs
using a catalyst particle with different sizes, i.e., Nis, Ni;o and Ni;s, and we found
that average contributions of pentagon, hexagon, heptagon and other rings are 22 +
1.4 %, 57 £ 1.8 %, 18 £ 1.0 % and 3 £ 1.1 %, respectively. Overall, the results
indicate that structure control highly depends on the choice of catalyst and feedstock.

To evaluate the stability of metal-containing ECNs, 10 different ideal
structures, i.e., SWNT@SWNT (CssHgo) or DWNT, carbyne@DWNT (Css7Hgo),
GNR@SWNT (C432H50), H—GNR@SWNT (C432H66) and H—BGNR@SWNT
(CsosHoz) with and without metal atoms were chosen, as shown in Fig. 10. The
cohesive energy per atom indicated that the SWNT@SWNT is energetically the
most favorable structure (-6.95 eV). In addition, the cohesive energy of the structures
without metal atoms is lower than the energy of their metal-containing counterparts
(open red and green squares in Fig. 10).
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Figure 9. Catalyzed growth steps of different ECNs from Ci (a) and CiHy (b).
Association/dissociation steps and activation barriers in the onset of Ni-
assisted nucleation of carbon chain from C,, C;H and C,H; (¢).

However, nanostructures consist of different chemical compounds and hence
the cohesive energy is not a suitable parameter to compare the stability of those
systems. Consequently, the relative stability by a molar (per atom) Gibbs free energy
of formation 6G for ECNss is estimate as follows:
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6G = E — Xcle — Xgly — Xnilm (5)

where E is the cohesive energy per atom of the ECN. The molar fractions of carbon,
hydrogen and metal (nickel) atoms in the structure are denoted by xc¢, xy and xy,
respectively, while uc, 4y and uy denote the chemical potentials of the constituents.
Here, uc and uys are chosen as the cohesive energy per atom of a single graphene
sheet (-7.64 eV) and N1 bulk (-4.45 eV), respectively. The uy equals the binding
energy per atom of the H, molecule (-2.36 eV).
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Figure 10. Relative stabilities (solid circles) and cohesive energies (open squares)
for ECNs. Also, red and green colors are related to pure and metalated
ECNs, respectively.

The 0G calculations showed that H-GNR@SWNT and H-BGNR@SWNT are
more stable than SWNT@SWNT and carbyne@DWNT, as shown in Fig. 10. It can
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also be seen that GNR@SWNT is the least stable structure among the ECNs. This
conclusion is confirmed by DFT calculations as well. Furthermore, the trend is
identical for structures with metal atoms (solid green circles in Fig. 10). However,
metal-containing ECNs are less stable than their bare counterparts for all cases and
therefore a purification step would increase the stability of ECNs.

@ stage Il @

Figure 11. Two stages of the purification process. AE is the energy difference
between the structure and its original structure.

Consequently, the purification of these structures using oxidation (Fig. 11)
was studied. While oxidation-assisting purification experimentally reported, the
purification mechanism was not clearly explained. To understand the purification
mechanism in this work, the process was schematically demonstrated, dividing it
into two stages: a hole formation of the SWNT surface and subsequent blocking
(plugging) the hole by a Ni atom (stage I), and detaching of the plug (Ni) atom(s)
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one-by-one (stage II). After the oxygen connection to the tube and a hole formation
on the tube as well as Ni plugging to the hole, the system energy decreases up to -
5.4 eV (Fig. 11a). It is indicate that a sequence of these intermediate processes is
energetically favorable. The extraction of the plug Ni atom is endergonic (3.12 eV),
while it becomes exergonic (-0.15 eV) when it is oxidized (Fig. 115). Therefore, in
the second stage, plugging Ni atom is oxidized and endohedral Ni atoms sequentially
leave the tube, overcoming the energy barrier of about 4.0 eV. These two stages
cycle until the tube releases all endohedral metal atoms.

The growth mechanisms of endohedral carbon chain, viz. carbyne inside
(5,5)@(10,10) DWNT was also systematically studied. It was found that the role of
both the metal (Ni) catalyst and the feedstock (i.e., C,, C,H and C,H;) is important
to control the growth of different carbon chains, including Ni or H-terminated
carbyne. The total (potential) energy of the carbon chain gradually decreases when
the carbon concentration increases in the carbon chain. In particular, the change in
the system energy per C addition is 6.42 eV, which is very close to the DFT values
ranging between 5.77 eV and 7.67 eV for finite carbyne. Due to catalyst-feedstock
competition (see Fig. 9¢), twelve types of carbon chains, viz., polyyne, cumulene
and polyene chains with complete or partial termination by metal (Ni) or hydrogen
atom(s) (as demonstrated in Fig. 12a) can be obtained. It is found that the length of
the carbon chain relatively extends depending on the degree of hydrogenation of the
chain, i.e., the average C-C bond in the chains for the growth from C,, C;H and C,H,
feedstocks are 0.13 nm, 0.134 nm and 0.14 nm, respectively. In particular, the
obtained metal-terminated chain is cumulene-like (see structure 4 in Fig. 12a) with
a bond distance (r) of about 0.13 nm, which is very close to the experimental value
(0.131 nm) for the C-C bond length in a metalated carbyne. It is also found that the
connection of the catalyst atom(s) or/and H atom(s) to the carbon chain can affect
both its length and stability (Fig. 125). While the length of Ni or H-terminated
carbyne structures does not alter significantly, their relative potential energy
decreases somewhat (see 1-4 in Fig. 125). On the other hand, both length and
stability of hydrogenated carbon chains terminated by either N1/Ni (structures 4,7-9,
12 in Fig. 12a) or Ni/H (structures 3, 6, 11 in Fig. 12a) or H/H (structures 2, 5, 10 in
Fig. 12a) increase by increasing the H concentration in the chain (see 5-12 in Fig.
12b). Also, consecutive H addition leads the transformation of the chain structure
from a “linear” cumulene/polyyne allotrope to a “zigzag” polyene structure.

Such additions do not only alter the morphology of the structures, they can
change the electronic property of the obtained carbon chains as well. Fig. 12¢
indicates that the most prominent gap (1.25 eV) appears in case of a finite carbyne
(structure 1). This value is close to ab-initio calculation results for confined carbon
chains (~1.5 eV). When the ends of the carbyne chain are terminated by Ni atoms
(structure 4), this prominent gap considerably decreases to 0.69 eV (-45%).
Subsequently, this gap decreases further when H atoms are added along the carbyne
chain. In particular, maximum gap widths for Ni-terminated carbyne with 2 H atoms
(structure 7) and Ni-terminated carbyne with 8 H atoms (structure 12) are 0.62 eV
(-50%) and 0.16 eV (-88%)), respectively. Indeed, the figure demonstrates that the
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overall gap widths significantly decrease when H atoms are added along the Ni-
terminated carbyne chain.
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Figure 12. (a) Possible chain structures in the catalyzed growth; (b) dependence of
the energy change on the relative extension of chain length; (¢) gap
dispersion in DOS for various carbon chains.
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In addition, the electronic transport in partially hydrogenated carbyne and
interface structures consisting of pristine and functionalized carbyne was carefully
studied.

The study on the formation of catalyst nanoparticles and their support
(or substrate) is provided in the fifth part of the work. In particular, to understand
the underpinning nanoscale mechanisms in the plasma-based formation of Ni
nanoclusters, a computational (MD/tfMC) approach with experimental support was
employed.
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Figure 13. Ni deposition (a) and the re-structuring of thin Ni film () on Si(100)
surface
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First, the deposition of Ni atoms on Si single crystal, i.e., Ni-thin film growth
through the Volmer—Weber (island) growth mode, was studied (Fig. 13, deposition).
The obtained Ni film (with a thickness in the range of 0.3 nm - 1.2 nm) is amorphous
and the surface roughness is low, in agreement with experimental observations.
Then, re-structuring mechanism of the Ni thin film was studied to understand how
Ni nanoparticles appear after the film annealing (Fig. 13, re-structuring). In
particular, it was found that the fluidity of the Ni film increases even lower
temperatures than the melting point (1728 K) due to the Gibbs—Tomson effect, i.e.
the melting temperature depression in nanoscale systems, which is expressed as
follows:

2T
AT (r) = =205 (6)

where Ty is the bulk melting temperature, cgi is the solid-liquid interfacial energy,
ps 1s the density of the solid, AH is the melting enthalpy and 7 is the radius of the
particle. During the dewetting process, the structure breaks up or collapse easily due
to the capillary effect, which can be explained by the Plateau—Rayleigh instability.
According to this theory, the cylindrical fluid breaks up when its length (/) satisfies
the condition / > 2zr, where r is the radius of the cylindrical fluid. In particular, the
radius and length of the small cylindrical (fluid-like) structure in Fig. 13 (re-
structuring), 65 ps are approximately 0.3 nm and 3.6 nm, respectively, and the break
up condition is thus satisfied, which is shown in Fig. 13 (re-structuring), 85 ps.

experiment interpretation by simulation

oy o

Figure 14. Formation of Ni nanoparticles (white) due to re-structuring of Ni thin
film during thermal and plasma experiments. Simulation-based
interpretation of the formation of small Ni nanoparticles (green). H atoms
are in blue color.
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It also found that the role of hydrogen plasma in the re-structuring of a Ni film
and consequent appearance of Ni nanoclusters is very important and thus its careful
control during these processes is essential. Especially, it was found that the fast
hydrogenation can delay the sintering of the Ni powders (i.e., Ostwald ripening) and
this leads to maintain nanoparticles longer on the support (silicon dioxide) surface.
This conclusion can interpret an experimental observation that why very small Ni
nanoparticles favorably appear during the re-structuring of ultrathin Ni film when
H»-plasma is applied (Fig. 14).

Besides Ni nanoclusters, the alteration of different facets of Aunanocube (Fig.
15a) was also studied using experimental-supported simulations. It was
experimentally observed that carbon-containing Au(100) surface shrinks while its
(111) surface area increases during the annealing process (Fig. 156). MD
simulations/calculations interpreted thus phenomenon by the alteration of surface
energies. The surface energy y of the Au with different facets is calculated as
follows:

1 Ngia
Y= (Eslab — %Ebulk) (7)

where Eq.p and Euyi are potential energies of pure Au slab and bulk, respectively.
Nsiab and Npyk are number of atoms in the slab and the bulk, respectively. A is the
surface area of the slab. Subsequently, all Au facets are covered by a thin layer of
amorphous carbon (a-C) with a thickness about 0.5 nm. The film density is about
2.4 kg/dm?, which is a close agreement with ab-initio calculation results (2.0-2.9
kg/dm?), albeit it is slightly high than an experimental value for a low-density
amorphous carbon (~ 2.0 kg/dm?). The obtained a-C film contains 6% sp-C, 71%
sp*-C and 23% sp*-C atoms, which is similar to the experimental amorphous C film
deposited on a substrate, regarded as intermediate structure between graphite
(consists from only sp?-C) and diamond (consists from only sp>-C) structures. The
surface energy of Au slabs covered by a-C film is calculated as follows:

1 N
Ya =7 (Eslab = NzﬂEbulk) —Y (8)
ulk
where Eq., and Eyyx are potential energies of Au slabs (excluding energy of a-C
film) and Au bulk, respectively. y is the surface energy of pure Au slab, which is
calculated using (7).

Fig. 15¢ shows the calculated surface energies of pure (lines with solid
squares) and a-C containing (lines with solid circles) Au(100), Au(110) and Au(111)
surfaces at 0 K, 300 K, 600 K and 900 K, respectively. At 0 K, the surface energies
are 1.27 J/nm?, 1.21 J/nm? and 1.06 J/nm? for the cases of pure Au(110), Au(100)
and Au(111) surfaces, respectively, and such ordering in surface energy agrees with
both experimental and MD/DFT results (i.e., y(110) > y(100) > y(111)).
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Figure 15. (a) Changes of facets of Au nanocube: (b) experimental evaluation and
(c) its interpretation by surface energies.
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Also, the energy value for the {111} facet is close agreement with
experimental values in the range of 1.1-1.5 J/nm? The results indicate that the
surface energy of pure Au surfaces does not depend on the temperature lower than
the melting point (~1350 K), i.e., y(ijk) (T<Tmer) = const. When Au surface is
covered by a-C film, however, the surface energy increases significantly (y(ijk) <
v.(1jk)) due to the surface degradation. The results show that the Au(111)-a-C
structure keeps surface stability at higher temperatures as well, i.e., Y,(111) (T<Tper)
~ const, albeit its surface energy is (about 2.2 times) higher than the energy of pure
Au(111) surface. However, other a-C containing structures lose their stability by
increasing a surface temperature. In spite of the surface stability on Au(100)-a-C
structure at room temperature, i.¢€., y,(100) (T<300K) = const, the energy gradually
increases by increasing a surface temperature. The largest changes, however, in
surface energy corresponds to the Au(110) surface with a-C film among of all Au
structures, albeit its value at 0 K is very close to the value of Au(100)-a-C. In overall,
these results interpreted abovementioned experimental observation. Also, it was
found that (111) facet of the nanocube is favorable catalyzes the nucleation of a
graphene rather than other surfaces at low temperatures due to its stability.

Finally, it was discussed about a support material, i.e., amorphous SiO, film
(a-S10,) for aforementioned nanocatalyst particles. In particular, the mechanisms of
Si nano-oxidation were theoretically and experimentally investigated in order to
obtain a-SiO,. Unfortunately, traditional thermal growth of SiO, on a planar Si
surface does not allow one to obtain such high quality ultrathin oxide due to either
the high oxygen diffusivity at high temperature or the very low sticking ability of
incident oxygen at low temperature. Two recent techniques, both operative at low
(room) temperature, have been put forward to overcome these obstacles: (i)
hyperthermal oxidation of planar Si surfaces, and (i1) thermal or plasma-assisted
oxidation of nonplanar Si surfaces. In this work, these two selected Si nano-
oxidation and subsequent ultrathin (<2 nm) SiO, formation processes are carefully
studied by atomic-scale simulations and compared to both hyperthermal and thermal
oxidation experiments, as well as to well-known models of thermal oxidation,
including the Deal-Grove, Cabrera—Mott, and Kao models and several alternative
mechanisms. To prevent energy-induced damage, the incident energy of oxygen
species is preferentially chosen in the range of 1-5 eV in hyperthermal oxidation of
planar Si surfaces. The hyperthermal growth mechanism shows two growth modes,
which are not observed in the traditional thermal oxidation, nor theoretically
considered by already existing models. In these modes, the oxide thickness depends
either on (1) the kinetic energy of the incident oxygen species if the growth
temperature is below the transition temperature (Tians = 600 K), or (2) on both the
incident energy and the growth temperature if the growth temperature is above Trans.
Below Tians, the oxygen mobility (diffusivity) is significantly reduced due to
interfacial stresses in the SiO, region, allowing one to control the thickness of
ultrathin a-Si0,.

Alternatively, control over such ultrathin amorphous oxide can also be
obtained by thermal or plasma-assisted oxidation of small Si nanowires. In the self-
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limiting oxidation at low temperature, partially oxidized nanostructures are obtained
due to curvature and temperature dependent stresses at the c-Si|a-SiO, interface. In
both oxidation cases, the type of oxygen species and their fluence (or flux) can affect
the oxide thickness as well, besides the energy and temperature effects. The obtained
oxide structure is amorphous, whereas the structure contains some intrinsic defects,
such as O peroxyl linkages and Si-epoxide bonds, which are also observed in thermal
oxidation experiments.

growth
temperature

high ;

surface
curvature

oxidant

energy hyperthermal

Figure 16. Dependence of the a-SiO; thickness on the three growth parameters.

In general, the results strongly indicated that the scaling of the ultrathin thickness of
a-S10; 1s possible by accurately tuning the oxidant energy, the growth temperature,
and the surface curvature (Fig. 16).
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CONCLUSIONS

Based on the results of fundamental research, computer modeling has been
shown to be one of the main directions for the study of controlled selective synthesis
of new carbon nanostructures. In particular, we can conclude from the simulation-
based studies as follows:

1. The careful choice of the growth feedstock (such as hydrocarbon and
oxygen-containing hydrocarbons) allows preferable carbon contributor to be
selectively incorporated into a growing tube, contributing to controlled CNT wall,
diameter and chirality.

2. The k-coefficient was introduced to characterize the dehydrogenation
degree and it leads to distinguish sub-stages in CNT nucleation from hydrocarbon
C,H, precursors. In addition, the dependence of the SWNT growth rate and the
control of the wall number to this coefficient was demonstrated.

3. Prior to the completely etching/removal, carbon cap or tube transforms to
different intermediate carbon nanostructures, including a carbon cage (or fullerene),
a nanosheet (or graphene) and a polyyne chain (or carbyne).

4. The y-angle (the angle between ortho HC-CH bond and the tube chirality
vector), in addition to the nanotube curvature and its electronic structure, which
explains the etching onset of SWNTs with certain chirality in H,-plasma. It was
found that the etching probability of semiconductor SWNTs strongly depends on the
minimum vy-angle and this phenomenon was confirmed by experimental
observations.

5. The selective growth of encapsulated and metalated tube or ribbon is
respectively determined by a catalyst or feedstock domination in their competition.

6. The electronic band gap in the Ni-terminated carbyne can be tuned by
steering the H concentration along the chain. In particular, an increase in the
hydrogen concentration leads to a decrease the band gap of carbyne.

7. Metalated encapsulated carbon nanostructures were found less stable than
metal-free carbon nanostructures. Consequently, oxidation can assist to purify
encapsulated (metalated) carbon structure from metal atoms in order to obtain a
stable counterpart.

8. Hydrogenation assists to keep the size of catalyst nanoparticles due to re-
structuring of ultrathin Ni film in H,-plasma.

9. The scaling of the ultrathin thickness of the catalyst support like amorphous
silica a-S10; is possible by accurately tuning the oxidant energy, the growth
temperature, and the surface curvature.

10. The  interpretation of  several important  experimental
observations/evidences on the base of the obtained simulations results leads to
reduce the gap between simulation and experiment. In particular, the following
experimental observations were successfully interpreted: (i) intermediate carbon
protrusions during SWNT nucleation; (i1) low/high growth rate in C,H,-based CNT
growth; (ii1) nucleation onset of few-wall CNTs; (iv) The role of feedstock in SWNT
and DWNT growth; (v) necking and broadening of the tube diameter depending on
the feedstock; (vi) SWNT growth termination; (vii) the maximum coverage degree
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of SWNT surface by H atoms; (viii) preferable etching of metallic SWNTs and
selective etching of semiconducting SWNTs using H, plasma; (ix) appearance of
uniform and ultra-small Ni nanoparticles in H, plasma; (x) facet alteration in
carbonized Au nanocubes; (xi) shrinking of the Si/SiO, interface by growth
temperature, etc.

In general, the collaboration between experiment and simulation leads to the
creation and improvement of a new generation of devices based on carbon
nanostructures. This, in turn, will lead to significant shifts in the fields of materials
science, molecular physics, electronics and instrumentation (or device
manufacturing).
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BBE/IEHUE (anHOTAaUMS NPEe3eHTALINHN)

AKTYaJlbHOCTh M BOCTPe0OBAHHOCTHb TeMbl HcciaenoBanus. OmHON W3
CaMbIX aKTyaJlbHbIX Mpo0JjeM (U3UKKM KOHJECHCUPOBAHHOTO COCTOSHUS U
MaTEepUAIIOBEICHUS ABJISIETCA MOJIyYEHUE HOBBIX YTJIEPOJHBIX HAHOMATEPHAJIOB C
YHUKAJIBHBIMU CBOMCTBAaMHM, a TaK K€ HAaXO0XKJICHUE IyTEH €€ JOCTUKEHUS B XOJ€
cuntesa. [loromy 4ro, pU3MUECKUE U XUMUYECKHE XAPAKTEPUCTUKH YTIEPOIHBIX
HAaHOMATEPHAJIOB M3YYEHHBIE JKCIIEPUMEHTAIbHO, TaKHWE KakK MPEBOCXOHAs
MEXaHM4YeCKas TMPOYHOCTh, BbICOUANIIAsl TEIJIOMPOBOJHOCTh, HEOObIYaliHAs
AJIEKTPONPOBOIHOCTD, OAITUCTUYECKAS] KBAHTOBAsI MPOBOAMMOCTD MPU KOMHATHOM
TEMIIEpaType 3HAUUTEIBbHO YBEJIIMYMBAIOT KOMMEPUYECKUI UHTEPEC BO BCEM MHUPE.

[ToCKOJIBKY HaHOCTPYKTYPBbI, COCTOSIINE U3 YIJIEPOJHBIX HAHOCTPYKTYpP C
TAKUMU YHUKAJbHBIMU CBOWCTBAMH, CYHUTAKOTCS OCHOBHOW QJIBTEPHATHBOM
TPaJIULMOHHBIM MHUKPOCTPYKTYpaM U yCTPOWCTBAM Ha OCHOBE KPEMHHsI, 0CO00€
BHHMaHUE BO BCEM MHUPE YAEISIETCS UCCICIOBAHUIM CEJIEKTUBHOIO CHHTE3A 3THUX
CTPYKTYP Ha MOJEKYJISIPHOM YpOBHE. XOTS JKCIEPUMEHTAJbHbIE METO/bI
NPEeNOoCTaBISAIOT MHPOPMALMIO O LIMPOKOM CHEKTpPE MPOLIECCOB, BKIIOYAs
3apojbllieoOpa3oBaHue, Karainu3, aAcopOluio, (a3oBble Mepexoabl U T. .,
MPOUCXOSIINX BO BpeMsl POPMHUPOBAHUS CTPYKTYPHI, MOTyUeHHE HH(OPMALIUU O
KJIFOUEBBIX IPOMEKYTOUHBIX ITPOLIECCAX HA CTAagUsAX CHUHTE3a NPOUCXOIUT B
HAHOCEKYHJTHOM MaciiTa0e BCe ellle HE MOJIHOCTHIO JOCTyHHbI. [loaTOMy MeTOoabI
KOMITBIOTEPHOTO MOJEIUPOBAHUS B HACTOSIIEE BPEMsS NBITAIOTCS HCHOJb30BATh
OJIHOBPEMEHHO C HKCHEPUMEHTAJIbHBIMA MeETOJaMU. MOJEINpOBaHHE CHUHTE3a
HAaHOPA3MEPHBIX CTPYKTYp WIMPOKO HCHOJB3YETCA IJIsl ACTAIBHOIO MOHUMaHUS
IPUPOABl HEOOBIYHBIX MPOIIECCOB MPH 3aPOXKJIECHUU U pOCcTe HAHOCTPYKTyp. 1o
pe3ysbTaTaM MOJEIMPOBAaHUS ObLIM HaWIEHBI KPUTEPUH 00pa30BaHUsI HEKOTOPHIX
yraepoausix HAaHOCTPYKTYp (YHC), Takux kak rpadeH u yriepogHble HAaHOTPYOKH
(YHT). Xots Takue METOAbl YCHENIHO MHTEPHPETUPOBAIM  HEKOTOPHIC
AKCIIEPUMEHTAJIbHbIe HAOMIONCHUS U OOBSICHIIN JISKAIUE B OCHOBE MEXAaHU3MBI
CUHTE3a, OCTAETCS pa3pblB MEXAY MOACIUPOBAHUEM U DKCIIEPUMEHTAMHU,
KaCaIOIMMUCS MAHUITYJISIIIUA C CEJIEKTUBHBIM CUHTE30M. UTOOBI COKPATUThH 3TOT
pa3pbiB, MHOTHE BEAYLINE HAay4HbIE TPYIIBI MUpa B HACTOSIIEE BpeMs paboTaroT
HaJl COBMECTHBIMHU SKCIIEPUMEHTAMU U MOJEIUPOBAHUEM IO MHOTUM aKTyaJbHbIM
BOITPOCAM, BKJIFOYAsl CEJIEKTUBHBIN CHHTE3 YIVIEPOIHBIX HAHOCTPYKTYp, TAKUX Kak
yTIepoIHbIE HAHOTPYOKH, rpad)eHOBbIE HAHOJIEHTHI U KAPOUHBI.

Xotrsi Pecnybnuka VY30ekuctaH ypaenser o0co0oe BHUMAaHHE TaKuUM
UCCJIEIOBAaHUSIM Ha OCHOBE COTPYAHHYECTBA B 00JacCTH MaTepHAIOBEACHMUS,
AIIEKTPOHUKHU U MOJIEKYJISIPHON (DU3UKU, UCCIIEOBAHUS 110 CEJIEKTUBHOMY CHUHTE3Y
HAHOCTPYKTYpP HaxXosATCs Ha Ha4albHOU ctaguu. Takum oOpaszom, 1enecooOpa3Ho
pacIIMpUTh HCCIECAOBAHUS B TAaKUX MOJIOJABIX M MEPCIEKTUBHBIX O00NACTAX, Kak
¢u3MKa M XMMHS HAHOYACTHI, a TaKKe KOMIIBIOTEPHOE MOJEIMPOBAHUE
(bu3MYECKUX U XUMUYECKUX MPOIECCOB. B yacTHOCTH, OAHOM U3 KITIOYEBBIX 3a7a4
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IPOU3BOJICTBA YCTPONUCTB HA OCHOBE HAHOTEXHOJIOTUM 3aBTPAIIHETO JHS SIBISETCS
pa3BUTHE HAIIMX 3HAHUHN B 00JIACTH yIPABJICHHS] CHHTE30M PA3JIMYHBIX YTIIEPOIHBIX
HAHOCTPYKTYpP M TEepe/aya MOJTyYEHHOTO OMbITa HAIIEMY MOJIOJOMY MOKOJIEHHUIO.
Ot1u PpyHIaMEHTAILHBIE UCCIICIOBAHMS UTPAIOT BAXHYIO POJIb B Pa3BUTHUN HAYKH B
Hamel crpaHe. [laHHOE JOKTOPCKOE HUCCIENOBAHHME B OMNPEEICHHOW CTENEHU
MOCJIY’KUT BBIMOJHEHUIO 3a/1a4, OCTaBlIeHHbIX YKa3oM llpesunenta PecnyOnuku
VY36exuctan ot 7 deBpans 2017 roma Ne [1dD-4947 «O crpareruu JleicTBuii o nsatu
PUOPUTETHBIM HampaBiIeHUsIM pa3BuTusa Pecnybimku Y30ekuctan Ha 2017-2021
roab» U B Pezomornuu Ne PP-3855 ot 14 urons 2018 rona «O 10mOMHUTEIBHBIX
Mepax I0 TOBBIMIEHUIO Y()PEKTUBHOCTH KOMMEPIIUATU3AINH PE3yIbTATOB HAYYHO-
TEXHUYECKOH JeATEILHOCTI, @ TAKXKE U3JI0KEHHBIX B IPYTHMX HOPMATUBHBIX aKTaXx,
KaCaroINXCs 3TOU NEATEIBHOCTH.

Heabio ucciaenoBaHMsl SBISIETCS H3YUYEHUE YIIPABISEMbIX MEXaHU3MOB
CEJICKTUBHOTO CHUHTE3a HOBBIX YTJEPOIHBIX HAHOCTPYKTYP C OIpPEACIICHHBIMU
CBOMCTBAMHM Ha MOJIEKYJIIPHOM ypOBHE H, CIIEJJOBATEIbHO, pa3pabdoTKa MeTojla
BO3MOXKHOTO YIPABJIECHUS CTPYKTYpOH HUX C HCIOJIB30BAHMUEM COBPEMEHHBIX
METOJIOB MOJICIUPOBAHHUS.

O0bexTOM HMCCIeI0BAHNS SIBIIAIOTCS HAHOYACTUIIBI Katanu3artopa Ni (uiu
Au), yriepoicojepikaliie 4YacTullpl, Takue Kak yraeBopopoansie C.H, nu
kuciopoxconepxamue yraesonopoausie C.H,0., a Takxe Hy u O, Mmonexyisl win
H u OH panuxkansi, Al, Si u SiO, MOBEpXHOCTH U TaK Jajiee.

IIpeamerom mccaeq0BaHUS SBISIFOTCS SIBICHUS W MPOIECCHI (B TOM YHCIIE
IPOMEKYTOUHBIE MPOIECChI) B YIPABISIEMOM CEJIIEKTUBHOM CHHTE3€ HOBBIX
YTIEPOIHBIX HAHOCTPYKTYP.

HayuyHnasi HOBU3HA UCCJIeIOBAHMS:

BIIEpBbIE ObUIO MOKA3aHO, YTO 00PAa30BaHUE TPEX PA3IMYHBIX MOCTABIIMKOB
yriepona, a WMEHHO: TMOBEPXHOCTHBIN yriepos, auddy3noHHBIM YIIepoa
(mpocaumBarmMuUics B KaTaliu3aTop) W yIJIEpoa B Ta3000pa3HON  cpene
(npenBapuTeIbHO TMPOTPABICHHBIX), CUJIBHO 3aBUCUT OT THIA YIJIEPOJHOTO
(YyrneBomopoaHOro) rasa;

BIIEpBbIE OBLJIO I[OKAa3aHO, YTO CTENEeHb JAECTUAPUPOBAHUS CHUCTEMBbI
(ompenensiemast k03 puimeHToM k) Mo3BoJsSeT BBIICTUTH MPOMEKYTOUHBIC ITATIBI
Ha CTaJIMu MHKyOauuu yriaepoanbix HaHOTpyOok (YHT);

AKCIIEPUMEHTAJIbHO OBbUIO YCTAHOBJIEHO, 4YTO TOSIBICHHE MapaieIbHbIX
VIJIEPOIHBIX HAHOCTEH OOBSCHSIET TEpBBIM IIar B Pa3BUTUM MHOTOCTEHHBIX
yriiepoaHsix HaHoTpyook (MYHT);

MOKa3aHO, YTO BepOATHOCTh 3apoxaeHuss YHT ¢ Huskumum crosimu
(crenkamu) 3a cyeT 3pPeKTa OYUCTKH KHUCIOPOa MOMOTAET MOHITh Pe3yJIbTaThl
3araJJo4Horo (TroJI0BOJIOMHOIO) SKCIIEPUMEHTA;

BIIEPBBIE OBLIO OOHAPYKEHO, YTO OOpaTHas 3aBUCUMOCTh JUaMETpa TPyOKH
(TO ecTb pacUIMpeHHs] WIM CXKATUsl OJHOCTEHHBIX YTJEPOJHBIX HAHOTPYOOK
(OYHT)) ot ckopoctu ma00aBjieHHS TIOCTaBIIMKOB yIJIepoja OOBSCHSET
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AKCIIEPUMEHTAJIbHbIE JaHHbIC (HAOMIOJEHUS) Kak aJbTEpPHATUBY pe3yJbTaTaMm
MCCJIEI0BAHMI, OCHOBAaHHBIX Ha APYIHMX METOAAX MOJAEIUPOBAHUS;

Ob110 00Hapy»xkeHo, uTo Kpbilika OYHT nocnenosarensHO npeoOpasyercs B
YIAEPOAHYI0 KIETKY (BKItouas (yiiepeH), yriaepoaHYI0 HAaHOJIUCTY (BKIIOYas
rpadeH) ¥ MOJMUHOBBIE 1eMHy (BKII0Yas KapOuH) 10 TOJTHOTO TPaBJICHUS;

BIIEpBBIE OBLJIO OOHApYKEHO, 4TO BeposATHOCTH TpamieHuss OYHT c H;-
IJ1a3MOM 3aBHCHUT OT Y-yTJIa, TO €CTh yIiIa Mexay opTo-cBsa3bt0 HC-CH u BekTopom
XUPaJIbHOCTH;

ObIJI0O OOHAPY)KEHO, YTO CEJNEKTHBHBIM POCT HAHOTPYOKM wuiu rpadeHa
BHyTpH OYHT onpenensieTcss CKOPOCTbIO NPEBPALLIECHUN EMOYKa-KOJIbLO-KPBILIKA
COOTBETCTBEHHO;

BIIEPBBIE OBUIO OOHAPYKEHO, YTO IIUPUHY 3amnpeuieHHOW 30HbI B Ni-
KOHIIEBOM KapOWHE MOXXHO HAaCTPOUTh IyTEM KOHTPOJIA KOHLEHTpauuu H Brons
LEIu;

ObUI0  OOHApy)XEHO  yBEJIMYEHHE CTAOWJIBHOCTH  KalCyJIUPOBaHHBIX
YIJIEPOAHBIX HAaHOCTPYKTYP 3a CUET YJAJICHUS METaNIMYeCKUX (KaTaIuTHYECKUX)
HaHouactull BHYTpu OYHT B pe3ynbrare 0O4MCTKHA Ha OCHOBE OKHMCIICHHUS;

BIIEPBBIE OBLJIO IOKA3aHO, YTO TUAPUPOBAHME HAHOUYACTHUI] KaTalIn3aTopa
IIO3BOJIIET UM COXPaHUT CBOM 00beM B cpene Ho-mmasmsl;

BIIEPBBIE OBLIO OIIEHEHO, YTO MOXHO KOHTPOJHPOBATh YJIBTPATOHKYIO
ToNUMHY 0-S10; (B KauecTBe NOJI0OKKH KaTaau3aTopa) yTeM TOUHOTO HaCTPOUKHU
SHEPIrUr OKUCIUTENS, TEMIIEPATyPbl POCTAa U KPUBHU3HBI IOBEPXHOCTH.

BHenpenue pe3ynbTaToB HMcciae10BaHui. OCHOBHBIM INPUMEHEHHEM
pPE3yJIbTaTOB UCCIICOBAHUN SIBISIETCA NPUMEHEHHE 3THUX DPE3YJbTaTOB B JIPYTUX
AKCIIEPUMEHTAJIBHBIX U BBIYMCIUTENBHBIX HCCIETOBAHUSAX, a TAKKE HUTUPOBAHKUE U
oOcyxJaeHue B  0030pax, a TakkKe HUHTEpIpeTaluss WiId  ONHCAaHUE
HKCIIEPUMEHTAJIbHBIX U BHIYMCIUTENBHBIX Pe3ylbTaToB 0K0I0 130 HaydHbIX padoT,
ONMyOJMKOBAaHHBIX B JKypHaJax C BBICOKUMHU wuMMOakT-paktopamu (UD) B
COOTBETCTBHH C Hay4yHOU 0a3oit nanHbix Web of Science:

pOCT  YIJIEPOJIHBIX  HAHOTPYOOK W3  YIJIEBOJOPOAOB,  TOSBICHUE
BEPTUKAJIBHOTO rpadeHoBOro ciosd, d3(PQPexT TruapupoBaHus U ApyTue
MOJIEKYJISIpHBIE TOKa3aTelabCcTBa Ui 3apoabiiieoopazoBanus YHT 3aBucumoro ot
YIAEPOAHOTO Ta3a ObUIM HCMOJB30BaHbl MPU HWHTEPHIPETAlMM U  OMHCAHUU
pe3ynbtatoB B [Chem. Rev. 2020; 120: 2693 (Md=54,301), Mater. Today 2018; 21:
845 (MD=24,372), ACS Nano 2018; 12: 11756 (MD=13,903), J. Catal. 2017; 349:
149 (MDd=7,723), Carbon 2016; 107: 171 (UD=7,466) and J. Phys. Chem. Lett.
2015; 6: 2232 (UMD =7,329)];

IJIa3MEHHBIM pocT U TpasneHue YHT, a Takke BIMSHHE HEYTIEPOIHBIX
YacTULl B  CEJEKTUBHOM  CHHTE3€  YIVIEPOJHBIX  HAHOTPYOOK  ObuiM
IIPOAHAIM3UPOBAHBI U paccMOTpeHbl B [Mater. Horiz. 2018; 5: 765 (MdD=14.356),
Chem. Sci. 2017; 8: 7160 (M®=9.556), Carbon 2018; 137: 527 (MD=7.466) and Int.
J. Hydog. Energy 2020; 45: 15302 (M1®=4.084)];
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pe3yibTaThl, CBSI3aHHbIE C OOpa30BaHHEM HAHOYACTHUI[ KaTaJIu3aTopa
(MeTanmina) U maTepuaia HOCUTEISl KaTanu3atopa (MOJJI0KKH) ¢ UCIOIb30BaHUEM
HAHOOKHUCIICHHUS, IUPOKO 00cyxaanuch B [ACS Nano 2019; 13: 3005 (MdD=13.903),
Phys. Rev. Lett. 2017; 118: 1 (M®=9.227), Sol. Energy Mater. Sol. Cells 2020; 208:
1 (MD=6.019), Appl. Surf. Sci. 2020; 505: 1 (UD=5.155), Fuel 2017; 210: 1
(N®=5.128), J. Phys. Chem. C 2020; 124: 1932 (M®=4.309), Cryst. Growth Des.
2015; 15: 3105 (M®=4.153), Phys. Rev. B 2019; 100: 1 (M®=3.736), Plasma
Process. Polym. 2017; 14: 1 (M®=3.173); J. Phys. D: Appl. Phys. 2018; 51: 1
(ND=2.829), J. Appl. Phys. 2014; 116: 1 (MD=2.328) and J. Nanomater. 2016;
2016: 1 (MD=2.233)].
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