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3AT'AJIBHA XAPAKTEPUCTHUKA POBOTH

AKTyaJlbHICTh TeMH. B yMOBax MIBUAKOTO 3pOCTaHHS TMOMHUTY HA €HEPTIIO
Ta TIOCTYIIOBOTO BUCHAa)KEHHS BHKOITHOTO IMaJIBa, BEJIMYE3HA yBara MpUIIS€ThCS
BCIM BHJaM HOBHUX pO3pOOOK Yy BITHOBIIOBAJILHIM EHEPreTUIll. 3a OCTaHHI
JECATUPIUYS YCMIXU Y BUPOOHHUUTBI E€JIEKTPOEHEPTii 3 BIJHOBIIOBAHMX JIXKEPEL,
30KpeMa COHSYHOI eHeprii abo BITPYy, MOCTaBUJIO HU3KY HOBUX 3aBJaHb MEpel
€HEepreTHYHUM CeKTOpoM. ['eHepaltist eHeprii BiJ TaKuX JKEpeN 4acTo € 3aJeKHOI0
BiJl TOTOJHUX yMOB Ta HOCHUTh MEPIOJUYHUN XapakTep, TOMY BAKIUBUM € i
ebexkTnBHE BUKOpHCTaHHSA. Komum reHepallis TepeBUINye HaBaHTAKCHHS
CHEePrOCUCTEMH, € TMOoTpeda y 3acCTOCYBaHHI TEXHOJIOT1M 30epeKeHHS EeHeprii.
BinmoBiiHO, OHUM 3 aKTyaJbHUX HANPSIMKIB JOCIIDKEHb CY4aCHOI EHEPTeTHKH €
MIEPETBOPEHHS, 30€piraHHs Ta TPaHCIOPTYBaHHS OTPHMAHOI eleKTpoeHeprii. Y
SAKOCTI OCHOBHMX IUISXIB [0 BHUPIMICHHS [HUX 3aBAaHb PO3TJISIAETHCA
MEPETBOPEHHSI €IEKTPUYHOI eHeprii B 1HII GopMu nmanuBa (HAMpUKIad, BOJCHD)
abo akymymroBaHHS ii B OaTapesix abo cynepkoHaeHcaTopax. [Ipu Takux migxomax
OJIHIEI0 3 KIIIOYOBUX TMPOOJIEM € CTBOPEHHS eJEKTPOJiB 3 HEOOXiTHUMU
eKCILTyaTallliHUMU XapaKTepUCTUKAMHU.

Byrnenesi Ta okcuaHi Marepiaad 3aliMarOTh YiJbHE MICIE Y TEXHOJIOTIAX
BUTOTOBJICHHS €JEKTPOJIIB JJIsl €Hepro30epexeHHs: Ui eHepromnepeTBopeHHs. Ciijl
3a3HAYUTH, 110 HAa €QEKTHBHICTh 1 JOBrOTPHUBANICTH POOOTH E€IEKTPOIHOIO
MaTepiany CyTTEBO BIUIMBAE HE JHMIIE KHOro XIMIYHUM cKiajg 1 OynoBa, a W
MOpPGOJIOTiS Ta PO3MIPH YACTHHOK pOOOYOro Marepially. 3HayHE IOJIMIICHHS
KOPUCHUX XapaKTEPUCTUK € MOXKJIMBUM 32 PaxyHOK CTBOPEHHS HAHOCTPYKTYP
neBHOi MopdoJorii (HAaHOYACTHHOK, HaHOIIApiB, HAHOTPYOOK, HAHOCTPHUXKHIB, Ta
1H.), a TakKOX BIJAMOBIJIHUX HAHOKOMIIO3UTIB YW 0araTromapoBUX HAHOIUTIBOK
BUKOPHUCTOBYIOUYM Pi3HI MaTepiamiB. L{I mpuHIMNM TakoX YCHIIIHO MOXYTbh OyTH
BUKOPUCTaHI JJii pO3pOOKM HACTYMHUX IIOKOJIIHb CEHCOpIB, ONTHYHUX 1
JIOMIHECIICHTHUX MaTtepialliB, eNeKTpoAiB il (OTO- Ta EIEeKTPOXIMIYHOTO
PO3IIEIJICHHS] BOJIM, €JICKTPOKaTajizy Ta iH. BiAmoBigHO, Ha CHOTOJHIINIHIN JICHb
JUTsl KapOOHBMICHUX Ta OKCUHUX HAHOCTPYKTYP JOCHTIPKEHHS Y IIbOMY HAIPSMKY
PO3BUBAIOTHCA AyKe AuHaMiuHO. OCHOBHY yBary mpHuAUISIOTh PO3pOOI METOIB 1
YMOB OJIep>KaHHS HAHOCTPYKTYP MEBHOTO THUITY Ta BUBYEHHS iX BJIACTUBOCTEH.

TakuM YWHOM, aKTyalbHICTh MOCTIJKEHHS BU3HAYAETHCS HEOOXI1IHICTIO
CTBOPEHHsI HACTYMHOI IeHepalii HaHoMaTepladiB 1 KOMIIO3UTIB JJisi NPHUCTPOIB
BIJIHOBJIIOBAJIbHOI EHEPTeTUKU Ta €Hepro3depiralounx TexXHojorii (barapew,
CYIIEPKOHJICHCATOPIB, CIICKTPOKATAIII3aTOPIB, CEHCOPIB, TIOMIHO(POPIB TOIIIO).

3B’A30K po0OTH 3 HAYKOBMMM NMPOrpaMaMu, IJIaHAMH, TeMaMu. PoOoTy
BUKOHAHO Y paMKaxX HayKOBUX T'paHTiB: HamioHanbHuii ¢oHA (QyHAAMEHTATBHHX
nocaimkens Kurtaio (NSFC) (I'pantm Ne 10604020, 11174111, 11274138,
11304118, 11374127, 21277093, 21571080, 51202115, 51672143, 61204015,
61504136, 61625404, 81201738); HamionamesHa 0a3oBa JOCITIIHUIIEKA TIPOrpaMa
Kurato (973 Program) (I'pamtm Ne 2011CB013004, 2014CB643506,



2014CB921302); HamionaipHa KHTaliChbka NpOTpaMa BHCOKOTEXHOJIOTTYHUX
nociikeHb Ta po3pobok (863) (I'pantm Ne 2007AA03Z314, 2010AA064806);
KitouoBa HaykoBa mporpama Mikauciuroiinapaux Hayk, CAS (I'pant QYZDY-
SSW-JWCO004); HamionansHa nporpama ¢GyHIaMEHTAIBHUX JOCTiKeHb Kuraro
(I'pant 2011CB808200); HarionansHa nporpamMa ¢yHIaMEHTAIBHUX JTOCITIKCHb
npogiuii [[3utiae (Cpant 20170101193JC); KirouoBi MpoeKTH IJIaHY PO3BUTKY
Hayku i TexHiku npoBiHmii [[3imiae (I'pant 20116007); Kimro4oBi mpoekTH miaHy
po3BUTKYy Hayku 1 TtexHikun wmicta Yanuyns (I'pant 13KG13); Chemnianpaa
mporpamMa Mi>KHApOJHHUX MPOEKTIB HayKOBO-TEXHIYHOTO cHiBpoOiTHHITBAa KuTaro
(I'par 2014DFR61140); Ilexincbkuii ¢doun npupomannuynx Hayk (I'pant No.
4162062); Ilporpama mns BueHux Chang Jiang Ta iHHOBAIIHHOT JOCHIIHUIBLKOT
rpynu B yHiBepcuteti (I'pant IRT13018); InnoBarmiiinuii poua L[3umiHbCEKOrO
yHiBepcutety (I'pant 2015064).

Meta i 3agaui gocaigxenHss. OCHOBHOIO METOIO POOOTH € OJep>KaHHs
KapOOHBMICHUX Ta OKCHIHUX HAHOCTPYKTYp 1 HaHOKOMIIO3HMTIB Ta iX
3aCTOCYBaHHS IJIsi CYNEPKOHACHCATOPIB, eNeKTpoKaTaizaTtopiB, (orokaramiza-
TOpiB, JOMIHOGOPIB Ta IHIIUX TPUIATIB BIJTHOBIIOBAHOI CHEPreTUKH Ta
€HEpro30epekeHHsl; 3’ACyBaHHsS BIUIMBY yMOB OTpPHMMaHHS Ha MOPQOJIOTio
HAHOCTPYKTYpP; BCTAaHOBJEHHS 3B’SI3KIB MDK CKJIagoM, MOpQoJorielo Ta
EJIEKTPOXIMIYHUMU (€JIEKTPO- 4M (POTOKATATITUYHUMH), HAIIBIPOBIIHUKOBUMU 1
ONTUYHUMH BIACTHBOCTSMHU OTPUMAHHUX CTPYKTYP 1 KOMITO3UTIB AJIs TIOJATBIIOTO
BJIOCKOHAJICHHSI IPUCTPOIB «3EJIEHO1» EHEPIETUKH.

JIns MOCATHEHHS TIOCTaBJCHOT METH HEOOXITHUM € BHUPIIICHHS HACTYITHUX
3azay:

1.  Jlnga HaHOBYTJIENEBUX MaTepialliB 3HANTH 3aKOHOMIPHOCTI BIUIMBY YMOB iX
OTPUMAaHHS Ha IJIOILY MOBEPXHI Ta HOPUCTICTH 1 €JEKTPOXIMIUHI BIIACTUBOCTI.
2.  CTBOpUTH €NEKTPOIHU AJSl CYNEPKOHIEHCATOPIB HA OCHOBI BUCOKOTIOPHCTUX

BYTJICIICBUX MaTepialiB, MOJiaHlIiHIB, TpadeHiB, MXen-iB abo iXx KOMIO3ULIN 1
JOCITITATH EIEKTPOXIMIUHI XapaKTEePUCTUKH.

3. Ogpepxatu ABO- Ta TPUBUMIpHI HAaHOGOPMH OKCHUIHUX MarepiajiiB, y TOMY
qucial y KoMOiHAIigX 3 KapOOHBMICHMMH MaTepiajaMu, MpoaHali3yBaTH BIUIUB
MOpQOJIOTii Ha EeJEeKTPOXIMIYHI BJIACTUBOCTI Ta PO3IJIAHYTH MEPCIEKTHUBU iX
MPAaKTHYHOTO 3aCTOCYBAHHS K OCHOBH I aCUMETPUYHHX CYIMEPKOHEHCATOPIB
abo CeHCOpIB.

4. OrpuMatd TpPHUBUMIPHI HAHOCTPYKTypH, OaraTomrapoBi IUTIBKH Ta
MOJIIKPUCTAIIA OKCUIAHKMX YH CIIOPITHEHUX CIIOYK 3 KOMOiHAIisIME pi3HHX d- 9u p-
METaJIiB, 110 MPOSBIISIIOTH KaTaIITUYHI, €JIEKTPO- YM (POTOKATATITUYHI BIACTUBOCTI
a0o0 € HaIiBOPOBIIHUKAMU, JOCIIIUTH BIUIUB iX cKiaay, OyJ0BH Ta MOPQOJIOTii Ha
3a3Ha4YeH1 BIACTUBOCTI.

5. Ogpepxarn Ta  gocmiauTd  (QI3UKO-XIMIYHI ~ Ta  JIFOMIHECIIEHTHI
XapaKTEPUCTHKN HAHO(DOPM CKIIATHUX OKCHIIB, M0 MicTATh P3E, mpoananizyBatu
iX CHOeKTpaJibHI BJIACTUBOCTI 3 TOYKH 30pY TMEPCHEKTUB IX MPUKIATHOTO



BUKOPHCTaHHSI.

O0’exT aocaimkenHs. Byrienesi, OKCUIHI Ta CIIOPITHEHI HAHOCTPYKTYpHU
Ta MOJIIKPUCTAIM HA OCHOBI METAJIIB 3 PI3HUM BAJICHTHUM CTAHOM.

IIpeamer nocaimkenns. Ilponecu dhopmyBaHHS HAHOCTPYKTYp KapOOHY,
OKCHJIIB 1 CIOPIJHEHUX CIIONYK UM KOMIIO3MTIB, €NEeKTPO]i3ndHI Ta eIeKTpo- i
(dboTOKaTaNMITHYHI, ONTHYHI, HAMIBIPOBITHUKOBI  BJIACTUBOCTI  OTPUMAHHUX
HAHOCTPYKTYP, MOJIKPUCTAIIB Ta KOMIIO3HUTIB.

Metoau nociimkennsi. CkanyBanbHa enekTpoHHa crekTpockorris (CEM),
MPOCBITIIIOBaIbHA eneKTpoHHa criektpockoris (IIEM), pentreniBcbka audpaxiiis
(XRD), pPEHTICHIBChKA dboToeneKTpoHHA CHEKTPOCKOTIiS (POEC),
cnektpockoniydi metoau (Raman, FTIR, UV-VIS), anamitnuni meronu (SEM-
EDS, aromHo-emiciliHa CHEKTPOCKOMIs), EJIEKTPOXIMIYHI MeToau (IUKIIYHA
BosbT-ammepometpis (CV), meromam rambBaHocTtatuku (GSD), cnekTtpockomis
enekTpoximignoro imnenancy (EIS), xpornonorenmiomerpist (LSV)), BumiproBanHs
JIOMIHECIICHTHUX 1 KaTaJITUYHUX BJIACTUBOCTEH, BHU3HAYCHHS IOPHUCTOCTI
METOZI0M copOIIii-IecopOIrii a3ory.

HaykoBa HOBH3Ha oJep:KaHUX Ppe3yJbTaTiB. 3alpONOHOBAHO HU3KY
HOBHUX CIOCOOIB OJIEp’KaHHS HAHOCTPYKTYPOBAHMX KapOOHBMICHHMX, OKCHJIHUX Ta
KOMITIO3UTHUX MaTepiaiB Jjisi IPUCTPOIB BIJIHOBIIOBAHOI €HEPreTHKH, 30KpeMa
CYNEpPKOHIEHCATOPIB Ta CEHCOPIB. JJIsl CTBOPEHUX €IEKTPO/IB MPOAHAII30BAaHO Ta
y3arajJbHEHO BIUIMB CKJIaAy, YMOBH OTPUMaHHS Ta MOPQOJIOTii HAHOCTPYKTYpHU Ha
eNeKTpodI3NYHI Ta EJICKTPOXIMIYHI BIIACTHBOCTI. IlpoBenmeHi mocCiimKeHHS
OKPECIIOIOTh MEPCIEKTUBU TOJATBIIOT0 BUKOPUCTAHHS OACP)KAHUX PE3yJIbTATIB
JUTSL pO3pOOKHU HACTYITHOTO MOKOJIIHHS €JIEKTPOIHUX MaTepialliB.

Ha ocHOBiI mpoBefeHHX eKCIePUMEHTAILHUX JOCITIKEHb 3alpPOIIOHOBAHO
TEOPETUYHY MOJIEIb, SIKa ONHUCY€ HENIHIAHY 3aJ€XKHICTh MIK TOBIIUHOIO
BYTJIEIICBOTO IIapy €NEKTPOYy CYMEepKOHACHCATOpa Ta HOTO BHYTPIIIHIM OTOPOM,
IO J103BOJISIE TIPOTHO3YBAaTH IMapaMEeTpU CYIMEPKOHIEHCATOPIB BUCOKOI MUTOMOI
MOTY>KHOCTI BiJl 0COOJMBOCTEH BUTOTOBIICHHS €JICKTPO/TY.

[TokazaHo 3HaUHY MEPCIEKTUBY BUKOPUCTAHHSI ME30TOPUCTUX MOJIaHIIIHIB
Ta KOMIIO3UTIB Ha iX OCHOBI JJII CTBOPEHHS HAHOCTPYKTYPOBAHUX EIEKTPOIHHUX
MaTrepialliB 13 BUCOKOI CHENU(PIYHOI €MHICTIO, K1 MOXYTh CIyTyBaTH OCHOBOIO
JUISl THYYKUX MIKPOCYIIEPKOHAEHCATOPIB Ta Fa30BUX CEHCOPIB.

Po3rnstHyTo  BIUIMB ~ HAHOCTPYKTypH3alli  €JEeKTpOKaTajai3aTopiB  Ha
KaTaJlITUYHY aKTUBHICTh y PEAKIlli BUAUICHHS KUCHIO Ta BOJHIO MPU EIEKTPOIi3i
BOAW. BusBIeHO, MO0 CTBOPEHHS OJHOBHMIPHOTO HAHOCTPYKTYPYBAaHHS €
CpusATIuBUM  (akTopoMm, sAKui  3a0e3mnedye  MIABUILECHY  KaTaJiTUYHY
€()eKTUBHICTb.

3anmporoHOBAaHO HOBY CTpATEril0 CTBOPEHHS (POTOAHOMIB 13 IIiJIBUIIICHOIO
e(peKTUBHICTIO (OTOPO3KIaAYy BOIM, SiIKa mependadae (GopMyBaHHS MOCHITOBHHUX
TPUBHUMIPHUX TETEPOCTPYKTYp Ha ocHoBi BiVOs4 Ta enekrpokaranizatopis
3MIIIAHUX OKCUIB/TipOKCUIiB 0-MeTaliB.
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JI1s1 HU3KU OKCUAHUX CUCTEM MPOAHATI30BaHO BILIUB PO3MIPHOCTI YACTUHOK
OKCHUJIB PI3HOBAJIEHTHUX METATIB Ha KAaTAIITUYHY AaKTUBHICTh Yy PEAKIIisAX
3HEIIKO/KEHHSI IIKIJUIMBUX Ta3iB 3a0pyAHUKIB (OKCUOW HITPOTEHY, OKHUC
Byrieno). Ha OCHOBI eKkcriepuMEHTalIbHUX JIaHUX 1 MPOBEACHUX TEOPETUUHHX
pPO3paxyHKIB TOKa3aHO, WII0 BUKOPUCTaHHS KOMOIHalii HAHO(DOPM OKCHUIIB
CYTT€BO MIJBUIIY€E KATAIITUYHY aKTUBHICTb Ta CIPUSE X CTIMKOCTI 10 Aerpaaariii.

[IpoBeneHO Ta  OpPOaHAII30BAHO  pPE3yJbTaTH  JOCIIIKEHb  HHU3KH
HaHOMAarTepiamB 13  OCOOJMBUMH  ONTHYHHMH, JIIOMIHCCICHTHHMH  Ta
HaITIBIIPOBITHUKOBUMH  BiacTuBocTsAMHU. [lokazaHo  Oes3mocepeqHidi  BILIUB
po3MipHUX €(EeKTIB Ha 3a3HAYEHI XAPAKTEPUCTHKU Ta MOMJIMBOCTI TMOJIIMIIECHHS
NPAKTHYHO KOPHCHHUX BIIACTUBOCTEW TAaKUX MaTepiaiiB 3aBISKA BUKOPUCTAHHIO
HAHOTEXHOJIOT1H.

IIpakTHyHe 3HAYEHHSA OJlePKAHUX pe3yJbTaTiB. Po3po0ieH1 opuriHaibHi
MIIXOAU Ta CTpaTerii Juisl OTpUMaHHS HAHOCTPYKTYpP KapOOHBMICHUX KOMIIO3MTIB,
OKCHJIIB Ta X KOMOiIHAIil MOXXyTh OyTH YCIHIIITHO BUKOPUCTAHI AJIS MONIMIIECHHS
MPOMHCIIOBUX  CYMEPKOHICHCATOPIB 13 BUCOKOI THUTOMOKO  TOTYKHICTIO,
CTBOPEHHSI THYYKHMX MIKPOCYIIEPKOHIEHCATOPIB, Ta30BUX CEHCOPIB, €JIEKTPO- Ta
dboTokaramizaTopiB, Karajgi3aTOpiB XIMIYHUX IE€PETBOPEHb, JIOMIHODOPIB,
HaIBIPOBIIHUKIB Ta 1H. [IpoBeeH1 TeOpeTUYH1 PO3PaxXyHKU 1 CTBOPEHI MOJEINI €
0a3ucoM PO3POOKU MPAKTUYHUX PEKOMEHMAAIIN i TEXHOJOTIYHUX IIPOIIECIB
BUT'OTOBJICHHS EIEKTPOAHUX MarepiaiiB CYNEpPKOHIEHCATOPIB,
HAaHOCTPYKTYPOBAaHUX TOBEPXOHb KaTami3aTopiB, €(OEKTUBHUX TPAHCIOPTHHUX
MepeX HOCIIB 3apsily y €HEepromnepeTBOPIOBAILHUX MPHUCTPOSX. 3amporoHOBaHI
HOB1 KOMITO3HIIIi Ta METOAM OJCpP>KaHHS HaHO(POPM OKCHIHUX KaTadi3aTopiB, IO
JO3BOJISIIOTh ~ MPOBOAMTH ~ OUIbII  €(pEeKTUBHY  HEUTpai3amilo  TOKCHYHHX
MIPOMMCIIOBUX T'a3iB.

OcoOuctnii BHecok 3100yBaua. [lonsrae y BuOOpi HampsiMKy, 00’€KTIB,
dbopMyTIOBaHHI METH Ta TIOCTAHOBIIl 3a1ad JOCHTI/DKCHHS, OpraHizamii i
JaCTKOBOMY BHMKOHAHHI €KCIIEPUMEHTAJIbHUX JOCIIKEHb, 1HTEpIpEeTaIlii, aHami31
Ta y3arajlbHEHHI yCiX OTPMMAaHHUX Pe3yJbTaTiB, MIATOTOBII 3aMUTIB HA OTPUMAHHS
(dbiHaHCYBaHHs Ta MIATOTOBIN MyOsikamiii. OOroBOpeHHS Ta aHaji3 OJIepyKaHUX
pe3yNbTaTiB B IMIJIOMY TIPOBOAMBCS 33 yUaCTIO HAYKOBOTO KOHCYJIbTAaHTa a.(-M.H.,
npod. ['oroui FO.I'. V mpoBeneHHI eKCiepUMEHTANbHUX POOIT, €NEeKTPOXIMIYHUX
Ta (I13UKO-XIMIYHHMX AOCIIIKEHb, TEOPETHUYHUX OOpaxyHKax, oOpoOLl OTpUMaHHUX
pe3ynbTatiB Ta O(QOPMIICHHI JPYKOBAHWUX POOIT pa3oM 3 aBTOPOM MPUUMAIA
y4acTh CHIBpOOITHUKM 1 acmipaHTd (akynbTeTy ¢i3uKd Ta 1HMHUX (aKyIbTETIB
J3iminbcbkoro yHiBepeutety: npod. Cyn X.-b., nmpod. Kiroit ML.I., pod. Beii I'.,
npod. 3aroscekuii 1.B., npod. llen I'., mpod. [3otor B.1O., npod. JIro C., npod.
Hx YO., nou. JIu JI., nou. Ci M., nomu. [lanr M., nom. I'ya Y., nou. Iy FO., o
@y JI., nou. Ban b., gou. /I>xan X., acmipant Jlu [l., acnipant Te C., acripipant
Jlxao C., acnipant A 0., acnipant Au T., acnipant Ilan C., acnipant oy III.,
acnipanTt Ban /l., actiipanT o O.



Psn excriepuMeHTIB Ta BHUMIpPIB XapaKTEPUCTHK OTPUMaHUX MaTepialliB
MPOBOJIMJIM Yy CIIBIpalll 3 HAYKOBIIMU IHIIMX HAyKOBHX ycTaHOB B Kurai Ta
3aKOPJIOHOM. ABTOp BUpaKa€ MIMPY MOJAKY yCIM KojieraM, siki Opaiu y4acth y
MIPOBEJICHHI IILOTO JOCIIIIPKSHHS.

Anpobaunia pe3yabTaTiB aucepranii. Pesynbratu auceprauii a0moBija-
Jucs Ta oOroBoproBanucs Ha 6 MixkHapomHux KoH(epenmisx: The 6th National
Meeting on the Luminescence Properties of Doped Nanomaterials (China, 2016);
IV International Scientific and Practical Conference “Directing Materials,
Information Technology and Photovoltaic”, NMIT-2016 (Kremenchuk, Ukraine,
2016); The 7th International Conference on Nanoscience and Technology, China
NANO (China, 2017); WCX SAE World Congress Experience (Detroit, USA,
2018); The 1st International Conference on MXenes for Energy Applications, 2018
MXEA (Changchun, China, 2018); 2018 IEEE 8th International Conference on
Nanomaterials: Applications & Properties, NAP-2018 (Zatoka, Ukraine, 2018).

Ily6aikanii. OcHOBHI pe3ysibTaTH AUCEpPTaIlii omyOikoBaHO B 24 CTaTTIX
Ta 8 Te3ax JOMOoBieH Ha HAYKOBUX KOH(DEPCHITIsX.

CTpykrypa i o0csar poboru. JlucepTaiis CKIamaeTbcsl 31 BCTyImy, 7
pPO3/IUTIB, BUCHOBKIB, MEPEIIKy BUKOPUCTAHUX JKepen 1 goaaTtka. [loBHuit oOcsr
JUcepTallii cTaHOBUTH 297 CTOPIHOK, 3 HUX: 15 Tabnuipb 3a TekcToM, 147 pUCyHKIB
3a TekcToMm, 487 mitepaTypHux mkepen Ha 49 cropiHkax Ta J0maTok Ha 4
CTOpPIHKAX.

OCHOBHUM 3MICT POBOTH

VY mepmomMy po3aiii NpoBeAEHO OIVISJI HAyKOBOI JITEpaTypu 3a TEMOIO
nucepratii. CTUCIO pO3TJISHYTO OCHOBHI 3a7a4i Ta mpoOJeMu, SIKi € aKTyalbHUMHU
JUISL CEKTOPY BIJHOBIIOBAIBHOI eHepreTuku. OCHOBHY yBary MPUAUICHO PO,
CTpaTerisiM, MiAXoJaM Ta METOJIaM OTPHMaHHS CyYacHHUX HaHOMAaTepiallB s
CHEproHaKOMUYYBAJIbHUX Ta eHeprosoepirarounx TtexHoisorii. IIpoananizoBaHo
MEPCTIICKTUBH  BUKOPHCTAHHS  BYTJICHEBUX, OKCHUAHMX Ta  KOMITO3HTHHX
HAHOCTPYKTYp JUIS CTBOPEHHS HACTYIMHOTO TIOKOJIIHHS CYIEPKOHIEHCATOPIB,
aKyMyJIIOBaIbHUX OaTapeil, CEHCOpIB, KaTali3aTopiB Ta EJIEKTPOKaTalli3aTopiB,
JIOMIHECIICHTHUX MaTepiaiB.

JIpyruii  po3aisi onucye BHXIJHI PEYOBUHHM Ta OOJMagHAHHS IS
EKCIIEPUMEHTAIbHOI pOOOTH, 3arajibHli MJAXOAW JI0 EKCIIEPUMEHTAIHHOTO
OTpUMaHHA pI3HUX (OPM HAHOCTPYKTYpP, IO 3aCTOCOBAHO Yy JOCIIKEHHI.
[lepepaxoBano i3UKO-XIMIUHI, €JIEKTPOXIMIYHI, aHATITUYHI Ta PO3PaXyHKOBI
METOAM AOCIIDKEHb 1 BKa3aHO MpuiaJHy 0a3y Ta mporpamHe 3a0e3neyeHHs, SKi
Oynu BHUKOPHUCTAHHI MpPU BHUKOHAaHHI poOOTH. MicTUTh 1HQOPMALIKD 010
3arajbHUX MiIX0/A1B OOpaxyHKiB OTPUMAaHUX PE3YJIbTATIB.

Tperiii po3ain MIPUCBSYEHO BYTJICLIEBUM MaTepiaiam, 1o
BUKOPUCTOBYIOThCS HJisi cTBopeHHs cynepkonaeHcatopiB (CK) Ta ceHcopis.
KitouoBuMu mapaMmerpamMu JUisi OLIHKK MpoayKTuBHOCTI mpomucioBux CK e



NUTOMA IIUIBHICTh €HEPrii Ta MUTOMa NOTYX HIcTh. Crienu(iyHa MUIbHICTh €Heprii
koMmepiiiaux CK pocsarae 6 BT-rog/kr Ta moB’si3aHa 3 mapamMeTpaMu MPOBIAHOCTI,
MOPUCTICTIO 1 PO3MOAIJIOM TIOp Ha TOBEPXHi (30UIBIICHHS MUTOMOI TIIOMII
MOBEPXHI CIpHUS€ AOCATHEHHIO BHUCOKOI NHUTOMOI TYCTHMHHM €HEprii), THUIIOM
3B’SI3yBaJIbHOTO KOMIIOHEHTY, TOBIIMHOIO enekTpoay Ta iH. Jns CK mpoimHux
CBITOBMX BHUPOOHMKIB BelIMYWHA CHEMU(BIYHOT TUTOMOI MOTYXHOCTI (P)
3HaxoauThcs y Mexax 10-20 kBT/kr Ta moke OyTm 30imbIIeHA 3a PaxyHOK
3MEeHIIeHHs BHYTpimHboro onopy (Rin). OTxe, xapakrepuctuku CK 3anexarb sik
BiJl CKJaay 1 CTPYKTypu MaTepiany (3a3BHuUaii BUKOPHUCTOBYETHCS AKTHBOBAHE
BYT1JUISI pI3HUX THITIB), TaK 1 BIJlT KOHCTPYKIIIMHUX O0COOJIMBOCTEHN eaeKTpoay. Tomy
y poOOTI po3risijanocs JiBa OCHOBHI HampsIMKM BIUIMBY Ha BiactuBocTi CK:
ONTHUMI3allisi YMOB BUTOTOBJIEHHSI €JIEKTPOAY Ta CKJIaJ 1 HAHOCTPYKTYPOBAHICTh
€JIEKTPOJAHOTO MaTepiany.

Jns mpommcnoBux CK akThBOBaHe BYTUUIA 3a3BHYail HAHOCATh Ha
ATIOMIHIEBY MIAKIAIKy, TOMY 3HaueHHA Rin ckimamaetbcs 3 OMOpPIB  MIXK
ATFOMIHIEBOIO IMIAKIAIKOI0 1 TOPUCTUM KapOOHOM, €JIEKTPOHOI0 MaTepiary, Mk
€JIEKTPOJIOM 1 EJEKTPOJITOM Ta OIOpY EJNEeKTpOodiTy. BaxiauBuM 1 ogHuUM 3
OCHOBHUX YWHHHKIB TyT € TOBIIMHA KOMIIOHEHTA EJIEKTPOJa, IO aKyMYJIO€
€HEeprilo. 3HayHa KUIbKICTh AKTUBHOIO Marepiaiay [I03BOJSE JOCATTH BUCOKOI
IIUTBHOCTI €Heprii, OJHaK I 30UIbIIy€ OMip 1 3MEHIIYE MHUTOMY €EMHICTb.
BianoBigHo, y po0OTI AeTadbHO IOCTIIHKEHO 3aleKHICTh Rin 31 30UIbIICHHSM
TOBIIMHU €JIEKTPOIB y TUIIOBOMY HaHomopuctomy Byrienesomy CK. Enexrponu
3aBToBIIKM Big 10 mo 140 MKM BHUIOTOB/ISUIM HA AQJIIOMIHIEBIN ITAKIAAI 34
BIJIOMOIO TEXHOJIOTIEI0 HA OCHOBI KapOOHY cynep P (3arajibHa IJIola NOBEPXHI ~
1900 m?/r) i 3B’a3yBanbHOro nomisimigenpropuny (PVDF) (3 momaBanusm 1-
MeTui-2-miiponigony (NMP)). [Ins mpoBeneHHS €IEKTPOXIMIYHUX BUMPOOYBaHb
3oupanmu  mognensHi mpuctpoi CK (Puc. 3.1a), BUKOpPHCTOBYIOUM B SIKOCTI
enexktpoaity 1,3 M po3unn EtsNBF4 B anietonitpuni.

OTtpumani pe3ynbTaTH BUMIpIOBaHb 3apsaku—po3panku (GCD) Tta Rin Bix
TOBUIMHU e€NeKTpoay HaBeaeHo Ha Puc. 3.10,8. ExcnepuMeHntu mnoxasanu
HEJNIHINHY 3aJIeKHICTh BHYTPIIIHHOTO OMOPY 31 3pOCTAaHHSAM TOBLIMHU €JIEKTPOIY
Ta BUSBWJIM HASBHICTh MiHIMyMY Ipu 30uIblIeHH] ToBIMHM Bifg 10 mo 140 MM
(Puc. 3.2). lnsa mosicHeHHS 1IbOTO (hakTy OyJI0 pO3pOOJICHO TEOPETHUYHY MOJEIb,
sgKka 0a3yeTbCsd Ha PO3TIIANI MOPHUCTOI €IEeKTPO-EICKTPOTITHOT €IeKTPOXIMIYHOL
cUCTeMU. AKTHBOBaHE BYTL/UISI OAHOYACHO MICTHUTh MIKPO-, ME30- Ta MaKpOIOpH,
0 MOXKYTh CIyTyBaTH TPAaHCIIOPTHUMH KaHAJIaMHU JUIS 10HIB enekTpomirty. [lpu
3apsaaul CK 10HU €1eKTpoJIITy IPOHUKAIOTh Y TOPUCTY CUCTEMY Ta COPOYIOTHCS Ha
MOBEPXHI KapOOHY, a IPU PO3PSIAII HABIAaKK. MU JOMyCTHIIH, IO ecopOIist i0HIB
CYIIPOBOJDKYETHCS TPhOMa HACTYITHHMH €TanamH, siki 300paxkeno Ha Puc. 3.3: ()
10HM MOXYTh TU(YHIYyBaTH uyepe3 MIKpO Ta ME30MOPU Y TPAHCIOPTHI KaHaIU
(mapanenbHO Ha MOBEPXHI BYIVICLIEBOTO MaTepially MEpPecyBaeTbCs MPOTU3APAN);
(6) ioHM pyxaroThCs IO MOBEPXHI €JIEKTPOAa IO TPAHCIOPTHUM KaHajaaMm; (B)



copboBaHI 10HM TEPEXOASATh 3 TPAHCHOPTHUX KaHAIIB Yy EJIEKTPOJIT, a
HAKOMWYEHUH 3apsi Ha KapOOHI MEepeNaeTbcsa METATIYHOMY KOJEKTOpPY 1 Jalli 10
30BHILIHBOTO €JEKTPUYHOTO KOJIa.
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Puc. 3.1. (a) 3i16panuii CK; (6) rpadiune npeacraienus GCD nns CK i3 pi3HOIO
TOBILUHOIO €JIEKTpoaHOrO 1mapy (ctpym 100 MA); (B) pe3ynbTaTu IMIIEIaHC
CHEKTPOCKOMIT /ISl pI3HUX TOBILIWH €JIEKTPOHOIO LIapy.

Jlist moOy0BM MaTeMaTUYHOI MOJIENI OMKCY 3a3HAYEHOr0 MEeXaHi3My OyJio
JOMYIIEHO, 10 MIKpO- Ta ME30MOpH KapOOHOBOro MaTepially Ta TPaHCHOPTHI
KaHaJIM PIBHOMIPHO PO3MOJ1IEHO B 00’ eMi enekTpoja. [lapamerpu Moieni MOXyTh
OyTH BHM3HAY€Hi 3 EKCIIEPHMMEHTAIbHMX NAaHUX Y PO3paxyHKy Ha 1 cM? moBepxHi
esnekTpoaa. IluroMuil omip TPAaHCHOPTHUX KaHAJIB 1 1HIIMX CKJIAJOBUX MOXHA
BU3HAYNUTH 3a ekcrepuMeHTanbHuMKU KpuBUMH Rin(h) (Puc. 3.1B), a 3amexHicTh
BHYTPIIIHHOTO OMOPY BiJ TOBIIUHU eyiekTpoa (N) OmucyeThes piBHAHHAM HPSIMOI:

Rin(h) = ro + (pi + pe)-h,
ze ro[Q-cm?/MkM] cyMapHHi OIip cenapaTopa B eJIEKTPOJITI Ta MiK eJIEKTPOJHUM
MaTepianoM i MeTamigHuM cTpyMonpHiiMadeM, Pi[Q-cM*/MKM] oImip TPaHCIIOPTHUX
KaHamiB, pPe[Q-cM?/MKM] omip emekTpomHOro Matepiany. Bimnosigmo, s
OOYMCIIEHHS Pi MAEMO BUpa3:
pi = [Rin(h1) — Rin(h2)]/(h1 = h2) — pe,

Rin(h) [Q-cm?] Brytpimmiii omip CK mpu ToBmuHI enekrpoguoro mapy h. 3a
ToBmMHEU enexTpoxy h = 1 Mxm i S = 1 cm? HOHHMI Omip HAaHONOPUCTOTO
BYIJIELIEBOTO MaTepiany pn[Q-MxM-cM?] nopiBHIOE:

Pn = (Rone-S-ht)/N,
ne N — kigbKicTs op y S-ht 06°eMi, a Rone:[€2] — omip oxniei mopwu.

[Tin ygac 3apsaku CK 13 opranidHuM eneKTpoJiTOM (DaKTUYHO BECh 3aps
HAaKOMMMYY€ETHCS JIMIIE B Me3omopax (miaMeTrpoM 2-3 HM), TakK SK pPO3Mip
TPAaHCHOPTHUX KaHaJIIB MOXE TIEpPEBMILYBAaTH IX Ha JIeKUIbKa MOpSAKIB. Byro
3p0o0JICHO MPHUITYIIECHHS, [0 i10HHA cKiazoBa Rin(N) 3 ABOMa pi3HUMU 3HAYCHHSAMU
h: ta hy (hy < h2) moxe OyTm po3paxoBaHa B Mekax IEBHOTO jiama3oHy h 3a
BUpa3aMu:

Rin(h) = rion(h) + 1o
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rion(hl) = Pn/hl
Fion(h2) = pn/hz.

JIificHICTh TaKOTO MPUIYIICHHS B TIOBHIN Mipi MIATBEPKEHO PE3yIbTaTaMH
CKCIIepUMeHTaNbHUX JaHuX (Puc. 3.2), BIiANOBIAHO, 11 PO3PaxXyHKY On
KOPEKTHUM € PIBHSHHS:

Pn = rion(hn)‘hn-

3anponoHOBaHa MOJENb JIa€ MOJKJMBICTb ONTUMI3YBaTH 3aJICKHICTb

BEJIMYMHY BHYTPIINIHBOTO OMOPY BiJ TOBIIMHU KOMIIOHEHTIB €HEPro30epexeHHs

h*:
Pn

h = |——,
pe+pi

ne h* Bu3Hauae TOBIIMHY €ICKTPOAY JUIs 30epiraHHs €Heprii, sika BiImOBigae
MiHIMaJIbHOMY BHYTpimmHEOMY onopy CK. Takum ynHOM, piBHSHHS, IO OINHUCYE
BHyTpimHIM omip CK B 3amexHOCTI BiJl TOBIIMHU €JIEKTPOAY B paMKax
3aMpONOHOBAHOI MOJIEIII MA€ BUTJISIL:
Rin(h) = ro + (pn/h)-6(h* — h) + (pi + pe)-h-6(h— h*),

ne 6(x) — dynkuis [eBicaiina 31 3HaueHHsM 0 sixmio x < 0,05 ta 1,0 sxmo x = 0; pi
+ e, o Ta Pn — TApaMeTpH, SIKI MOXKYTh OYTH OTpUMAaH1 3 €KCIIEPUMEHTAIbHUX
JaHuX. SIK TMpUKJIaJ, Y HAlllOMYy BHUIAJKY I TOBIIUH enekTtpoay 133 Mkm, 118,2
MKM, 88,2 MKM Ta 61,2 MkM 3HadeHHs Fo = 0,68 Q-cm? ta pi + pe = 0,00343
Q-cm?*/mxm Oymu 3Haiineni 3a Puc. 3.2. CepemHe 3Ha4eHHS pn, PO3PAXOBAHE 3
EKCIIEpMMEHTATFHAX ~ JaHuX ckmano 12,13 Q-mkm-cM?, 1o  Bigmosizae
ONTHUMI30BaHil TOBIIKHI eekTpoaa h* = 53,1 Mkm 3 HaliMeHITUM Rin.

3anponoHOBaHa TEOPETUYHA MOJIENb MOSCHIOE HENHINHY 3aJIeKHICTh MIX
TOBIIMHOIO €JIEKTPOAY Ta BHYTPIIIHIM OMOPOM 1 MOX€ OyTH BUKOpPUCTaHA s
nporHo3yBaHHs napameTpiB CK 13 BUCOKOIO MUTOMOIO MOTYKHICTIO.

14 ® Experimental _ P,
12 Theoretical & & 5 B . ’
1.0 = - Aeg LT
,.E ‘ ? ? o e
.;: 08 icro & L r
% E o e + e
¥ 06
0.4 ; ;
azl_i i ; : ; ;
! 20 40 60 30 100 120 140
Thickness (um)
Puc. 3.2. Po3paxoBaHni Ta Puc. 3.3. Cxema qudy3ii 10HIB y €IE€KTPOJIT
eKCIIepUMEHTAJIbHI iz yac po3psaku CK.

3QJIEKHOCT1 BHYTPILIHBOTO
OMOpY BiJl TOBIIUHU
€JIEKTPO/IiB.

BaxnuBoto xapakrepuctukoro st CK Ha 0CHOBI MOPUCTOrO aKTHUBOBAHOTO



Byruuis (ITAB), kpiM BUCOKOI IIIIBHOCTI €HEPrii Ta MUTOMOI OTYXHOCTI, TAKOXK €
CTaOUIBbHICTh y IUKIII 3apsAa-pO3psl. 3arajioMm, 3a3Ha4deHi mapaMeTpH 3aJIeKaTh Bl
IO TOBEPXHI, Crmoco0y oTpuMaHHA 1 MikpocTpykTypu I[TAB. Omgnum 13
BU3HAYaJbHUX (haKTOpiB MIKpOCTpYKTypHu ITAB € Tum BHXiJHOI CHPOBWHHU, IO
MOXe OyTH TPUPOJHOTO (POCIMHHOTO) ab00 CHHTETHUYHOIO TOXOJKEHHSI.
BinnosinHo, Ay cTBOpeHHS! €(DEeKTUBHUX BYIJIELIEBHX HaHOMAaTepiamiB y poOOTI
BUKOPUCTAaHO OOMBA MIIXOIH.

[lepeBaroro BUKOpHUCTAHHS IPUPOIHOT CHPOBUHH € MOKIIUBICTD 30€peKEHHS
MEPBUHHOT MIKPOCTPYKTYpH BOJIOKOH meBHOTO Tuity. st ctBoperust [TAB Oyno
MIPOBEJICHO MIpOJi3 y 1HEPTHIN aTMocdepl Ta y aTMocdepl aMiaky HUTKOMOAIOHUX
rpu6iB Aspergillusaculeatus y mpucyTHOCTI i0HIB HIKEIIO Ta TiAPOKCHUIY KaJlito
(3aranpHa cxemMa otpuManHs [IAB naBenena Ha Puc. 3.4). Ilicas kapOonizarii 3a
temriepatyp 750—800°C, fioHM HIKETIO Ta KA BHAAISIN IUITXOM TPOMHUBAHHSIM
PO3YMHOM KHUCJIOTH i OTpuMaHHS uuctoro abo N-momoBanoro ITAB. Taxkwii
HiAXiJ HE JIMIIe T03BOJMB 30epertu movatkoBy 1D-TpyOGuacTy MIKpOCTPYKTYpy
BOJIOKOH i3 BHMCOKOIO ILIOINEI0 HoBepxHi (6mmspko 1800 m?rt), a i orpumaru
OTBOpHM y Takux HaHoTpyOkax (Puc. 3.4). EnexTpoxiMiuHi BUIIPpOOOBYBaHHS, SKi
NPOBOJMIMN 3 BUKOpUCTaHHAM 6 M po3unny KOH sk enekrpounity, BUSBWIM, 1110
onepxanuii N-monosanuii [IAB matepian mae BHCOKY eMmHicTh (298 ®-rl) ta
BIJIMIHHY CTIMKICTh Yy IMKJI 3apsjaka-po3psigka — 30epirae mpaktuuno 100%
emHocti micis 10000 mukmiB 3apsaku—pospsanku CK. Otpumanwmii pesynbTar
BKa3ye Ha 3HAYHUU TMOTEHIlla]l BUKOPUCTAHHS MPUPOJHOT CUPOBHHH IS
BUPOOHMIITBA JICIIEBUX BYTJIELIEBUX HaHOMaTepiamiB ais cyyacHux CK.

He MeHII MEepCHeKTHBHUM 3 TOYKHA 30py MPAKTUYHOTO 3aCTOCYBaHHS €
me3ornopucTi Matepianm ta komnos3utu it CK Ha ocHoBi momianiminiB (PANI). ¥
[IbOMY HANpSMKy Oynu oTpuMaHi Ta mociimkeHi JeroBadi PANI HaHoBomokHa 3i
3HAYHOIO IIJIOIMICI0 TIOBEPXHI Ta BHUCOKOIO €IEeKTPOnpoBimHicTIO. [lomiMepu3sairito
aHIJIHY TPOBOJWIM y BOAHUX PO3YMHAX B MPUCYTHOCTI MepCyiibdaTy aMOHIIO Ta
cyibdarnoi kuciaotu npu Temneparypax 0-4°C. BapiioBaHHS CHIBBIIHOLIEHB
BUXIJHUX PEAreHTIB JO03BOJIMJIO OJepX aTh HU3KY 3pas3kiB jeroBanux PANI y
BUIIAAI INIACKUX HAHOYACTUHOK 3 TOBIIMHOIO 50—100 uM 1 1oBXHUHOIO Big 20 HM
JI0 KUTBKOX MIKpOMETpIiB. BUBUEHHS €EKTPOXIMIYHUX BIACTUBOCTEN MPOBOIUIIU B
KHCIIOMY cepenoBuilli 3 BuUKopucTanHsaM 1 M poszumny H2SOs sik enekTpomiTy.
byno BusiBiieHO, 110 Oe3mocepeHii BIUIMB Ha CHENUpIUHY €MHICTh OTPUMAHOTO
Marepialy Ma€ BUXIJHE CITIBBIJIHOIIECHHS KOMIIOHEHTIB, 30KpeMa 31 301IbIICHHS
YacTKM aHUIIHY cHelu(piyHa €MHICTh 3pOCTa€ Ta MOXE JocAraTH 3HaueHHs 616
®-r ! (Puc. 3.5a). CTBOpeHi €NEKTPOAM MAKTh HE JIMIIE BUCOKY €MHICTb, a i
3HAYHYy CTIMKICTh Y IIUKJI 3apsiaKa-po3psiaka ta 30epiratu g0 68% crenudignoi
emHocti micis 5000 mwmkmiB (Puc. 3.560). BiamoBimHo, enekTpoaud Ha OCHOBI
Mezonopuctux JjeroBanux PANI HanomarepianiB MawTh Jy)K€ 3HAYHY
NepCHeKTUBRY i nofanbioi po3pooku CK 13 BUCOKOIO MPOAYKTUBHICTIO.
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Carbonization

3 H.O . Activation
- 2 Debris of cell wall +NH,
O Cell wall

(e) 3

Puc. 3.4. (a) 3aranpHa cxema orpuManns [TAB 3 HuTkono16HUX rpubdiB
Aspergillusaculeatus, (0) 300pakenrss CEM HUTKOMOIIOHUX TPHOIB
Aspergillusaculeatus, (8) 306paxxennss CEM Ta (1) [IEM oxaepxanoro [TAB

MmaTepiaiy.
(a} Time / sac [6}
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Puc. 3.5. (a) 3anexHicTh crienudivHOT €EMKOCTI BijI TYCTHHH CTPYyMY IS
neroBanux [TAHI nanomarepianis (3pa3ku, 10 OTPUMAHO MIPH BUX1THUX
CHIBBIIHOMIEHHSX (aH1IiH): (TIepcyibdar amoHio) 1:1, 1:2 ta 2:1 mo3HavueHO
BIMOBIAHO, K SS-1, SS-2 ta SS-3; (0) 3a/ekHICTh crienu(igaHOT EMKOCTI Bif
KUIBKOCTI LIUKJIIB 3apsaka-po3psaka ais orpumanux [IAHI nanomarepianis
(ryctuna ctpymy 1 A-r?).

SAx wHacTymHMI Kpok y gociuipkeHHsax wme3onopuctux PANI  Gyno
3allpOIIOHOBAHO HOBY CTpaTerilo, ska Mependadaia CTBOPCHHS KOMITIO3UTIB i3
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BimHOBIeHUMU TpadeH-okcuaamu (fGO) uu ByriienieBUMU HAHOTPYOKaMHU 3 METOIO
NO€JHAHHS BHUCOKOi MPOBIIHOCTI HAHOBYTJEIEBOrO0 Marepially 1 3HA4HOl
cnerugiunoi emxocti PANI. 3aranpHy cxemy onep:kaHHs T1IOPUIHUX KOMITO3UTIB
rGO-PANI naBeneno Ha Puc. 3.6a. rGO 3anpecoByBaini y CiTKy 3 HEp)KaBIrO4O1
CTaJi Ta OTpUMaHMK enekrpoa mnokpuBanu 1wiiBkolo PANI  metomom
raJlbBAaHOCTATUYHOI €JIEeKTPONoiMepu3allii. 3a TaKux yMOB (POpPMYBaHHS IUIIBKU
PANI BinOyBanocs He muIe Ha MOBEepxHi, a i y mopuctiit 3D crpykrypi rGO, mio
3a0e3Meunsio0 MaKCUMaJIbHO MIIHE 3’€IHAHHS MaTepialiB 1 MO3BOJIWIO OTPUMATH
rayuki enekrpoau s CK. Opepkanuii TiOpUIHWUN KOMIIO3UT Ma€ 3HAYHY
cnenu(iuny emkictsb (Puc. 3.60), mo Moxe caratu 632 ®-r* (Ipu rycTUHi cTpyMy
1 A-r7Y) Ta € cTabinpHuM npu HMKITIYHIN 3apsaaui-pospsaani (36epirae 85% eMHoCTi
nicisg 10000 nmkmiB). 3i0paHi MOJENIbHI CYNEPKOHACHCATOPIB MOKa3ajld BUCOKY
cnenudigny minbHicTh eneprii 25 Br-roa-kr i muromy noryxuicts 681 Br-krt,
Kpim Toro, Taki mpuCTpOi € CTIHKHUMH 10 MEXaHIYHHUX 3THHIB 1 MOXYTh OyTH
BUKOPHCTaHI B Cy94aCHUX IMOPTATUBHUX €IIEKTPOHHUX NMPUCTposix (Puc. 3.68).

o
£=1
o

(a)

o

Specific Capacitance / Fg' —

N —a— 3D rGOJ PANI
432 Fg ——3D GO

—a— PANI
352 Fg'

Preparation Elemmpnlymanzauml

Clipping :‘ of rGO film ,

3D fGO
aerogel monolith Stainless steel mesh 3D rGO film 3D {30/ PANI

.

=

=1
T

©

o

=1
T

220 Fg' 204 B¢

ha

=]

=]
T

95 Fg"’
—

iy
o
(=

0 5 10 15 20
Current density / A g’

Puc. 3.6. (a) 3aranpHa cxemy BurotorieHHs riopuanoro rGO-PANI enextpona;
(0) cnenuiuna emuicts GO, PANI ta rGO-PANI xomno3uty npu pizHHX
miepHOCTSIX cTpyMy y 1M H2SO4 enextpouniti; (B) rayukicts IGO-PANI
enexTpoay Ta MmozenbHoro CK Ha HOTro OCHOBI.

[Hmmit Tvun rayykoro Mikpo CK OyJio BUTOTOBJIEHO Ha OCHOBI BYIJICLIEBUX
HaHoTpyOok Ta PANI (MWNI/PANI HaHOKOMITO3UTH), NUISXOM MOCIIJOBHOTO
HAHECEHHs XBUJIENOAIOHMX JOPDKOK KOMIIO3UTY Ha MIAKIAAKY. 3aBAsKU
KOHCTPYKIIIHHUM ocoOmmBocTsiM Taki Mikpo CK MaroTh 3Ha4yHy THYYKICTh Ta
cTifikicth 110 nedopmarttii posrsaryBanHs n0 40%. Burorosneni CK BomoniroTh
BHCOKOIO eMHicTIO (61m3bpK0 44 M®-cM %) Ta 3a0e3nedyroTh IiIbHICTE eneprii 0,07
MBT-cM? mpu nmromiii moryxknocti 0,004 MBrr-cm 2. TaneBaHocTaTHYHi
BUNPOOOBYBAHHS MOKAa3aJy 3HAYHY LUKIIYHY CTaOUIbHICTh TaKUX MPUCTPOIB, IO
HaBiTh micis 20000 1mukIiB 3apsaKu—po3psaku  30epiraiotb 87% €MHOCTI.
Burorosieni mikpo-CK (Puc. 3.7) MoxyTh 3a0e3meuyBatu poOOTY CBITIIONIONY
Oubm sk 20 XBWJIMH HABITh y CTaHI MEXAaHIYHOTO HABAHTAXKEHHSI (PO3TATYBaHHS,
CKpydyBaHHS Ta iH.). Orpumani pesynbraTd cBiguath, mo MWNI/PANI
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HAaHOKOMIIO3UTH € 4YyJO0BOKO OCHOBOWO s Mikpo-CK, ski MoxyTs OyTu
BUKOPHUCTaHI y €IEKTPOHHUX MPUCTPOSIX, IO 3aKPITICH] Ha OJ5131 UM HIKIpI.

[Ile oqHUM MEPCIIEKTUBHUM HAMPSMKOM MPAKTUYHOTO 3aCTOCYBAaHHS MIKpO-
CK € ix BUKOpPUCTaHHS Yy pO3pOOIll CEJIEKTUBHUX Ta30BUX CEHCOPIB.
Bukopucrapmm onwucanuii Buime MWNI/PANI HaHOKOMIIO3UTI 3 10J1aTKOBUM
HAHECEHHSIM IIapy MOJIMIPOTy CTBOPEHO T'a30BUN CEHCOP Ha THYYKIN MigKIIaIl
st imeHtudikamii  etwnoBoro cmupty (Puc. 3.8). Jlns  dikcamii  3MmiH
eJIEKTPOXIMIYHUX XapPaKTEPUCTUK CEHCOpa PO3POOIECHO MIKPOCXEMY Ta IPOrpaMHe
3a0e3IeyeHHs], 1110 JJO3BOJIs€ MPOBOJUTH MOHITOPUHT €TAHOJY y pealbHOMY Yaci 3
Oe3nmocepe/HiM BUBEICHHSIM pe3yibTaTiB Ha MOOUIHbHHI TenedoH. Bucoka
CEJICKTUBHICTh, YYTJUBICTh JIETEKTyBaHHS (He MeHIie 1 ppm) g0 eraHody Ta
XapaKTEPUCTUKH PO3POOJICHOT IHTEIPOBAHOT CUCTEMH (IIBUIKICTH MOHITOPUHTY 13
C, 4ac BIJIHOBJICHHS JUIsl HACTYIHOTO aHamizy 4 C€) MOXYTh CTaTU 3aloOpyKOIO
IIMPOKOTO 3aCTOCYBaHHS IIi€1 PO3pOOKH Al 1HAWBIAYaJbHOTO MOHITOPUHTY
B)KMBAHHSI AJIKOTOJIFHUX HAMOIB BOisSIMU a00 BUSIBICHHS KOHIICHTPAIlil €TaHOIY Y
MOBITP1 HA MPOMUCIIOBUX MiIMPUEMCTBAX.

Puc. 3.7. T'nyuxi mikpo CK Ha ocHoBi MWNI/PANI, 1110 320€311€4yI0Th )KUBJICHHS
CBITJIOZIOAY MPHY HASIBHOCTI MEXaHIYHUX HaBaHTAXXEHb (PO3TATYBAHHS,
CKpY4YyBaHHS, OOTHCKaHHS Ta HAMOTYBaHHS).

(a) (6) (8)

Au electrode
{ 7 2
k| ]
E-.»uj :
MWCNT/PANI 1. Voltage regulator
nanocomposites 2. Signal processing
" 3. Analog/digital convey

4. Microcontroller
5. Bluetooth module

Puc. 3.8. (a) Cxema etaHoin-ra3 ceHcopy; (0) ceHcop Ta eJIeKTpoHHa 1iaTa; (B)
OCHOBHI KOMIIOHEHTH €TaHOJI-Ta3 ceHcopa; (I') MpUKIaand aHali3y BMICTY €TaHOJIY
[P MOTOYHOMY KOHTPOJTI.

VY d4erBepromMy po3aiii poOOTH PO3IVISIHYTO CTBOPEHHS CYNEpPKOHIEHCAa-
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TOpIB Ta €HepreTMYHuUX MpucTpoiB Ha ocHoBi MXene-iB. Edextusnicts CK B
HepIly Yepry BHU3HAYA€ThCA MPHUPONOI0 MaTepiany eiekTpoxiB. Cepeln HOBHX
MarepialiB, 110 3anponoHoBaHi s cydacHux CK 3a ocTaHHI POKH CJIiJT BIAMITUTH
mupoke 3actocyBaHHs 2D rpadeHonomiOHux KapOiaiB (Ta/abo  HITPHUIIB)
NEepexiIHUX METaliB 3arajbHOr0 CKIaAy Mn+1Xn, SKI NPUHUHATO MO3HAYATH SIK
MXene-u. Bucoxka enextponpoBigHicTe MXene-iB y noeaHanHi 3 riipopiabHUMU
noBepxHeBuMH Tpynamu (crmoyku tammy T12CTyx, TisCaTx, NbsCsTx Ta iH.) mMoxe
3a0€3IMeYNTH BUCOKY €MHICTh Ta cTaOuIbHICTh 1ukiry st CK. OgHo- Ta nekinbpka
11apoBi HaHoIIacTUHU MXENe oTpUMYIOTh 13 CIOJIYK 3 IIAPYBATOK CTPYKTYpPOIO
Mn+1AXn, HUIIXOM CENEKTUBHOTO BUTPABIIOBAHHS IIApIB A y BOJHUX PO3UMHAX
HF (uu iHmmmu peareHTamu) 3a y4acTiO YJbTpa3ByKOBOro oOpoOineHHs. Xoua
30BHIIIHA TMOBEPXHS TaKUX HAHOLIAPIB MOXE MAacHUBYBATHCS TiAPOQIILHUMU
(yHKLIOHAIBHUMU TPyllaMH, TaKl YTBOPEHHS MPOJIOBKYIOTh 30€piraTu BUCOKY Ta
CTaOUIbHY €JIEKTPOIPOBIAHICTh Y TIOPIBHIHHI 3 1HIIMMH MaTepiajJaMu-aHaJIOTaMu.
Kpim Toro, mBuaka iHTepKAISIiS—ACIHTepKAIAIIS 10HIB Mk mapamu MXenes
MOke OyTH BUTIHO BUKOPUCTAHA ISl TTOJINIIIEHHS MTUTOMOI IIUIBHICTh €HEPTi Ta

nuTomoi notysxxHocti y CK.
HF-etching — Ultrasonic

*__

Ti,AIC, Ti,C,T, d-Ti,C,T,
@B NF as two
%. A electrodes
s,

T

Dispersion into
iodoacetone

H* i'nte rcélaléd
d-Ti,C,T,

cathode

\
?

Puc. 4.1. 3aranpHa cxema ogepxanss T13C2Tx MXene ta BUTOTOBJICHHS
€JICKTPOY Ha HOTO OCHOBI.

JIJ1st BUTOTOBJIEHHS €JIEKTPOAIB OyJI0 BUKOPUCTAHO Pi3HI Tuniu MXene-iB, a
TakoXk iX komno3utu 3 rGO. 3aranpHy cxemy cuHTe3y MXene-iB Ta iX HaHECEHHs
Ha 3amiHeHui Hikenb (NF) sk cTpyMonpoBiaHy NigkiIaaKy HaBeAeHo Ha Puc. 4.1.
B sikocTi BHIXIZHOI CIOJYKHM BHKOpHUCTOBYBanu 3wmimranuii kapoim TizAlC,,
o0poOka sxoro po3zunHoM HF Npu3BOIWUTH A0 CENEKTUBHOIO BUTPABIIOBAHHS
aTOMapHHX IIapiB ATOMIHIIO 3 yTBOpeHHSIM nepiogudnux 2D crpykryp TizCaTy,
mo Oyyo miarBepmkeHo pesyiabtatamu CEM ta IIEM nocnimkens (Puc. 4.2).
[lonanpine po3aiieHHS HaBEACHHMX IIAPYBAaTHX YTBOPEHb MPOBEACHO ILISXOM
yAbTPa3BykoBOi 00poOku. Otpumani 2D ciTku 30epiraroTb MOYaTKOBY
TeKCaroHaJIbHy CHUMETPII0 CTPYKTYpH, a Ha iX MOBEPXHI JIOKAJTI30BaHO JIEKLIbKA
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tuniB ¢ynkuioHansuux rpyn (-OH, —-O, —F). BiamoBigHo, 3araibHui CKIaja
onepxanux 2D nanommactiBuiB omucye (opmyna TizCoOx(OH)yF.. Hasericts
3a3Ha4eHUX (YHKI[IOHAIBHUX TPyH NpHU eIeKTpoocaKeHHI TuIiBok MXene-iB
CTIpUsi€e OKHCHHM IIpoliecaM, IO NMPHU3BOIUTH 10 PYWHYBaHHS CTPYKTypu. s
3ano0iraHHs 1bOMY TMpOIleCY Ta CTBOPEHHS CTallIbHOiI cuctemu, 2D
HaHoraacTiBii  T13C20x(OH)yF, nucnepryBaau B aleToHi Ta NPOTOHYBAJIU 3
BUKOPUCTAHHSAM MOJ-alleTOHY, Yy BIAMOBIAHOCTI 0 HACTYMHHUX CXEM XIMIYHHX
MIEPETBOPEHb:
CH3COCHS3 + I>—>CH3COCH:l + H" + I
TisCoTx + NnH — [-|-I3C2-|-X(Hn)]n+

Taka pmomaTkoBa (QYyHKITIOHATI3AIIS
J03BOJIMJIA  OTpUMATH  CTaOULTBHI
opraHivyHi KOJIO1H d-TisCoTx
HAHOTUIACTIBIIB, #AKI Oyld BHUKO-
puctani Juis HaHeceHHs MXene-y Ha
NF TJIKJIAJIKY . Len MIX1T
3a0e3neunB  (OpMyBaHHS  PIBHO-
mipgoro mapy d-TisCoTx Hano-
MJIACTIBIIB ~ HAa  TOBepxHI  0e3
BUKOPUCTAHHSA JIOJAaTKOBUX 3B’S3y-
109d KomroHeHTiB (Puc. 4.3).

EnextpoxiMiuHi  TOCTITKEHHS

BUTOTOBJICHUX d-TisCoTx/NF

CJIEKTPOAIB TMPOBOAWIM 3 BUKOPHU-

CTaHHSAM JIy’KHOTO enekrponity (1 M Puc. 4.2. (a—c) CEM Ta (d) [IEM
KOH). mikpodotorpadii TizCaTx.

Puc. 4.3. (a—B) CEM wmikpodoTtorpadii d-TisCoTx HaHOIUTACTIBIIIB HA
noBepxHi NF.

Sk BuaHo 3 Puc. 4.4, cnenudiyna emuicts st d-TisCoTx maTepiany Ha NF
CJEKTPOAl CYTTEBO BHINA B TMOPIBHAHHI 3 aHajloriyHumMu MXene-mu
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BUTOTOBJICHUMH 3 BUKOPUCTAaHHSM TPAAMIIIMHUX 3B’S3YBAILHUX KOMITOHEHTIB.
JInst OLIHKK HMKIIYHOI CTiMKoCTi 3apsaka—po3psaka d-TisCoTx/NF enekrponais
Oyno 3i06pano cepito maockux CK 3 cumerpuunum tunom xomipku (Puc. 4.5a).
Taxki npuctpoi nokazaiu 30epekeHns cnenudiunoi eMHocTi Ha piBHI 100% HaBITH
nicis 10000 ukItiB 3apsaaKu—po3psiaKy, 110 1eMoHcTpye Puc. 4.50.

__1860
" [ —4—1.2 mg
=]
"‘_-.Mu [ *1,, —4— 3.3 mg
'

@120 | 2. 4.1 mg
£ BN e —%— 4.8 mg
S 100 | e
5 S | - S—

[ e ———
g sof I 4
8 i T
Lg ﬁu - :, .............................................................
'E 40 I é.""I . n m
E B Ti.C.T foarbon black-PTFE
g 20F .
u [ i L 1 1 " 'l A L

D 20 40 @0 80 100 120 140 16
Scan rate (mV 5'1]

Puc. 4.4. Cnenudiuna emuicts d-TisCoTx/NF enextposy 3 pi3HOIO KUTBKICTIO
3aBanTakeHHs d-Ti3CaTx marepiany i enexrpoay Ha ocHOBI d-TisCaTy, 1o
BUTOTOBJICHUN TPAJAUIIIITHUM METOJIOM.

CtBopenns komno3uty Ha ocHOBI GO Ta TisCoTx (rGO/Ti3C2Tx KOMITO3HUT)
nependayano BUKOPHCTAHHS BIJIHOBJIEHOIO OKCHUIY TpadeHy sK 3B’SI3yBaJIbHOIO
CJIIEKTPOXIMIYHO akTUBHOTO KoMmmoHeHTy s TisCoTx MXene-y 3 meroro Bu-
roToBiieHHs1 THy4koro TBepaoTuibHOro CK. Insax oxepxaHHs TaKOro KOMIO3UTY
cxemMaTHyHO HaBeseHo Ha Puc. 4.6. O0’emHa Ta crenudiyHa EMHICTh OTPUMaHUX
rGO/TisC2Tx miiBok (BuMiproBaHHs npoBoawian y po3unHi 6 M KOH) nocsrana
sHauenb 370 ®-cm2 Ta 405 O, BimnosigHo. Taki BHCOKI 3HAYEHHS MOXKYTh
OyTtu noB’s3aH1 3 cuHepreTnyHuM edexkrom s rGO/Ti3C2 Tx kommosuty. 3i0pani
cumerpruHi CK (3 BHUKOPHCTaHHSM >KENEMOAIOHOT0 €NeKTPOJIITY Ha OCHOBI
nouiBiHioBoro crnupty ta KOH) matote cnenudiyHy WIUIBHICTH eHeprii 63
MBT-roa-cM 3 mpu cienmdiuniii nmutomii norysxkuocti 0,06 Br-cm 3. Ilpu mpomy ix
€EMHICTh TPaKTUUYHO He 3MiHIeThC micias 10000 nuxiIiB 3apsaka-po3psaka
(WiNBHICTL cTpyMy 5 A-T7Y).

JIJ1s1 BUTOTOBJIEHHS! 1HTEIPOBAHOI'O MPUCTPOIO MEPETBOPEHHS Ta 30€piraHHs
ereprii THy4ki CK Ha ocHOBiI rGO/Ti3C2Tx komMmo3uty OyJio MO€IHAHI 3 TOHKUM
constunuM enemeHToM (Puc. 4.7). BunpoOoByBaHHSI TaKOTO MPUCTPOIO MPOTITOM
108 roaun nokazanu 36epexenHs emHocTi st CK nHa piBHi 98,6% (Ou1blI Hik
20000 umkdiB 3apsaKa—po3psaka). TakuM YUHOM, 3alpONOHOBAHI MPUCTPOI
MalOTh 3HAYHWIA TOTEHIIa]l TMPAaKTUYHOTO BUKOPHCTAHHS s aBTOHOMHHX
CJIEKTPOHHUX CHCTEM.
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(6)

100 s
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W= Current collector { Cation Cycle number

Puc. 4.5. (a) Cxema nporiecy 3apsiaka-pospsiaka B cumerpuanomy CK 3 d-
TisCoTx/NF enexkrponamu; (0) rukitiudi Bunpo6oByBaHHs BuroroieHux CK
3a pi3HMX 3HaUeHb rycTUHU cTpyMy (Maca d-TisCoTx MaTepiany Ha KOXKHOMY

eneKTpoai 5,6 mr).

Exfoliation . k

Graphene oxide }

Mix

rGO/Ti,C,T, film GO/Ti,C,T, film

Puc. 4.6. 3aranpaa cxema otpuManHts rGO/Ti3CoTx KOMITO3HUTY.

Y m’saitomy po3aisi po3risiHyTO OKCHIHI HAHOCTPYKTYPH Ta KOMIIO3UTH IS
riopuaanx CK. Ha choroiHi BBAXKAETHCA, IO MMIABUIICHHS IIUIBHOCTI €HEPTil s
CK mose OyTH TOCSATHYTO ABOMa criocobamu: 301IbIIEHHS BIKHA poO0OUYO0T HAIIPYTH
IUIIXOM  MPOEKTYBaHHS acuMeTpuyHux cynepkonaencaropiB  (ACK) Ta
BUKOPHUCTAHHSA EJEKTPOAHMX MaTepiaiiB He BYIJVIELIEBOI NpUpOau (OKCHIIB,
T1IPOKCHUIB, CyNb(]iliB MOTIBAJIEHTHUX METaNIB, CTPYMOIIPOBIIHUX MOMTIMEPIB Ta
1H.) 3 METOIO MiABUIICHHS crieludiuHoi eMHOCTI. OJHUMU 3 OCHOBHHMX KaH/H/IATIB
Ha POJib aKTUBHOTO enekTpoaHoro marepiany y ACK e cnonyku mepexigaux d-
MeTtaniB (pepyMy, MaHraHy, KOOaJibTy, HIKEIIO), [0 OOYMOBJIEHO MOKJIMBICTIO
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OTPUMAaHHS PI3HUX BAJIEHTHUX CTaHIB JJI1 3a3HAaUY€HUX MeTaniB. OJHaK, BUCOKa
CJIIEKTPOXIMIYHA MPOAYKTUBHICTD JUISl TAKUX CIIOJIYK MOJKJIMBA JIMINE TIPU 3HAYHIN
IO 1X TIOBEPXHI Ta 3abe3nedeHHl €PEeKTUBHOTO TMEPEHECEHHS CTPyMy MIXK
aKTUBHOIO PEYOBMHOIO 1 cTpyMomnpuiiMaueM. JlJis BUPIIIEHHs LIUX MUTaHb y poOOTI
OyJI0 3aCTOCOBAaHO JIBa MIJIXOJU: Oe€3MocepelHE OTPUMAHHS HAaHOCTPYKTYPHU
OKCHUIIB O-MeTaniB Ha MOBEPXHI KOJEKTOPY CTPyMy Ta CTBOPCHHS KOMIIO3UTIB
HaHO(POPM OKCH/IIB 3 BUCOKOIIPOBITHUMH MaTepiajlaMu.

{a } a Sodar cell

P

-y

Vialage
regulator

E r? Current i
rigrilakor 5t

Solar cidl

—
|=]
||

Puc. 4.7. (a) Cxema rHy4KOro iHTErpoBaHOI'0 MPUCTPOIO MEPETBOPEHHS Ta
30epiranns eHeprii; (0) ¢poTorpadii 3i0paHOro MPUCTPOIO; (B) CXeMa MPUCTPOIO.

Hanoposmipny dopmy 6-MnO: Oyno oxepkaHo  0Oe3nocepenHiM
HapollyBaHHsAM 3a pizHUX TemrepaTyp (30-50°C) mopucTux HaHOIIAPIB OKCHIY
Ha 3amiHeHoMy Hikeni (NF) y BogHuX po3umHax anerary MaHraHy B MPUCYTHOCTI
xenatyrodoro pearenry (EDTA), nyry (NaOH) Ta oxuchHuka (K2S20g).
KimtouoBuMu mapaMmerpamu, SKi BIJIUBAIOTh Ha MOP(QOJIOTII0 OTPUMAHHX
HanomapiB 0-MnO; € TemmepaTypa Ta yac peakxiii, mo Oyjo 3’sicoBaHO 3a
pesynsraramu CEM t1a TEM pocnigxens. 3menmenns temneparypu (30°C) Ta
MOAOBXKEHHA vacy ocamkeHHs (3 0,5 mo 12 roa.) crpusiTh (HOpMyBaHHIO
BEPTUKAJILHO OPIEHTOBAHMX HAHOILIAPIB 3 BUCOKOIO OJHOPIAHICTIO Ta HIUIBHICTIO
nokputTss NF minknanku. I[Tomamemn eneKTpoXiMidHI JOCIHIJKEHHS CTBOPEHHX
CJIIEKTPOIB (B SAKOCTI €NEKTPONiTy BUKOpucTaHO 1 M posunn NaxSO4) nmokazanmu,
o came taka mopdosoris 3abe3neuye MakCUMaibHy crenudiuny emHictsh (325
®-r! npu mineHocTi ctpymy 1 A-rl, Puc. 5.1), BHCOKY IMKIIYHY CTiHKiCTBh
(BTpata emHocTi He mepeBuiye 15% micas 1000 mukiiB 3apsaka-po3psaka 3a
IBKMAKOCTI ckanyBanus 30 MB-c™), a Takox Haiikpanty nposigaicts (Rs = 0,36 Q).
[IpocToTa BHUIOTOBJIEHHSA, HE3Ha4YHAa COOIBAPTICTH 1 BIAMIHHI €JIEKTPOXIMIYHI
BJIACTUBOCTI BKa3ylOTh Ha 3HA4YHy NEPCIEKTUBY MPAKTUYHOTO 3aCTOCYBaHHS
ormucanux enextpoiB st ACK.
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JUiss  oTpuMaHHsS ~ 1HIIOIO 350 S
HAaHOCTPYKTYPOBAHOTO  KOMIIO3UT- 300 - —0—40°C
Horo mokputTs Tuiy MnO2-Ni(OH):2
TakoX BUKopucTtaHo NF migkmanky.
[Tonepenqubo moBepxHi0O NF 0Oyno
BKPHUTO CTPYMOTIPOBITHUM KOMITO3H-
Ttom Ha ocHoBi caxi (NF/AB
MIIKIAAKA) 3 METOI 30UIbIICHHS
aaresii crpymornpuiiMaya Ta TOSIBU 0 — L A : L
Ha HOro TMOBEpXHi peakIiiHuX Current density /Ay
HEHTpIB Il  (QOopMyBaHHS HaHO- _ . _
crpykrypu.  MnO2-Ni(OH);  (MN Puc. 5.1. Cneuudiuna eMHICTD 3a pi3HOT
HIIbHOCTI cTpyMy 0-MnO2-NF

€JICKTPO/IB, III0 BUTOTOBJICHI MPH PI3HUX
TeMITepaTypax HaHECECHHS HAaHOTIOKPHUTTSI

0-MnO:..

250

200 -

150 F \KM\Q

100 -

Specific capacitance | Fg”

0+

KOMIIO3UT) OJEpX aHO B YMOBax
riIpOTEPMAIbHOTO CHHTE3Y B TMpH-
cytHocti NF/AB migknaaku (MN-
NF/AB enekTpos), 110 BiAmMOBIiAaIo
HACTYIHUM CXE€MaM XIMIYHUX MEPETBOPEHB:
AMnO4~ + 3C +H,0 — 4Mn0O; + CO3?~ + 2HCO3~
COs* + H,0 — 2HCO3™ + OH-
Ni?* + 20H—Ni(OH);

Takox 3a THX k€ ymMoB Oynu oTpumani yucti MNnO; HaHOCTPYKTypH Y
BigcyTHoCTi HoHiB Hikemo (M-NF/AB enekrpon). Cxemu 1ux mpomeciB i CEM
MikpodoTorpadii OTpuMaHUX MOKPUTTIB HaBeaeHo Ha Puc. 5.2. 3pocrtanHs
okcuHOi cyminti MnO2-Ni(OH). BinOyBaeTbes 32 paxyHOK BOJHEBHUX 3B’SI3KIB, 110
MaroTh Oe3nocepeIHIi BIUIMB HA reoMeTpito 3D HaHOCTPYKTypH. SKIO y BUNIAIKY
M-NF/AB enekrponry MnO, HaHOCTPYKTypOBaHO IIAPyBaTHM YHHOM, TO
NPUCYTHICTh TIAPOKCHIY BHUKIMKAE PICT TEPEIUIETEHHsS HaHOIIApiB 3 iX
MPIOPUTETHOIO OPIEHTAIEI0 MEPICHANKYIAPHO 10 Tiakianku. OcTaHHIA BapiaHT
pocty 3D HaHOCTPYKTypH crpusie 30UIbIIEHHIO 11 3arajibHOi MOBEPXHEBOI ILIOIII],
110 OyJI0 MATBEPKEHO EKCIEPUMEHTAIIBHIMHI BUMIPIOBAaHHSIMU COpOLIii a30Ty.

EnexTpoxiMiyHi BUIPOOOBYBaHHS OTPUMAHMX €JIEKTPOAIB MPOoBeAECHO B 1 M
posunni KOH. Cepen Burorornenux enektpoaie  MN-NF/AB  enekrpon
IIPOJIEMOHCTPYBAB CYTTEBO Kpalli eMHicHI xapakrepucTuku (4,86 C-cm™2 Ta 10,15
®-cm 2, Puc. 5.3a). Taki XapakTepUCTUKH 3 OJHI€I CTOPOHM MOSCHIOKOTHCS OiIbII
po3BUHEHOIO Iometo noBepxHl MN-HaHoOkOMMIO3UTY, a 3 1HIIOI 3yMOBIIEHI
MO>KJIMBICTIO peani3alii Ha eJIeKTPOJl eNEeKTPOXIMIYHUX MPOLECIB 13 3aIyYeHHIM
10HIB PI3HOTO THUITY, K CXEMaTUyHO Moka3zaHo Ha Puc. 5.36. Jlns 3i0paHux
npuctpoiB ACK 3 Bukopucranasm MN-NF/AB Oymu otpumani 3HaueHHs 3,62
MBrr-cM® ta 11 MBr-cM™ (Puc. 5.3B), mpuuomy BHIPOOOBYBAaHHS LMKJIIYHOI
CTIMKOCTI y MpOIIEC] 3apsiiKa-po3psaKa mokaszanu 30epexkeHHs 86% eMHoCTI micis
10000 mukmiB. Takuii pe3ynbTar MOKa3zye, IO NMPUHLUI BUKOPUCTAHHS PI3HUX
€JIEKTPOXIMIYHO aKTHUBHUX OKCHJIIB/T1IPOKCUIIB Y MeXaX OJHIE] HAHOCTPYKTYPH
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MOXX€ CTaTH BIATUM MIISXOM JJIS TIOKPAIICHHS XapaKTEPHUCTHK TiOPHIHUX
CYTIEpKOHICHCATOPIB.

YHO)IN-ZQuUW

Puc. 5.2. 3aranpna cxema otpumanis M-NF/AB (a) i MN-NF/AB (e)
ta Mikpodororpaii CEM BUroToBIEHUX elNeKTPOIiB (0—1).

(6) (8)

—
js]
—

-
=]

P —> W-NF/AB o [—o—M-NF/AB
x —a— MN-NF i
E[Poooo o unwrag e § [~-mnnrne
z §e- e, Ni(OH)z «w(OH) %
g i Vg NifOHR«~~0H) 2 1 J
: % 9o
8 “%‘;_\_:_\_‘0 S . Mno2 «~K g 233
§ e e e =
o
= AN v WA g
01 ) 12 PR O 5
Current density (mA cm ) 0.1 L

-

Power den;t:ty (mW cm™3) b
Puc. 5.3. (a) 3anexxHOCTI €MHICHI BUTOTOBJICHUX €JIEKTPOIIB Bi/I IIIJTLHOCTI
cTpyMy; (0) IPUHIIMIT B3a€EMO/II1 KaTIOHIB 1 aHIOHIB SJICKTPOJIITY 3 PI3HUMH THIIAMHU
aktuBHUX 1eHTPiB 11t MN-NF/AB enektpoay; (B) muroma HIiIbHICTh €HEPril Ta

nutoma noTyxHicth 411 ACK Ha ocHoBi MN-NF/AB enekrpony.

[Ipu cTBOpeHHI KOMMO3UTIB HAHO(DOPM OKCHAIB 13 TMPOBITHUMH Ta
BUCOKOeMHICHUMH Matepiamamu st ACK  po3riasHyTO HHU3KY MOKIMBHX
BapiaHTiB. Sk Bke OyJI0 MOKa3aHO y momepenHix pos3aiiax, nomianutinu (PANI) e
OJIHMMHU 3 HAMOUIbII MEPCIeKTUBHUX MaTepiamiB ansa enektponiB y CK, onHak im
IpUTaMaHHE MOCTYIIOBE IMaJiHHSA €MHOCTI IIpU OaratopaszoBiii 3apsIii—po3psIlii.
Hocnimkenns riopugHoi HaHocTpykTypu PANI-anietunenosa caxxa (PANI-AB) 3
HaHoTpyOkamMu MNO2 Oyno mMmpoBeneHO 3 METOI YCYHEHHS LbOTO HEIOJIKY.
3aragpHa CXeMa OTPHMMAaHHsS TAaKOro KOMIIO3UTY HaBeaeHo Ha Puc. 5.4a. Ha
nepiomMy etani 0yJiv CMHTE30BaHi TigpoTepManibHUM MeTogoM MnO; HanHoTpyOKH
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(puc. 5.46), BiIMOBIAHO JO PIBHSIHHS PEaKIIii:
2KMnO4 +3MnS0O4 + 2H20 — 5Mn0O2 + KoSO4 + 2H2S04

Jam 1iOpuaHi HAHOKOMIIO3UTH OyJIO OTPUMAHO IUISXOM 3MIIIyBaHHS
KUCIMX BOAHUX cycrneHs3idi MnO; HaHOTpyOOK Ta aHUIIHY 1 alleTHJIEHOBOI Caxi
(ximpkicte AB BapitoBanu y mpomnopiisix tumy PANI-0%AB, PANI-2,5%AB,
PANI-5,000AB ta PANI-7,5%AB) mpu 0°C (Puc. 5.4a). OnepxaHni B Takuii
crioci6 TiOpuaHi HaHOTPYyOKH Kommo3uty (Puc. 5.4B) Oynu BijjiiieHi IEHTpU-
¢GyryBaHHSIM Ta BUCYIICHI Y BaKyyMI.

(a)

MnO, tube

PANI—ABlB‘[IlO; fiber
S st SN
—

L]

PANI-A Blhol.low fiber

® (] e D L
i.ae a.-o .e.n
e o o &

|1D hollowed branched
PANI-AB hybrids

Puc. 5.4. (a) Cxema oTpumaHHs Ta MexaHi3My pocTy HaHoTpyOok PANI-AB 3
MOPOKHUCTO Po3ranykeHoro cuctemoro; (0) [TIEM mikpodororpadis MnO:
HaHOTPYOOK; (B) IIEM mikpodotorpadis 1D PANI-AB nanoxommnosury.

JlocmipKkeHHsT eNEeKTPOXIMIYHUX XapaKTePUCTUK JJisi €JIEKTPOIIB Ha OCHOBI
OTPUMAHUX KOMIO3UTIB NPOBOJWIM y KHCIOMY CEpeAOBHINI (K EJIEKTPOJIT
Bukopuctano 1 M posumn H>SOgs). TIpoBeneHi eIeKTpOXiIMIYHI TECTH TMOKA3alIH,
o0 TIOpUAHI HAHOKOMIIO3UTH BOJIOAIIOTh 3HAYHO OUIBIIOK CTIMKICTIO MO
BiJTHOIICHHIO J0 IUKIIYHOI 3apsaaku—po3psiaku y mopiBHsHHI 3 CK Ha ocHOBI
unctoro PANI (B ymoBax CV IMKIIOBaHHS NPH IIBMAKOCTI cKaHyBaHHsa 50 MB-c™!
BoHU 30epiratoth 86% emuocti micis 1000 mukmiB). Hampuknaa, riOpumHuii
nanomatepiann PANI-50%AB nemoHcTpye Habarato kpamly eJeKTpOXIMIUHY
npoxykTuBHicTb (520 ®-r ! 3a mineHocTi crpymy 1 A-r™t) y nopiBHsHHI 3 uncTEM
PANI (271 ®-r %, winenicts ctpymy 1 A-t7Y). Binbur Toro, 3i6pana komipka CK Ha
ocaoBi PANI-50%AB enextpony 36epirac 80% emHocti HaBiTh micias 5000
UKJIB 3apsiiKa-po3psika. BUHATKOBY cTaOUIbHICTh TaKUX T1IOPUAHUX €TIEKTPOIIB
CJIiJT TIOSICHIOBATH HACTYMHUMH JBoMa (paktopamu: 1) 1D mopoxHUCTUI XapaKTep
HAHOCTPYKTYpH 3a0e3ledye 3HauHy IUIOLLy KOHTAaKTy JJI MPOLECY 1HTepKasaLii
NPOTOHIB Ui AaKTUBHOTO Marepiaidy; 2) HasBHICTb HaHOYacTMHOK AB vy
riOpUIHOMY €JEKTPOJl CIPHUAE€ BUHUKHEHHIO TPUBUMIPHHUX EJEKTPOIPOBITHUX
KaHAJIIB, AKl 3a0€3Meuy0Th €JIEKTPOHHUUN TPAaHCIOPT MijJ 4Yac IpOLecy 3apsiaKa-
pospsiaka. Ciig TakoXK BIAMITHTH, IO 310paHi Ha ocHOBI riOpunHux cnoiayk CK
(emextpon tumy PANI-50%AB) matoTe 6araTtoo0imsiodi XapakTepUCTUKH, IO
HaBiTh IIPU BUCOKiM ryctuni ctpymy (10 A-r?) cararors 3Hauens 6,32 kBrkr i
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14,1 Br-rom-xr.

Hactymaum 006’ektoM jgocmipkeHb Oynu 3mimani mopucti C0O/C0304
HAHOKOMIIO3UTH, M0 OyJI0O OTPUMAHO y BUTJISII arjoMepariB HaHOYACTHHOK 13
cepenaHiM pgiamerpoM 5 £+ 2 HM (MOPHUCTICTh IMOBEPXHI OyJO TIATBEPKEHO
pesynbratamu BET BuMiproBaHb, 1110 OKa3aJd BUCOKY HasiBHY IUIOLLY MOBEPXHI
6mu3pko 186 M217Y). Ix cuHTE3 IPOBOAMIN MIIAXOM B3a€MOJIIi alleTaTy KOOajbTy 3
TIIPOKCUJIOM HATpil0 B pO3YMHI aOCONIOTHOTO €TaHoNy, 3 MOAAJIbIINM
BUTOTOBJICHHSM KOMIIO3UTHOTO MaTepialy Ha OCHOBI OTPUMaHUX HAHOYACTHHOK
Co0/C0304, ameTuiacHOBOI caxi Ta AUCICPCHOrO ToJiTeTpadIyopeTHICHY
(PTFE), sxi 3mimyBanmu y wmacoBiii mpomopitii 8:1:1. s Takux eneKTpojiB
BUMiproBaHHs crienudiuHoi eMHOCTI Mmokasanu 3HadeHHs 451 -t (winbHicTh
crpymy 1 A-rl), mo cyrreBo BumIe y MOPIBHSHHI 3 €IEKTPOJAMU HAa OCHOBI
uucroro CoO (203 ®-r') npum rakiii ke minbHOCTI cTpymy. Ilpm mBpOMy
cnernugivyHa €MHICTh €NeKTpoAiB 30epiracThecst Ha piBHI 100% HaBiTh micas 2000
IUKIIIB 3apsiaka-po3psiaka. 3i0panuii ACK Ha OCHOBI JTOCHIIKEHOTO €IEKTPOIY
MOKa3aB XOpPOIIl 3HAYECHHS XapaKTepUCTHK Yy pamkax mnoteHmiamiBe 1,4 B (140
kBr-kr? i 10,52 Brromkrl), mo BKasye NEPCHEKTHBY MHOTO IPAKTHYHOTO
BUKOPHUCTAHHS y MiKPOCYTIEPKOHACHCATOPAX.

Y mocromMy po3gijai onuMcaHo OCOOJMBOCTI OTPUMaHHS Ta pE3yJIbTaTh
JOCTIKEHh HAHOCTPYKTYPOBAaHMX KaTamizaTopiB. B  skocTi eexkTuBHHX 1
cTabuIbHUX O1PYHKITIOHAIBHUX €JIEKTPOKATAI3aTOPIB PO3KIAy BOJIU PO3TIITHYTO
Ni—-Co-dochinu. Hanoaporu ta nanomuctu Co2P, NioP ta NICoP Oynu orpumani
Ha noBepxHi 3amnineHoro Hikento (NF) y aBi cranii. Ciouatky HaHocTpykTypu Ni—
Co-kapOoHaT TIAPOKCUAIB  BUpollyBanu Ha mnoBepxHi NF  merogom
rIPOTEPMAIBHOTO CUHTE3Y (B3a€EMOJIISI PO3UMHIB HITPATIB METANIB 3 KapOamizoM
npu 120°C B mpucytHocti dropuny amoniro). [lokazano, mo Ha MOPGOIIOTi0
HaHocTpykTypHu (1D 3aroctpeni Hanoapotu uyu 2D wHaHomucTtm, Puc. 6.1a-B)
MOXHA BIUIMBATH BapirolouM KoHIeHTpali kapO6aminmy ta NH4F y posuuni. Ha
NpyTii crafii cuaTe3y nposoauiacs Gocdopusaris Ni-Co-kapOoHAT TiIpOKCHIIB
dbochinom B atmocdepi aprony mnpu 300°C, mo He MPU3BOAWIO O MOPYIICHHS
HaHoCTpyKTypH (Puc. 6.11).

EnexTpoxiMiuHl MOCHIDKEHHS TOKa3aJid, IO BUTOTOBJICHI 3a OMUCAHOIO
CXEMOIO €JICKTPOIN TPOSBIISIIOTH HAJI3BUYAHO BUCOKY KaTATITHYHY aKTUBHICTh Ta
CTaOUIBHICTD K Yy peakiii BuauieHHs kucHio (ORE), Tak 1 mpu BUIiJIEHHI BOJIHIO
(HER), Puc. 6.1a. Haiikpamuii pesynbratr orpumano mis 1D HaHoCcTpykTypHm
(3aroctpeni HoHoipoTH JiameTpom 80—150 um, Puc. 6.1r) 6imeraniunoro ocdiny
NiCoP: B 1 M posuuni KOH npu mineHocTi crpymy 100 MA-cM 2 nmepeHanpyru
ckaamu 197 1 370 MA g peaknii HER ta ORE, BimmoigHo. Taky BHCOKY
KaTalmiTHYHy e(EeKTUBHICTH OOYMOBIIOIOTH OJIpa3y JNeKiTbKa (hakTopiB, a came:
0coO0uBICTL (OpPMHU Ta OJHOPIJHA IIUIBHICT, PO3MIMICHHS HAHOAPOTIB Ha
noBepxHi NF, mo 3a0e3nedye IIBUIKUN EICKTPOHHUN TpPaHCHOPT MO
CTpyMOIIpHiiMaua; CHHEPTiYHUM e(QEeKTOM, SKUI BUHUKAE 3aBISKH TOETHAHHIO
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HIKEII0 1 KOOajnpTy Yy KaTami3atopl; BHHUKHEHHSIM «BTOPUHHUX» (MeTal-
dbocdaTHuX) eJIeKTpOKaTaJIIBaTOplB Ha mmoBepxHi NiCOP.

(a‘f‘?

“ ::‘ n\uyﬁ

-'. o

1204 —MNiCo-CH
['ﬂ'} e NigP
— CooP
—— NiCoP

8

$

0.8

:

0.44

s

Potential ( V vs. RHE )

Current density [ mA cm™2 }
=

04 00 04 0B 12 16 20 8 TR T T e R .
Potential ( V vs. RHE ) Time (h}

Puc. 6.1. (a—B) CEM 300paxenns Ni—Co-kapOoHnat rigpokcunis 3 1D (HaHOApOTH)
1 2D (manomuctn) crpykrypoto; (r) [IEM 306paxennss NiCOP Honoxportis
niamerpom 80—-150 um; (1) mossspu3artiiiHi KpuBi eekrpoiB Ha ocHOBi Ni—-Co-P
HanoapotiB y HER 1 OER cucremi y BapiaHTi TprOXeNeKTpoaHoi cxemu (1 M
KOH, mBuaxicts ckanyBanss 1 MB-c™); () cTaGinbHICTh y Yaci exexkTposisy s
enexrpoanoi napu NiCoP/NF||NiCoP/NF mpu ryctusi ctpymy 20 MA-cm 2

Enextpomnizna  komipka, BUTOTOBJICHA ~ Ha  OCHOBI  OMHCAHOTO
eJIeKTpOKaTali3aTopa fK aHOLy 1 KaToay, IpH IIiIbHOCTI ctpymy 20 MA-cM™
notpedbye Hanpyry 1,64 B 1 mokasye BiIMiHHY €JIEKTPOXIMIUHY CTaOUIbHICTh (HE
MeHiIe 28 rox.), Puc. 6.1e.

BBaxaerbcs, 1mo ¢oTokaTaii3 po3Kiaay BOAM HAa BOJEHb 1 KHUCEHb MOXKE
CTaTH OJHUM 3 HAWOUIBII MEPCHEKTHUBHUX CHOCOOIB MEPETBOPEHHS COHSAYHOI
eHeprii, oJHaK e(QEeKTHUBHICTh JAHOTO MPOIECY 3aIHMIIAETHCA HH3bKOIO. [l
MOJANBIIIOT0 BJOCKOHAJICHHS 1 MiABUINCHHS €(EeKTUBHOCTI (DOTOKaTaI3aTopiB
BOJM B pOOOTI 3aIpOIIOHOBAHO HOBY CTpAaTerir0 CTBOpeHHs ¢oToaHomiB — 3D
rerepocTpykrypu Ha ocHOBI BiVOas/Fe (NiixFex i CoixFex)-LDH (LDH —
niapyBati NOABIMHI Tipokcuan). [IpuHuun iHTepdeiic-iHKeHepii Mpu CTBOPEHHI
TakuX (POTOAHOIIB MOJIAraB y MOCAAOBHOMY BupoiryBaHHI BiVOs miniBok (3
BUKOPUCTAHHSAM TipOTEPMAIBLHOTO CHUHTE3Y) 3 MOJANBIINM HAHECEHHSM Iapy
LDH (enmexkTpoxiMiuHMil MeTOM), SIK Moka3aHo Ha Puc. 6.2. Take KoMOiHyBaHHS
HaHOWIApiB, y MOpiBHAHHI 3 yuctuM BiVOs, mpu3Beno 10 3HAYHOTO MOHMKEHHSI
nepenanpyru peakuii OER (320 mB), mo npu6iu3HO B HOTUPHU pa3u MIJBUILUIO
e(eKTUBHICTh peakuli BUIIIEHHS KHUCHIO, Puc. 6.3a. TeopeTuuyHi po3paxyHKH
(DFT) mnokazamm, mo mnomimmeHHs ¢oTtokatanizy mis OER B ocHOBHOMY
BiIOYBAa€EThCS 3a PaxyHOK TIOCWJICHHsS TIOTJIMHAHHA CBITJA, 3pOCTaHHS
MDK(}a3zoBoro mnepeHeceHHs (oToreHepoBaHOro 3apsany y (QoroaHomi Ta
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MOJIIIIIICHHS KIHETHKW OKHCHEHHS BOJIM Ha TIOBEepXHi enekTpoxay (Puc. 6.30).
(a) ' '

Hydrothermal \

e e S=——"

BiVO, seed layer BIiVO. crystal BiVO /Fe-based LDH
T i e interface heterostructure

Puc. 6.2. (a) Cxema, 110 1eMOHCTPYE mociigoBHICT cTBopeHHs BiVO4/Fe-LDH
rerepoctpyktypH; (0) [TEM i (8) BPTIEM 306paxkenns BiVOa4/NiosFeos-LDH.

d] oa4s 4.0

[ },. —— BiVO, [6 } 55 U=12BY e BiVO, (010)
.35 —— BiVO,Ni, Fe, -LDH sl v Ny o Fey o o-LDH (001)
5 1== f'.i?!:?lf?fﬂf?psﬂ?DH_ 0.31 2.5 - Ni . Fe, -LDH (001)
S 0.274 erenrarmi s 5 S OH .———
B 2204 =
& 1] i
= - 1 .5" & —
g0 ey {207V < O0H
5 101 ¢ 68V
- “Iho/ foTev o
g 0.0 g = = = 078V e s
Tovtb————— ki =
E 02 04 06 08 10 12 5
@ Potential (V vs.RHE) Reaction coordinate

Puc. 6.3. (a) EdbexTuBHICTh IepeTBOPEHHS COHAYHOI eHeprii 1 BiV Oy,
BiVOa4/NiosFeos-LDH Ta BiVO4/CoosFeos-LDH (yci aani orpumano s 0,5 M
po3unny Na>SOg); (0) miarpama BibHOT eHeprii ['iOca peakiii BUIiICHHS KUCHIO
st BiVOs 1 BiVO4/NiFe-LDH.

AKTYyaJnpHOI0 TpOOJIEMOI0 EHEpPreTUYHOl cdepu 3aquIIaeTbCsl MUTAHHS
HIKIJJIMBUX BUKHUAIB y aTMoc(epy, 30KpeMa HITPO3HHUX ra3iB Ta OKCUIY KapOOHY
(I1). BigmoBimHo, IS NOMIYKY e()EKTHBHUX KaTalli3aTOpiB BiJHOBICHHS YU
OKMCHEHHSI 3a3Ha4Y€HHUX Tra3iB OyJ0 pO3MJISIHYTO HHU3KY OKCHUAHHMX CHCTEM, SIKl
ollep)kaHo 'y HaHOGOpMiI 3 BHUKOPUCTAHHAM PI3HUX CHHTETHYHUX IT1IXOJIB.
Karamizaropu okucHeHHs 3anumikoBoi caxi Ta NOx TrasiB 31 CKIaJIoM
CexCo1-xCr204 (x = 0-0,15) oTprMaHO HUIAXOM CYMICHOTO CIATIOBAHHS CYMIIICH
HITpaTiB MeTaliB Ta Kapoamigy. Sk pe3ynbrar, OyJ0 CUHTE30BaHO HaHOYACTHUHKU
ME30IOPUCTOI KEPaMiKH 3i IIIiHEIeBUM TUTIOM CTpyKTypH (Puc. 6.4). 3aminieHHs
kobanpTy 1epiem y CoCr20s mpu3BOAUTH 0 MOMITHOTO BIUIMBY Ha aKTHBHICTH
KaTaji3aTopiB BIAHOCHO OJHOYACHOTO OKMCHEHHs caxi 1 NO (yTBOPIOIOTHCS K
HACJIIOK 3TOPSIHHS JU3eNIbHOTO ManuBa). Halikpamuii pe3ynasTaT Oysio 3HaIeHO
ns Hanokepamiku Ceo1C009Cr204: mpu Temneparypi 445°C BinOysacrbes 90%
koHBepcia caxi Ta 70% NO, BignoBigHo. Sk Oyno 3’sCOBaHO, TaKUM pe3yJbTaT
MoB’s3aHO 3 JAedopMalll€l0 CTPYKTYpH IIMIHENl 31 30UIbIIEHHSIM KOHIICHTpaIli
BakaHCii OKCUI€HY, 110 CHpHUsE PYXIUBOCTI 10HIB OKCUIEHY 1 MiJIBUILYE OKHUCHO-
BiJIHOBHY CIIPOMOKHICTh KaTajizaTtopy.
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Cepito  WO3/TIiO2  karani- (a)
3atopiB poskiany NOy raziB 0Oyio
OJIep)KaHO 3 BUKOPHCTAHHSIM 30JIb-
resib MeroAay. Jlociimkenus OyaoBu
Ta Mop¢osorii OTpUMaHUX HaHO-
yactTuHOK (Puc. 6.5a) mnokazanu
piBHOMipHU# po3nonain WO3 (10 30
mac.%) y marpuii TiOz. Orpumanni  (6) 100

KaTani3zaTopu MaloTh BHUCOKY 2: l

KAaTaJITHYHY  aKTUBHICTh OO = iy %’ e
nepersopenass NO B Tewmme- g e0] /./f__ :‘;;ﬂ \\
parypHoMy iHTepBami 350-600°C g 22 g e

(Puc. 6.50). Haiikpami xapakre- 8 oy & Iﬁij&;ﬁ\
pUCTUKH 3a(iKCOBaHO Jisi Kara- 2 20| »—-=—" e T
mizatopy  WO3(25%)/TiO2,  skuii 104

3abe3neuye npubauzHo 90% pos- °" 350  ado %0  sdo 530 660
kian NO 3a temmneparyp 350- Temp (1T

GOOOC. Takox §yno BHTOTOBIIEHO Ta Puic. 6.5. (a) TIEM 306paeHHs
AOCIDKCHO  IHIIMM - THIT  KaTa- HanouyactuHOK WO3(25%)/Ti02; (0)

J3aTOPY CENEKTUBHOTO BIJTHOBJICH-
Ha NOy, CTBOPEHOr0 Ha OCHOBI
okcugiB CeO-WO3 (CeW kara-
mizarop). Hosuit CeW xaramizarop
HE TUTBKU HE MOCTYHAaeThes ioro mpomucioBomy npototumny V20s—WO3/TiO2, a i
Ma€e HU3KYy TMepeBar. AHaii3 OTPUMAaHUX EKCHEPUMEHTAIBHUX PE3yibTaTiB 1
npoBeneHux teopetuuHux po3paxyHkiB (DFT) BusiBunu, mo CeW kartainizaTop €
OB CTIMKUM J0 JIeaKTUBAIlll KaTATITUYHOT aKTUBHOCTI y HACIIJOK HAKOTTMYCHHS
fioHiB nmyxHux meramiB (Puc. 6.6). Bingbim toro, kartamiTiuHa akTuBHiCTH CeW
KartajizaTopa Moxke OyTu BigHOBIeHO Ha 90% mpu HOTO MPOMHUBAHHI Tapsuoi0
BOJIOIO.

KaTaJITUYHA aKTUBHICTH IIOA0 pyHHALIiT
NOx ms katamizatopis WO3(m)/TiOz 3
pizauM BMicToM WOs.
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Puc. 6.6. KaraniTnuHa akTHBHICTH
npomucioBoro V20s—WOs3/TiO:
(V-W/Ti) i onepxaHoro
Ce0,—~WOs3 (CeW) karamizaTopis,
a TaKO’X BIIIMOBIIHUX
KaTaJli3aTopiB, 0 KOTPYEHO
nonamu kamito (1%mac.).

(a)

Jlns  mpouecy  KaTaJliTHYHOIO
neperBopeHHss CO [0 BYTIJIEKHUCIOTro
razy y poOOTi TakoX pO3TISIaIUCS
HAaHOCTPYKTOPOBaHI MeTaJiyHl KaTa-
mizatopu. CHUHTE3 NEHAPUTOIOIIOHUX
HAaHOCTPYKTYp  METaJIYHOrO  1pIiJii0
MPOBOAMIM BIJMOBITHO J0 CXEMHU, SIKa
HaBOAUTHCS Ha Puc. 6.7a, a TuIn
MIIKIAAKA JIJI1 HaHOYACTHHOK Bapiro-
BaJId: 3MINIAHOBAJICHTHUM T1APOKCH]
Fe(OH)x, Al;O3, TiOg, CeO:a.
JlocaiKeHHsT KaTaJdiTHYHOI aKTHBHO-
cti okucHenHs CO, BHABHIO, IO
OTpYMMaHI KaTaji3aTopu MepeBaKaloTh
npomucioBuid mporotunt (Puc. 6.70);
BaYKJIMBO BIJIMITUTH, 1110 BUKOPUCTAHHS
migknaaka Fe(OH)x 3HauHO mOHUMXKYE
TeMIiepaTypy noBHoro okucHeHHs CO
Ha Katamizaropi ax g0 120°C.
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Puc. 6.7. (a) Cxema cuHTEe3y JIEHIPUTONOAIOHUX HAHOYACTOUOK 1pU/IIIO;
(6) karamiTuuHa akTUBHICTH OKHCHEHHsT CO HAaHOIPUIIEM, 10 HAHCCEHHI HA Pi3HI
Uy miakiaanok (mosnauenns Fe, Al, Ti, C Bignmosigarots miakiagkam Fe(OH)y,
Al>03, TiO2, CeO2) Ta mpoMucIIOBOro Kataiizaropa (yopHuii ipuiii) Ha Fe(OH)x.
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Y cboMOMY Ppo3aijii  pO3MISSHYTO PE3yJbTaTH EKCHEPUMEHTAIbHHUX
JOCIIJKEHh Ta TEOPETUYHUX PO3PAXyHKIB IS HU3KM HaHOMAaTepiaiiB 13
OCOOJMBMMH  ONTUYHHUMHM, JIIOMIHECHCHTHHMH Ta  HaIiBIPOBIIHUKOBUMU
BJIACTUBOCTSIMHU, SIKI MAalOTh TEPCIEKTUBU TOJAJBIION0 BUKOPUCTAHHA B
€HEProNnepeTBOPIOBAILHUX UM €HEPro30epiralounx TeXHOJIOTIsX.

OxcuaHi MaTepialiu, 10 JISTOBAHO 10HAMU
pinkicHo3zemenbHuX eneMmeHTiB (P3E), marorhb
BEJIMKUN TOTEHIial 3aCTOCYBaHHS B SKOCTI
JTHOMiHO(OpIB VIS eHepro3oepirarounx
TEeXHOJIOTIH. HaHOCTPyKTypOBaHICTh  TaKuX
MarepialliB  J03BOJISIE  CYTTEBO  30UJIBIIUTH
CIIBBIJHOIIIEHHS iX IOBEPXHI 70 00’eMy, IO
3HQYHUM YUHOM MOXE TMOJIMIIUTH TEBHI
ONTUYHI XapaKTEPUCTHUKHU. v po0oTi
e(EKTUBHICTh TAKOTO MIAXOAY PO3TISHYTO IS
noasiiiaux momioaatie NaY(MoOs)z2, mo Oyiio
nerosano Honamu Eu®" a6o mapamu ionis P3E
(Eu®* + Tbh® um Yb% + Er®'). Buxopucranus
nmoJliMeTHIMeTakpuwiaTHoro  temriaty  (Puc.
7.1a) Ta coib-reab METOAY  JI03BOJIMIIO
OTpUMATH  YHOPSJIKOBaH1 3D 00’ emHI1

HAaHOCTPYKTYpH JIETOBAaHUX mozBifinux ~ PHC. 71 (a) ®ororpadii CEM
moniOnaris (Puc. 7.16) y Mexax 3a3Hauenux  [[OTIMCTHIMCTaKpHIATHOTO
Hmwkue cknagiB: NaYix(MoOg), : XEud* (x = TeMIUIaty 1a (6) ctopenoi 3D

0,01, 0,03, 005 0,08, 012, 0,16), 06’eMHOi HAHOCTPYKTYPY
NaYosox(MoOs): : 1%Tb™ xEu® (x = 0-0,06),  NaY0.99(MoO4)2:1%Eu™.
NaYos-x(M0O4)2 : 2%Er¥* xYb®* (x = 0-0,4). Pesymbratu penTreHO()a3oBOro
aHai3y MIATBEPIUIN OJIep>KaHHS MOHO(]A3HUX 3pa3KiB 3 TETParoHaJbHUM THUIIOM
crpykrypu umctoro NaY(MoOs)2 Ta po3mipoM KpuUCTaiTiB Ogu3bko 20 HM.
3pa3kd TOTO JK C€aMoro CKJIamy, OJHAaK 3 MeXaHiyHO 3pyHHoBaHOO 3D
HAaHOCTPYKTYpOIo, Oysio Bukopuctano sik etanonHi (REF 3pasku) nmpu npoBenenHi
OITUYHUX JOCHIIKEHD.

Sk BumHO 3 Puc. 7.2a, iHTerpajbHa IHTCHCUBHICTH JIFOMIHECICHINT IS
3paskiB HaHocTpykTypoBaHoro NaYix(MoOa)2:XEu®*" cyrreBo migBumiyersest y
NOPIBHSAHHI 3 eTaJOHHMMHU 3pa3kamu. Ilpm 1poMy Takoxk e(pEeKTUBHO
NPUTHIYYETHCS KOHIIEHTpALlIiHE TaciHHSA JIOMIHECUEHLIi (BiIOYBa€eThCS 3CYB
MaKCHUMyMy IHTEHCHUBHOCTI BTOPMHHOTO BUIIPOMIHIOBAHHS BiJ BMICTY €BPOIIIO
(III) y 3pa3kax), mo moB’si3aHo 3 po3MipHUMHU edekTamu. KpiM TOro, 3aiexHICTh
CIIOHTaHHOI MIBUAKOCTi BHUIPOMiHIOBaHHS 11 °Do—'F2 mepexoiB B 3a1eXHOCTI
Bifl KkoHueHTpauii ifonis Eu®* s HaHOCTPYKTYpOBaHOro  MaTepiany
YIOBUIBHIOETHCS, MO0 JeMoHcTpye Puc. 7.26. IlomiOHa cuTyamis Takox
crocTepiracTbes i npM moasifiHoMy neryBanmi Th®* + EU*. V cmexrpax Takux
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3pasKiB OJHOYACHO NPHCYTHI HalOiIbII iHTEHCHBHI CMyru ewmicii Bix Honis Th®*
(°D+~"Fs npu 546 um i °Da—"F4 ipu 580 um) Ta EU3* (°Do—"F1 mpu 598 uM i °Do—"F2
npu 619 um). 3i 3pocTanHaM KoHUEHTpanii ioniB EU* inTencuBHicTs cMyru °Da—
"F5 (546 HM) OCTYIIOBO 3MEHINYETHCS, TOJ1 AK BUnpoMinioBanusa *Do—"F; (J = 0-
4) 3pocrae 3aBasaKkM nepenadi eneprii 3 HouisTb** 1o Eu*. Jlna nepexony °Ds—'Fs
yC1 KpYB1 BUIIPOMIHIOBAHHS OMHUCYIOTHCSI €KCIIOHEHIIAIbHOIO (PYHKIIEI0 (3BOPOTHI
KOHCTAaHTH dYacy HaBeAeHO Ha Puc. 7.2B). 3BOpOTHa KOHCTAaHTa dacy
BUIPOMIiHIOBaHHS ioHiB Th%* y eramommux 3paskax ImBHAKO 3pocrac 3i
301IbIIEHHAM KOHIEHTpauii ioHiB Th3*, Toxi K 11 HAHOCTPYKTYpPOBAHMX 3Pa3KiB
BOHA pOCTE MOBUIBbHO. Lle neMoHCcTpye He nue GakT iICHyBaHHS nepeaadi eHeprii
Big Tb** mo Eu®, a i1 pisHuIIIO Mi’k HAHOCTPYKTYPOBAHHMM i €TAJIOHHUM 3Pa3KaMH.

(a) (6) Ha mixgcraBi guHamiku
ot A moMiHeceHii  #ouis Th**,
— ./ 00— = e(heKTUBHICTh nepeaayi
° » REF e . b3+ 3+
T / 0.184 eHeprii Big T no Eu
>
22 [ LN PN MOXXe OyTu  IpUONINU3HO
c @ .
g ./ o e % ons OIIIHEHO SIK:
= - ~ ] _
o’ *l o ,r,»/' n=1-(rr/7m2),
% 5 2 1o 53 5 % w . e N — eheKTuBHICTD
Concentration of Eu*'(%mol) Goneentration of Eutmel) nepenavl  €Heprii, Trbr —
0.32 KOHCTaHTa TPUBAJIOCTI
(B) ) du-PC 3+
N KUTTS Th°" 11 eropaHoro
2 _
02848 Eu®*  spasky, Tree —
5. KOHCTaHTa TPUBAJIOCTI
024 o EEEESR KUTT Th%* Ge3 merysanus
— Concentration of Eu™(%mol 3+ .
T Eu®". Takum dmHOM, 3i
= 0204 30ykeHnX — Howis  Tb3"
e OinbIe eHeprii Moxke OyTu
0.16 » REF MEPETBOPEHE y CBITIO A
= PC HAHOCTPYKTYPOBAaHUX 3pa3-
0.12 : KIB.

0

2

4

6

Concentration of Eu**(%mol)
Puc. 7.2. (a) [nTerpasnbHi iIHTEHCUBHOCTI CIICKTPIB
emicli HaHocTpykTypoBaHux (PC) ta eranoHHux
(REF) 3paskiB NaY1-x(MoOs)2:XEU** (x = 0,01~
0,16); (6) 3aeKHICTh Mi’K 3BOPOTHOK KOHCTAHTOIO
yacy emiciiinoro Bunpominrosanns °Do-'F; Honis
Eu®* Ta BmicToM eBpomito y NaY1.x(MoOa)2:XEU®
Ta (B) NaYo,09-x(M004)2: 1%Th3* XEu** (x = 0—
0,06) mns PC ta REF 3paskiB (BcTaBKa:
eekTUBHICTH NIepenaui eneprii Big Tb** no Eu®*).

Y BHUNAAKy JEryBaH-
ot NaY(MoOs), iioHamu
Yb** (mo 40% momnn) um Er¥*
(10 4% moJib) MaKcuMabHa
IHTEIpaJibHa 1HTEHCHUBHICTh
JIOMIHECIIEHIIIT crocTepira-
€ThCS npu BMICTI
BIIITOBITHUX €JIEMEHTIB
omu3eko 20 Ta 2% Mok, a
eeKT HaAHOCTPYKTypyBaH-
Hs TIPOSIBJISIETHCSI y
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3MEHILIEHHI KOHLIEHTPALIHOIO T'aCiHHS BUIPOMIHIOBAHHS JUISl BHILE 3a3HAYEHHX
KoHneHTpariid. CywmicHe JeryBaHHS MUMH HOHaMHM Tiepeadadano J0/1aTKOBI
MOXIJIMBICTh B OTPUMaHHI €MICIHTHOTO  BUIIPOMIHIOBaHHS 3a  PaxyHOK
IIEPEPO3IO iy eHeprii 31 30ymKeHoro crany 2Fsp iTepOiro Ha eHepreTHuHi piBHi
epbito, sK 1e BimoOpaxkae miarpama Ha Puc. 7.3a. CrnekTpayibH1 JOCHIIKEHHS
cnonyk tuny NaYoos«(M0O4)2 : 2%Er¥* xYb®* (x = 0-0,4) (3pasku IOPC)
BUSIBIJIM, 110  HAHOCTPYKTYPYBaHHS  MPHU3BOIUTH 0  TEPEPO3MOALTY
IHTEHCUBHOCTEH cMyr y crnekrpax mominectennii (Puc. 7.36). IlobynoBani
3aJIEKHOCTI  IHTEHCHBHOCTI ~ eMiciliHOro  BUNpoMiHIOBaHHA gud Er* B
temneparypaoMy iHTepBaii 50-300 K (Puc. 7.4) Takox MiATBEPAUIN CYTTEBUM
BIUIUB HAaHOCTPYKTYPYBaHHsI Ha 1HTEHCHUBHICTbH JIFOMIHECIEHIII1. 3a3HaueH1 (pakTu
3acBiqumiIH, o s 3paskiB Tuny |OPC edexTuBHICTH MrOMIHECHECHITT BiJ HOHIB
Er¥* Gyma nomimmena came 3aBISKM CTBOPEHHIO INEPIOJMYHOI MAaKPOINOPHCTOI
HAHOCTPYKTYpH. TakuM YHHOM, OTPUMaHi pe3yJbTaTh MOXYTh OyTH BUKOPUCTaH1
y Ppo3poOili HOBHX MPHUCTPOIB, 30KpeMa MpPU CTBOPEHHI AUCIUIETB HACTYIMHHX
MOKOJIIHb.

(a) E (10°cm™) (6)
30
JGII? - _|0PC
254 H,, 3 ——REF
W $m .E
] 7 T
2 A —m £
. S!J 0
154 & o o <
g 2
2 e —
10 Fee : \ Ly 2
8
- JI{.\: E M
59 A
g 1 400 500 600 700
Yb* Ert b Wavelength (nm)

Puc. 7.3. (a) [liarpamMa eHepreTHYHUX PIBHIB MPU CYMICHOMY JIETYBaHHI OKCHTHUX
cronyk ionamu Yb®" ta Er¥*; (6) emuicni cnexrpu a1 |OPC ta REF 3paskis 3
nerysanasaM 20%Y b3 /2%Er3*,

= Oxcunn PIIKICHO3EMEIbHUX
5101 Seg__g . ) o
A N o E—E metaliB (Ln203) € oxHi€r0 3 HAHO1IBII
§°'8' .\ ~um PO3MOBCIO/KEHOI0  MATPHUIICI0, 1110
EU-GH: .\ BUKOPUCTOBYETHCI AK OCHOBA JUIS
'3' {:- .\ cydyacHuX JroMiHOQopiB. B Toil ke
Z044: ) :
> | o—¢ yac EKCUTOHHY €HEpril0 OKCHIIB,
20.24:, —=—|OPC 30KpeMa CKCIIEPUMEHTAIbHO BUSBIIIO-
Q a bee — ) — o cw cas .
g | “rEEREE REF HUIl CHHIl 3CyB eHeprii eKCHTOHIB y
0 50 100 150 200 250 300 HAaHOKPUCTAAX B 3aJCKHOCTI BIf

Temperature (K)
Puc. 7.4. 3anexHICTh IHTEHCUBHOCTI
€MICIITHOTO BUIPOMIHIOBaHHS Erd* Bin
temneparypu g |OPC ta REF 3paskis.

pPO3MIpy YAaCTHHOK, IPOaHaJi30BaHO
aumie emizonauyHo. Ha wactymHOMy
eTari JOCIIDKeHHS OyJI0 TPOBEACHO
PO3paxyHOK  3aJieKHOCTI  €Heprii
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OCHOBHOTO CTaHy €KCUTOHY B cdepax Y203 BiJ pajiyca 4aCTKU 3 BUKOPUCTAHHIM
BapiamiiHOrOo MeTomy. Y BHXIJHIA MOACT PO3TISHYTO €KCHUTOH, OOMEKEHUI
c(epUyHOIO JIENEKTPUYHOI0 000JIOHKOI0. EHEprito OCHOBHOTO CTaHy E€KCHUTOHY
OyJI0 TIpeACTaBIEHO SIK CyMy KIHETHMYHOI €Heprii, KyJOHIBChKOI eHeprii, eHeprii
NoJIApU3allii Ta eHeprii eKCUTOH-POHOHHOT B3aeMo/ii. KiHeTUYHY Ta KyJIOHIBCHKY
EHEPril0 PO3MVISIHYTO 3 BUKOPUCTAHHAM €(EKTUBHOI Macu Ta IEJICKTPUYHOT
NPOHUKJIMBOCTI, a EHEPril0 EKCUTOH-POHOHHOI B3aeMOJli OyJl0 OTPUMAHO
METOJIOM TPOMDKHOTO CHojyuyeHHs. YucenbHI pO3paxyHKH MOKa3ajld, IO
3allpOIIOHOBAHA MOJIENb TapHO KOPEIIOE 3 €KCIIEPUMEHTAIbHUMHU pPe3yJIbTaTaMH.
Byno nmpoaeMoHCTpOBaHO, 1110 y YaCTUHKAX 3 paJlycOM MEHUIE 5 HM JIOMiHYIOYOIO
€HEpriel0 JUisi €KCUTOHIB € KIHeTHYHa, a NpH po3Mmipax Ounblie 5 HM BKJIAJ
KYJIOHIBCHKOi eHeprii ctae npioputeTHuM. [Ipu 110My, eHeprisi eKCUTOH-(HOHHOI
B3a€MO/IIi Ma€ JIMIIE HE3HAYHUM BHECOK y BCbOMY JAlama3oHl pO3MIpIB YACTUHOK.
[IpoBeneH1 po3paxyHKH NOMTHOIIOTh PO3YMIHHS OJAKUTHOIO 3CYyBY NOTJIMHAHHS
s HaHoyacTWHOK Ln2Os, a 3ampomoHoBaHa MoJEIb TakKoX MoOXe OyTu
BUKOpHCTAHA JJI1 OOUMCIIECHHSI €HEPrii eKCUTOHY JJIA IHIIUX THUITIB HAHOYACTUHOK
AJIp0-000JIOHKA.

[Ile omuH HampsAMOK JAOCHIPKeHb OyJO HampaBI€HO Ha po3poOKy
BUCOKOE(EKTUBHUX TIOPUIHUX COHSYHUX €JIEMEHTIB Ha OCHOBI PI3HOMaHITHHUX
KOMITO3UIII HAHOYACTUHOK XaJbKOTEHIAIB KaJMIil0, B TOMY YHCII y KOMOIHAIlIIX
OpPTraHIYHUMH MOTIMepaMu. 30Kpema posrisganucs rerepomarepianu CdTe-CdS,
noOy/10BaHi 3a MpUHIUIOM siipo—oOosonka (Puc. 7.5a). ¥V takux cucremax Oysio
BUSIBJICHO, IO 31 30UIbIIEHHSM TOBIIMHU 000J0oHKH (mapy CdS) moctymoBo
B1JIOYBAETHCS 3MiHA TUIY €JIEKTPOHHO-IIPKOBOIO MeXaH13My (POTO30YIKEHHS, SIK
nokasasno Ha Puc. 7.5.

(@) nv (8)
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o O Hole
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e /_ o, 5 T ol N\
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v 4
CdTe o _-f:l meV ~110 meV fL
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o CdS S(h),, = sasnsan -'-'-... -
y s ole
- CdTe CdTe
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CdTe _ _ J w,

CdTe, -CdS"

CdTe*-CdS,

Puc. 7.5. () ®oT030ymKeHHS 17151 reTepoMaTepiany sapo-000J0HKa Y CUCTEMI
CdTe—CdS npu nominysanHi siapa CdTe, (0) npu 301IbIIEHH] TOBIIUHA
obosnonku CdS Ta (B) e1eKTpOHHO-IPKOBA JliarpamMa IUX MPOLECIB.
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st O1TbII TIU00KOTO FEY PETFY
PO3yMiHHS GyHIaMeHTAIBHOT m W
dboTodi3uku y BOAHUX TIOPUIHHUX n "
cuctemMax OyJo TakoX JeTalbHO " )
JOCITIJKEHO JUHAMIKY HaIIIBHIKUX

Vacuum = = = = = = = = = = — — — == — = = OeV
HOCIIB  3apsay B TIOpUAHMX
COHSTYHUX €JIEMEHTax 3 IMOJIMepiB S -3.0
Ha OCHOBI TOJIi(p-PeHIICHBIHETIHY) 45
(PVV) i CdTe nanokpucramis (Puc. 2.1 1 —52
7.6). Sk Oyno 3’scoBaHO, TakKi BB W BETEY

cucteMu (HOpPMYIOTh HAI3BHUYAWHO
€(PEKTUBHY TPAHCIOPTHY MEPEXKY
HOCIIB 3apsqy, IO € 3al0pyKOK iX
MOXJIMBOTO IOAAJIBIIOTO BUKOPH-
CTaHHA Yy NPUCTPOSIX COHSIYHOL
CHEPIreTUKH.

Puc. 7.6. ®parmMeHTH MOJIEKYISIPHUX
CTPYKTYp HOJIIMEPIB Ta iX
€HEpreTUYH1 piBHI y MOPIBHSIHHI 3
Hanokpucraiamu CdTe (CdTe NC).

BUCHOBKH

PoGora mpencraBieHa B paMKax HOBOTO HampsiMKy GI3UKA Ta  XiMii
MOBEPXHi, TMPHUCBSIYCHOTO pO3poO0llli HAHOCTPYKTYPOBAaHUX  MaTepialiB 3
VHIKQIBHUMH ~ €JIEKTPOXIMIYHUMHU 1 ONTUYHUMH  BJIACTUBOCTSIMH, IO €
OpUIATHUMH Ui BUKOPHCTAaHHS Yy BIAHOBIIOBaHINM eHepreruni. CyTh BKIamy,
3po0JEHOr0 JHUCEePTaHTOM Yy JaHOMY HAmpsMKY, MOXXHa CQOpMYIIOBATH
HACTYITHUM YHHOM:

1. 3anpomnoHOBaHO HHM3KY HOBHUX CTpaTerii Ta cmoco0iB oJep:KaHHs
BHUCOKOIOPHUCTUX BYIJICHEBUX HAHOCTPYKTYp Ta KOMIIO3MTIB AJIsl €JIEKTPOIHHUX
MaTtepialliB CylnepKOHIEHCATOPIB 1 CEHCOPIB. PO3rIsHYyTO MOAaIbIN EPCIEKTUBU
BUKOPUCTAHHA JUIA IUX el [pUpPOJHOI Ta CHHTETHMYHOI CHPOBUHU
(momiaHUIiHK). AHANI3 Ta y3arajdbHEHHS OTPUMMAHHUX pE3YyJIbTATIB JIOBEIH, IO
MOpQOJIOTisl Ta JIEryBaHHS BYIVICLIEBUX HAHOCTPYKTYp MaroTh Oe3nocepenHii
BIJIUB HAa €JEKTPOXIMIUHY CTaOUIbHICTh, EMHICHI XapaKT€PUCTUKH, TUHAMIKY Ta
e(eKTUBHICTh 3apSATHUX MEPETBOPEHb 1 CTAOLIBHICTh CHCTEM Y dYaci, IO TaKOX
EKCIIEPUMEHTAJILHO MPOJEMOHCTPOBAHO HA TMPUKIANax 310paHUX MOAEITBHUX
cynepkonaeHcaropis. [lokazaHo, 110 Bane MoeaHAHHS PI3HUX THUITIB BYTJICIIEBUX
HAHOCTPYKTYP y T1OpHUIHI KOMIIO3UTH J03BOJISIE OACPKYBaTH €(PEKTU CHHEPTIT MIXK
ByIJICIIEBUMH (opMaMu Ta HaJaBaTH €JIEKTPOJHUM MarepiajiaM J0JIaTKOBI
MPaKTUYHO BaXKJIMB1 BJIACTHBOCTI, TaKl K BUCOKa AedopmalliiiHa CTIHKICTh MpuU
30€peKEHH] E€JIEKTPOXIMIYHOI €MHOCTI. 3a3HAaueHi Marepialii € OCHOBOK ISt
CJICKTPOAIB THYYKHX CYNEPKOHIEHCATOPIB, fKI JEMOHCTPYIOTH 30epeKeHHs
CTaOUIbHOI Mpale3aTHOCTI TpH Ppi3HUX TUNax Jedopmalii, BKIIOYAIOYH
nuHamiuny  ngedopmamito.  I[lokazaHo, 110  CTBOpPEHHST HA  TOBEPXHI
CYNEpPKOHJIEHCATOPIB MPOBIIHUX IUIIBOK 3 BYIJIELEBOIO CEHCOPHOIO MaTepiairy
JI03BOJIIE 1X BUKOPHCTAHHS SK CEJIEKTHBHUX Ta30BHX CEHCOpIB. 3akiazeHi
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NOPUHLIUAIKA CTBOPEHHS TIOPUAHMX BYTJCIEBUX HAHOCHCTEM OKPECIIOIOTh HOBI
MEPCIEKTUBH 00 OTPUMAHHS HACTYITHOTO MOKOJIHHS €JIEKTPOJHUX MaTepiaiiB
13 MOMIMIIEHUMH TEXHOJIOTIYHO BaXXJIMBUMH XapaKTEPUCTUKAMHU 1 AePOpMaIiitHOO
CTIMKICTIO JIJIi CYNEPKOHICHCATOPIB, a TaKOX IHTETPOBAaHUX MOOIIBHUX
CEHCOPHUX MPUCTPOIB AJII KOHTPOIIIO O€3MEKU Ta MOHITOPUHTY JTOBKIJIJIS.

2. [ToOynoBaHO TEOPETUYHY MOJIEND, KA MOSICHIOE HENIIHIMHUI XapaKkTep
3aJIEKHOCTI  MDK  TOBIIMHOIO  €JIEKTPOJHOIO  BYIUIEIEBOTO  MIApy y
CYTIEpKOHJIEHCATOPi Ta HOTO BHYTPIITHIM onopoM. Ha 0CHOBI eKCTieprMEHTaTbHUX
JaHUX TPOBEJCHO PO3PAaXYHKH, $IKI JI03BOJISIIOTH MPOTHO3YBAaTH OINTHUMAJbHY
TOBIIMHY  BYTJICIIEBOTO  €JIEKTPOAHOTO Imapy 1jisi  30epiraHHs  eHeprii
CYHEPKOHJEHCATOPOM. 3alpONOHOBAHUM MIAX1J € 0a3ucoM JJIsi MPOTHO3YBaHHS
napameTpiB CK BHCOKOI MHUTOMOi MOTYXHOCTI Ta PO3POOKH TEXHOJOTTYHHUX
pEeKOMEeHJaNii A0 iX BUTOTOBJICHHS.

3. Po3pobneno 3aranpHy mpocTy crparerito MmoaudixyBanas MXene-iB
(Ti3C2Tx), sixa mo3Bodsie cTabimizyBaTH KOJIOiAHI po3unan MXene-iB B opraHiqHuX
PO3YMHHUKAX Ta BUTOTOBJISATU EJIEKTPOJHI IUIIBKU JJI CYNEPKOHJIEHCATOPIB HA
ocHoBl 2D HaHopopM MXene-iB uM iX KOMIO3UTIB 3 IHIIMMHU BYIJIELIEBUMU
Martepianamu, 30kpema 3 rGO. Takuil nuIssX A03BOJISIE CTBOPIOBATH TUIOCKI Ta
THYYKI CYTNEpKOHJICHCATOPH 3 BHCOKOK crenudignoro emuicTio (6imbme 98%
micis 20000 mukoniB 3apsaa-po3psn). [loeqHaHHS THYYKHX CYNIEpKOHIAEHCATOPIB Ta
COHSIYHUX €JIEMEHTIB JIO3BOJIHJIO PO3POOUTH €PEKTUBHI MPUCTPOI SKUBJICHHS IS
ABTOHOMHHMX €JIGKTPOHHUX CHCTEM 31 3HAYHUM [OTEHIIaJOM MPAKTUYHOTO
BITPOBAJ[)KCHHSI.

4, 3anpornoHOBaHi OpUTIHATBHI NUIAXU Ojep kaHHs HaH(opM okcuiB d-
METadiB Ta iX KOMIIO3MIIH 3 BHCOKO-IIPOBIAHUMH MareplajaMu Uil T1OpUIHHMX
CYTIEPKOH/IEHCATOPIB, IO BKJIIOYAE: Oe3MOcCepeiHE BUPOIIYBAaHHS HAHOCTPYKTYP
Ha MOBEPXHI KOJIEKTOPIB CTPyMy, MOCTIOBHE OCAKCHHS YJIbTPa TOHKHX IApiB
HaHO(GOPM PI3HUX CIIOJIYK, IIa0JOHHE BUPOIIYBaHHS HaHOCTPYKTYp. IlokazaHo,
[0 MPUHIMI BUKOPUCTAHHS PI3HUX EJIEKTPOXIMIYHO-aKTUBHHUX OKCHIIB/T1JIpO-
KCHUJIIB Y MEXaX OJIHI€EI HAHOCTPYKTYPH € BAAJIMM MIIXOJO0M ISl MOKpAIEHHS
XapaKTePUCTUK TOPUAHUX CyNepKOHAEHCATOPIB. i psSAy KOMIO3UTHUX CUCTEM
3HAWJIEHO BHHATKOBY BHCOKY CTAOLIBHICTh LUKIIYHUX XapaKTEPUCTUK 3apsiaKa-
po3psiiKa, Kl 0OYMOBJIEHI CTBOPEHHSM TPUBHMIPHHUX IMMOPUCTHX HAHOCHUCTEM 31
3HAYHOIO ILJIOLICIO MOBEPXHEBOTO KOHTAKTY aKTUBHOTO MaTepiaiy 3 eJIeKTPOIITOM,
GbopMyBaHHSIM EIICKTPONPOBIAHUX KaHAIIB Ta 3a0e3NedyeHHsIM e()EKTUBHOTO
CJICKTPOHHOTO TPAHCIIOPTY MPH MPOXOHKCHHI SIICKTPOXIMIYHUX PEAKITIH.

5. PosrasuyTi 0COOJIMBOCTI BUPOLTYBaHHS HAHOCTPYKTYP
CIICKTPOKATAII3aTOPiB  PO3KJIAay BOJM Ha OCHOBI cCHoJNyKk O-meraniB Ha
CTPYMOIPOBITHUX KOJIEKTOpaxX Ta BUABJIECHI (PAKTOPH, SIKI COPUSIIOTH (POPMYBAHHIO
1D gm 2D crpykrypuzartii. Ha mpuknazai 6imetamigaoro 1D HaHOCTPYKTYpOBaHOTO
dochinxy NiCoP (3aroctpeHi HOHOIPOTH) MOKa3aHO, IO e TUI CTPYKTypU3aILlii
BUSIBJISIE HAWOUIBII BUCOKY KaTaTITHYHY €(PEKTUBHICTh, fAKa 3a0€3MeUyeThCsl He
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JuIie XIMIYHUM CKJIaJOM 1 BHCOKOIO IUIONICI0 TOBEPXHI, a ¥ IMIBUAKUM
€JICKTPOHHUM TPAHCIIOPTOM BiJ TOBEPXHI KaTaji3aTopa J0 CTpyMOoIpHuiimMaya.

6. Po3pobneno  crtparerito  cTBOpeHHs  (OTOAHOAIB 3  BHUCOKOIO
e(eKTUBHICTIO (OTOPO3KIATy BOIM, KA IMOJATAE y TOCHTIIOBHOMY KOMOIHYBaHHI
3D mapiB Qorokartanizaropa (BiVOs4) Ta enektpokatamizaropa (3mimiaHi
okcuau/riapokcuan d-meranis). [IpoBeeHi TeOpETUYHI PO3PAXYHKH IMOKA3aIIH, IO
NOJIMIIEHHS  (poTOKaTamizy OOYyMOBIIOETBCS PSJIOM UYHHHHKIB — POCTOM
M1XK(pa30BOr0 MEPEeHOCY TEHEPOBAHOTO 3apsay y (OoToaHOAl, MOCHIEHHSM
MOTJIMHAHHS CBITJIa Ta TOKPAIICHHSIM KIHETUKH OKHUCHEHHS BOJM Ha TMOBEPXHI
€JIEKTPOy. 3amporOHOBAaHUM MiAXiJl B MOJATBIIOMY MOXKE OyTH BUKOPUCTAHUM Y
CTBOPEHHI HOBOT'O MOKOJIIHHS IPUCTPOIB U1 POTOKATATITUYHOTO PO3KIIAy BOJIH.

7. VY pamkax BupilIeHHs NpoOiieM eHepreTU4Hoi chepu, Kl MOoB’A3aHi 3
HIKIJJIMBUX BUKUJIIB Y aTMOC(epy, IPOBEICHO NOIYK €()EeKTUBHUX KaTaai3aTopiB
3HEIIKO/KEHHSI BUXJIONTHUX Ta3iB Ha OCHOBI HAaHO(OPM OKCHIHHUX CHUCTEM. 3
BUKOPUCTAHHSAM PI3HUX CHHTETHYHUX MIAXOIB OJCPKAHO HAHOYACTUHKH CIIOIYK
CexC01-xCr204 (X = 0-0,15) ta xkommo3utiB WO3—TiO2, CeO>—WOs3, Ir—Fe(OH)x
(Al,O3, TiO2 uum Ce0O.). Kommiiekc AOCHIKEHb KaTaliTHYHOI aKTHBHOCTI
OTPUMAHUX ME30MOPUCTUX KE€paMiK BIJHOCHO KaTaJITUYHOTO PO3KIaay HITPO3HUX
ra3iB NOx, CO Ta OKMCHEHHS CaKl BUSIBUJIM I1JIBUILEHY KATAJIITUYHY aKTUBHICTb 1
CTIHKICTh Yy TIOPIBHSHHI 3 BIJIOMUMH MPOMHUCIOBUMH mpoToTumamu. Lli
BJIACTUBOCTI OyJIO MiJTBEPHKEHO TEOPETUYHUMHU PO3PAXyHKAMU Ta € HACIIIKOM
CTBOPEHHSI HAHOCTPYKTYPHUX (POPMHU KaTalli3aTOpIB.

8. Po3risitHyTo  BIUIMB ~ HAHOCTPYKTYpHW3allii  Ha  JIOMIHECUEHTHI
BIIACTHBOCTI NoBiliHOro mMoni6nary NaY(MoOs),, axuii nerosanuii ionamu EU3
a6o mapamu iHomie P3E (Eu** + Tb* um Yb* + Er**). Jlosemeno, mo
HAHOCTPYKTYPOBAHICTh TaKMX MaTepiajiB  JI03BOJSIE CYTTEBO  30UIBIIUTH
IHTErpOBaHY IHTCGHCHBHICTh  JIFOMIHECIIEHIIII  Ta  TPUTHIYYE eexT
KOHIICHTPAI[IHHOTO TacCiHHA JIFOMIHECIEHINI, a TOJIIMIICHHS BJIACTUBOCTEH
OB’ SI3aHO 31 CTBOPEHHSM MEPIOANYHUX MAKPONIOPUCTUX HAHOCTPYKTYp. OTpuMaHi
pe3yJabTaTh MOXYTh OYTH BUKOPHCTaH1 Il BIOCKOHAJICHHS €HEPro30epiraroumx
PUCTPOIB, 30KpeMa JUCIIICTB.

9. 3 BHUKOPUCTAHHSM BapiallifHOTO METOAY TMPOBEACHO PO3PAXyHKU
3aJIeKHOCTI €Heprii OCHOBHOTO CTaHy €KCHUTOHY Bia pajaiyca chepuaHnx
HaHOYACTUHOK Y203, Kl € OJIHIEI0 3 HAWMOUIBII PO3MOBCIOKEHUX MATPUIlh JJIs
cydyacHux JiroMiHO(opiB. [IpoBeneHi po3paxyHKH MOKa3aid, 10 3alpONOHOBaHA
TEOPETUYHA MOJIETh YYJOBO KOPEIIOE 3 EKCIIEPUMEHTAIBLHIUMHE pe3yiabTataMu. J1is
YaCTHMHOK 3 PaJlyCcoOM MEHIIE 5 HM JIOMIHYIOUOIO €HEpri€l0 MJisi €KCUTOHIB €
KIHETHYHA, TIPU pO3Mipax OUTbIIE 5 HM MPIOPUTETHUM CTAa€ BKIJIAJl KYJIOHIBCHKOT
€Heprii, a eHepris eKCUTOH-(QOHOHHOI B3a€MO/II1 CKJIaIa€ JTUIE HE3HAYHY YacTKY Y
BChOMY Jl1arma30H1 PO3MipiB YaCTHHOK.

10. Ilpu BHOCKOHAJEHHI BHCOKOC(PEKTUBHHX TIOPUIHHUX COHSYHUX
€JIEMEHTIB PO3TJISIHYTO HAIMIBIPOBIIHUKOBI HAHOYACTUHKU TeTepoMaTepialliB
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CdTe-CdS, nobynoBaHux 3a MPHHIUIOM SAPO-000JI0HKA. BusBIEHO, 1m0 y mii
cucTemi 31 301TbIIeHHSIM TOBIUHU 00070HKH (CdS) 3MIHIOETBCS THI €1EKTPOHHO-
nipkoBoro  MexaHismy  (Goro30ymkenHs. [lokazaHo, mo  KOMOiHyBaHHS
HaHokpuctaniB CdTe 3 mnomimepamu p-deHUICHBIHETIHOBOTO THUITY J03BOJISE
CTBOPHUTH KOMITO3UTH 3 €()EKTHBHOIO TPAHCIIOPTHOIO MEPEKEI0 HOCIIB 3apsay, M0
00YMOBITIOE TICPCIICKTUBH BHKOPHUCTAHHS TaKUX PO3POOOK Y MPHUCTPOSX COHSIUHOT
CHEPTeTUKH.
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Xanp Beit, @®opmMyBaHHSI BYIVIEHEBUX TA OKCHUJAHUX HAHOCTPYKTYP s
Bi/IHOBJIIOBAHOI  €HEPreTMKH: MOJAEJIIOBAHHS Ta  eKCIepHUMEHTAJIbHe
nocaimxenns. — Kpamigikariiina HaykoBa Ipailsl Ha MpaBax PYKOIHCY.

Hucepraiiss Ha 3400yTTS HAyKOBOIO CTyHEHS JOKTOpa  (i3HKO-
MaTeMaTHyHuX Hayk 3a cremianbHicTio 01.04.18 — ¢i3uka i xiMis TOBEpXHi. —
Iactutyr metanodizuku iM. I'. B. KypmiomoBa HarmionanpHOi akamemii Hayk
VYkpainu, Kuis, 2019.

Huceprauiitna poOoTa mpeacTaBieHa Yy paMKax HOBOI'O HalpsIMKY (I3UKH 1
XiMIi TOBEpXHI Ta MPUCBAYEHA pO3poOLIl HAHOCTPYKTYPOBAaHUX BYIJICLIEBUX,
OKCUIAHUX 1 KOMIIO3UTHUX MaTeplajgiB i CYyNEepKOHJIEHCATOPiB, Ta30BHUX
CEHCOpIB, KarTali3aTopiB, EJNEKTPO- uYdu (HOTOKATAII3aTOpiB, ITOMIHO(POPIB Ta
HaIBIPOBITHUKIB 13 METOK CTBOPEHHS TMPUCTPOIB JJIA  BITHOBIIIOBAHOI
CHEPTreTUKH, PO3POOKH €HEPro3oepirarouux 1 eKoJOTridHO O€3MeYHUX TEeXHOJIOTIH.
3anpomoHOBaHO HU3KY OpHUTIHAIBHUX CTpaTerii oJepKaHHS HAaHOCHCTEM
3a3HAYEHOTr'0 THUITY, JOCHIHKEHO 1X (PI3UKO-XIMIYHI XapaKTEPUCTUKU Ta MIPOBEACHO
iX TeopeTuyHl po3paxyHku. OTpumaHi pe3yJlbTaTd 1 CTBOPEHI MOJAEI
BiJI0Opa)Kar0Th BaXKJIUBICTH POJIi HAHOCTPYKTYPYBAHHS JIJISI MTOIMIIICHHS KOPUCHUX
BJIACTMBOCTEH MaTepiaiiB JIJIsl eHepronepeTBOPIOBaIbHUX MPUCTPOIB.

KurouoBi ciioBa: HaHocucTeMH, BYTJICIEBl MaTepiaiu, OKCUIU, KOMIIO3HUTH,
€JIEKTPOJHI MarepiaiM, eJeKTPOXIMIYHI BJIACTHUBOCTI, CYNEPKOHIEHCATOPH,
CEHCOpH, KaTaJi3aTopu, €JIEKTpOKaTali3aTOPH, (oTOKaTaN3aTOPH,
HaIiBIPOBITHUKHU.

AHHOTALIUS

Xanp Beil, ®opMupoBaHue YIrJepoOAHbIX M OKCHIHBIX HAHOCTPYKTYP
JJIs1 BO30OHOBJIAEMOI JHEPreTUKH: MOJAeJIHPOBAHME M IKCIIEPUMEHTAJIbHbIE
uccjaenoBanus. — KpanmnpukannoHHbIN HAYYHBIN TPY1 Ha MIpaBax PyKOIKCH.

Huccepranusi Ha COUCKaHME YYEHOM CTENEHW JIOKTOpa  (PU3HKO-
MaTeMaTudeckux Hayk mo crnenuanbHoctd 01.04.07 — ¢Qusuka u xumus
noBepxHOCTH. — MHCcTHTYT MeTamodusuku um. I'. B. KyparomoBa HarnmonansHoi
aKajgeMuu HayK Ykpaunbl, Kues, 2019.

Huccepranonnas paboTta mIpelicTaBlieHa B paMKax HOBOI'O HalpaBlE€HUs
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bu3uku U XUMUHU MIOBEPXHOCTHU U IIOCBAIICHA pa3paboTke
HAaHOCTPYKTYPUPOBAHHBIX YIJIEPOACOAEPKAIINX, OKCHUIHBIX M KOMIIO3UTHBIX
MaTepUaJIOB JJI1 CYNEPKOHJIEHCATOPOB, Ta30BBIX CEHCOPOB, KaTaJIM3aTOPOB,
AIIEKTPO- WM (POTOKATAIU3ATOPOB, JIOMUHO(POPOB U MOIYIPOBOJAHUKOB C LIETBIO
CO3J1aHus YCTPOMCTB BO300HOBIISIEMOI DHEPreTUKH, pa3zpaboTKu
HYHEPrOCOXPAHSIOIIUX U 3KOJOTUYECKH 0€30MaCHBIX TEXHOJIOT .

[IpensioxkeH psAx  OPUTMHAJIBHBIX CTpaTeruii M CIOCOOOB  IMOJMYYEHUs
HAaHOCTPYKTYPUPOBAHHBIX MAaTE€pPUAJIOB C YJYYIIEHHBIMU 3JIEKTPOXHUMHUYECKUMU
CBOMCTBAMHM, AJISi KOTOPBIX TakK e IMPOBEIEH KOMIUIEKC (DU3UKO-XUMHYECKHX
UCCIIEIOBaHUM W TeopeThyeckux  pacu€roB. OO0o0OUIEHHE  MOJYyYEHHBIX
pE3yNIbTATOB MOKA3aJI0, YTO HA XAPaKTEPUCTUKHU BJIEKTPOXUMUYECKOH EMKOCTH U
CTaOMJIBHOCTh CHUCTEM BO BPEMEHM HENOCPEJICTBEHHOE BIIMSHHUE HMEET
MOp@OJIOTUs U croco0 MOITyYEHUsI HAHOCTPYKTYPBI.

B pamkax pa3paboTku CynepKOHACHCATOPOB C BBICOKOH YIEIbHON EMKOCTHIO,
IPEJIOKEHA TEOpeTUYeCKass MOJIElb, OOBACHSIONIAs HEJIUHEHHBI XapakTep
BHYTPEHHETO COIIPOTHUBIICHHSI CYNEPKOHAEHCATOpPA OT TOJILUUHBI YIJIEPOIHOTO
ciost 3nekTpoxaa. llosydeHHBIE SKCIEPUMEHTAIBHBIC JIaHHBIE W IIPOBEIEHHBIE
pacy€Tsl MO3BOJISIIOT JOCTOBEPHO IIPOTHO3UPOBATH TEXHOJIOTMYECKHUE ITApaMETpPhI
CUMMETPHUYHBIX CYNEPKOHJIEHCATOPOB B 3aBUCUMOCTH OT UX KOHCTPYKIIMOHHBIX
OCOOEHHOCTEH.

['nOkne  MHKpO  CyNEepKOHAEHCAaTOphl C  BBICOKOM  LUKIMYECKOU
CTaOMJIBHOCTBIO 3apsiiKa—paspsiaKa ObUTM U3TOTOBJIEHBI HA OCHOBE ME30MOPUCTHIX
NOJMAHWINHOB B KOMOMHALMSIX C HAHOCTPYKTYPUPOBAHHBIMU YIJIEPOJHBIMU
HaHOTpyOKaMH, rpadeH-OKCUAaMHM WM OKCHIAMHU IOJIMBAJCHTHBIX METAJUIOB.
Takue »BJEKTpOJIHbIE MaTepHallbl OJHOBPEMEHHO O00Jalal0T 3HAYUTEIbHOU
cnenuduyeckoi €MKOCTbIO TMOJUAHWIMHOB U BBICOKOW AJIEKTPOMPOBOIHOCTHIO,
KOTOpas 00ycCJOBJIEHa MPHUCYTCTBUEM HAHOCTPYKTYPUPOBAHHBIX (hOpM yriiepona.
OHM Takke SIBISIFOTCS 0a30M IJIsl CEJEKTUBHBIX Ta30BBIX CEHCOPOB C BBICOKOM
4yBCTBUTEJIBHOCTBIO, HAIIPUMED, I JETEKTUPOBAHUS IAPOB 3TUIIOBOTO CIUPTA.

HccnenoBanbl kommo3unuu pazindabix TanoB MXene-os (TisC2Tx 2D certkwn,
rne T — ¢ynkuunonanusupoBannbie —OH, —O u —F rpynmer) u rpaden-oxcuaos.
[IpennoxeHHble OpUTMHAIBHBIE MeTONUMKH MoauduuupoBanus MXene-os
MO3BOJIJIIM CO3/1aTh AJIEKTPOMABI JJIsi TMOKMX U IJIOCKHX CYNEpKOHIEHCATOPOB C
MOBBILICHHON CTaOUJIBHOCTBIO crienn(UUecKoil €MKOCThIO (COXpaHSIOT OOJblle
98% émkxoctu mocne 20000 umkinoB 3apsiaka—paspsaka). Ha ux ocHoBe ObLin
CO37aHbl U MPOTECTUPOBAHBI MOJEIbHbIE YCTPONUCTBA MUTAHUS ISl ABTOHOMHOM
AIEKTPOHUKH.

[Tomy4yeH psa HOBBIX KOMITO3WUIME HAHOGOPM OKCHIOB O-METAUIOB H
YIIAEPOAHBIX MaTepHalloB KaK OCHOBAa D3JEKTPOJHOTO Marepuayia THOPUIHBIX
CyNepKOHeHCcaTOpoB. [IpoBeAEHHBIE 2JIEKTPOXUMHUYECKUE UCIIBITAHUS ISl TAKUX
KOMIIO3UIMI BBIIBUIM HCKIIOYUTENIBHO BBICOKYIO CTA0MJIBHOCTh LUKINYECKOU
YCTOWUYUBOCTH 3apsaKa—paspsaaka, 00yCIIOBJIEHHOM OJIHOBPEMEHHBIM
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YBEJIMYCHUEM TIOBEPXHOCTH KOHTaKTa aKTHBHOTO MaTepHayia C 3JEKTPOJIUTOM U
obOecrieueHueM 3G(HEKTUBHOTO AJIEKTPOHHOTO TpaHcmopTa. Tak ke ObuIo
MOKa3aHO, 4YTO TNPUMEHEHHBIM  MPUHIMI  HWCTIOJIB30BAHHUS  Pa3IMYHBIX
ANEKTPOXUMHUYECKH  aKTUBHBIX  OKCHJOB/TUJIPOKCHIOB B  paMKax OJHOU
HAaHOCTPYKTYPBI SBJISICTCS] TIEPCIICKTUBHBIM ITyTEM IS YIYUIICHUS XapaKTEPUCTHK
TMOPUIHBIX CYTIEPKOH]IEHCATOPOB.

HccnenoBansl ocobennoctn monydenuss 1D, 2D u xomOunmpoBanHbIXx 3D
HAHOCTPYKTYpP Ha TOKONPUEMHUKAX C TMEIbl0  co3manus d(PPeKTUBHBIX
ANEKTPOKATAIN3aTOPOB ©W  (OTOAHOJOB  pasloKeHWs  BoAbl.  Komruiekc
MPOBENEHHBIX  HMCCIENOBAHUA U  TEOPETHYECKHE pacuéThl yKa3zaau Ha
3HAYUTEIbHBIC TEPCICKTUBBI TMPEIOKEHHBIX TOJXO0J0B IS CO3JaHHMS HOBOTO
MOKOJICHUSI 3JIEKTPOJIOB € AJIEKTPOKATAIUTUYECKUMH CBOMCTBAMU.

[IpoBenén mnouck >3(PQPEeKTUBHBIX KaTaau3aTOPOB HAa OCHOBE HaHOPOPM
OKCHJIOB MeTaioB (cucteMbl M KoMio3uThl THma CexCo1.xCr.0s, WO3—TiOo,
Ce0—WOs3, Ir-Fe(OH)x umu AlOz, TiO2, CeO2) mis pas3noxeHHs HUTPO3HBIX
ra3oB, okucieHus CO wunu caxu. sl MONMYyYEHHBIX ME30MOPUCTHIX KEPAMHK
HAlJICHO TIOBHINICHHYIO KATAJIMTHYECKYI0 AaKTHBHOCTh W YCTOWYHUBOCTH B
CpPaBHCHUU C W3BECTHBIMHU IPOMBIIUICHHBIMA TPOTOTHNAMHU. Takue CBOMCTBa
MOATBEPKIACHBI ~ TEOPETUYSCKUMH  pacuéTaMh W SIBJISIETCS  CIICJCTBUEM
HAHOCTPYKTYPUPOBAHHON (HOPMBI KaTaIU3aTOPOB.

HccnenoBano BIMSIHUE HAHOCTPYKTYPHU3allUU HA JIIOMUHECIIEHTHBIE CBOMCTBA
NaY(MoO.),, neruposannoro uonamu P32 (Eu®, Eu** + Tb3, Yb®* + Er?).
[Tokxa3zaHo, 4TO MepHUOAUYECKasT MAKPOIIOPHUCTass HAHOCTPYKTYpHU3allds MaTepraa
MO3BOJISIET MOJABIATE 3PPEKThl KOHIEHTPAIMOHHOTO TAIllCHUS W CYIIECTBEHHO
YBEJIMYHMBACT WHTETPATLHYIO0 HHTCHCUBHOCTH JTIOMUHECTICHITNH. J[J1s1 cheprueckmx
HaHouactunr Y203, Kak MaTpuisl JUIsl  JIIOMHUHECIIEHTHBIX IIEHTPOB, C
WCIIOJIb30BAHUEM BApHAIIMOHHOTO METOJa MPOBEACHBI PACUYEThl 3aBUCHUMOCTHU
HHEPTrUUM OCHOBHOTO COCTOSIHHSI SKCHUTOHOB OT paauyca uactuil. [IpemioxkeHnHas
TEOpeTHUYECKasi MOJEIb XOPOIIO KOPPEIUPYyeT ¢ IKCIIEPUMEHTOM H IOKa3aja, 4yTo
Ul Y4acTUL[ C PaaguycoM A0 5 HM JIOMUHUDPYIOIIEW MJIsi DKCUTOHA SIBJISECTCA
KHHETHYECKas PHEPTUs, a MpU OONBIIUX pa3Mepax MPUOPUTETHBIA BKJIAJ BHOCHUT
KYJIOHOBCKAasi YHEPT 4.

HccnenoBanus reTepoMaTepralioB Trma siapo—odonouka st cuctembl CdTe-
CdS noka3zanu, yto yromnmeHnue ooonouku (CdS) mpuBOAUT K U3MEHEHUSM THUIIA
DIIEKTPOHHO-IBIPOYHOTO  MexaHu3Ma  (oToBo30OyxkaeHus. KomOuHMpoBaHue
HAHOKPHCTAJJIOB ~ XaJIbKOTCHUAOB KaaMmusi ¢  1oiu(p-(heHUICHBUHETUHOM)
MO3BOJIMJIO CO3JaTh cUCTeMy C 3()QEeKTUBHBIM TPAHCIIOPTOM HOCHTEJEH 3apsia,
KOTOpasi MOKET OBITh YCIENIHO WCIIOJIb30BaHa B YCTPONCTBaxX COJIHEYHOU
DHEPTETUKH.

[Tomy4yennsie B paboTe pe3ynbTaThl ABISIIOTCS BAXKHBIMU KaK JJIsl yTiyOIeHus
byHIaMEHTAIbHBIX 3HAHUN (QU3UKKA U XMMHUH TOBEPXHOCTH, TaK U B MPUKIATHBIX
pa3paboTKax MMpU CO3AaHUHN YCTPOMCTB BO30OHOBIIIEMON YHEPTETUKH.
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ABSTRACT

HAN Wei, Formation of carbon and oxide based nanostructures for
renewable energy: modeling and experimental study. — Qualification scientific
work with the manuscript copyright.

Thesis for doctor of science degree in physics and mathematics by specialty
01.04.18 — Surface Physics and Chemistry. — G. V. Kurdyumov Institute for Metal
Physics (IMP) of the National Academy of Sciences of Ukraine, Kyiv, 2019.

The thesis presents a new direction in the field of physics and chemistry of
surfaces aimed to development of nanostructured carbon-containing, oxide and
composite materials for supercapacitors, gas sensors, catalysts, electro- or photo
catalysts, phosphors and semiconductors in order to create devices for renewable
energy, develop energy-saving and environmentally safe technologies. A number
of original strategies for obtaining nanosystems of specified types have been
proposed, their physical and chemical characteristics have been studied and their
theoretical calculations have been carried out. The obtained results and proposed
models demonstrate an importance of the role of nanostructures for improving
useful properties of materials for power-transforming devices.
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electrode materials, electrochemical properties, supercapacitors, sensors, catalysts,
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