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O NIOAI'OTOBKE MAT'UCTPOB HA ®AKYJIBTETE
HAYK O MATEPHAJIAX MI'Y

dakynpTeT HAyK O MaTepuagax — 53TO MEXAUCHUIUIMHAPHOE Yy4yeOHOe
3aBeJieHNe, 3a/ladeii KOTOPOTO SIBISIETCS MOATOTOBKA BBICOKOKBATH(DHIIMPOBAHHBIX
CTICIIMAIUCTOB, CIIOCOOHBIX MPOBOJANTH UCCIICTOBAHMS B CMEXKHBIX OOJIACTIX XMMHH,
¢bu3uku M MexaHuku. 3a Bpems oOydyeHuss Ha DPHM cTyneHTsl mnpuoOpeTaroT
YCUJICHHYIO OOIIEHAYyYHYIO IMOATOTOBKY M XOPOIIWE HABBIKA IKCIEPUMEHTATHHON
paboTHI.

@dakynpTeT HayK O Marepuajlax IpPOBOJUT OOY4YEHHE CTYIEHTOB IO
AByXCTyneH4yaTol (OakajnaBp-MarucTp) CHUCTEME NOJATOTOBKM CHEUAINCTOB. B
2009 romy mporren BBITyCK MePBhIX MarucTpoB mo HampasiaeHuo 020100 — «Xumusy»
(marucrepckas mporpamma «Xumusa TBepaoro tena»). C 2013 roma BbITyCKaluCh
MarucTphl, MPOIIEIIINE TOArOTOBKY MO YyKa3aHHOW MHporpaMMme, peain3yeMoil B
paMKax coOcTBeHHOTro oOpa3zoBarenpbHoro cranjgapra MIY (OC MIY) mno
HanpasiieHuto «Xumus». C 2015 roma noAroTroBKka MarucTpoB BEIETCS IO
HarpaBJeHUI0 «XuMus, GU3NKa U MEXaHHKa MaTepuaioB», U B 2017 roay BnepBbie
BBIMYIICHBI CTYJEHTHI, IOJATOTOBIEHHBIE IO 3TOM MPOrpaMMe.

[Iporpamma TOATOTOBKM MAarucTpoB BKJIOYaeT B ceOs 0a30BYyI0 4YacTh,
COCTOSIIIYI0 M3 MHKJIAa OOMIEKYJIbTYpHOU MOATOTOBKU («DPUI0COPCKHE BOMPOCHI
€CTECTBO3HAHUS», «AHIIIMUCKUNA $3bIK B cepe mpodeccHoHambHOTrO OOLIEHUsY,
«KomnploTepHble  TEXHOJOTMM B  Hayke M 00pa3oBaHUM»), a  TaKke
npodeccuonanpbHoro nukna («llepcrnekTuBHbIE HEOPraHUYECKHWE MaTepuaibl Co
cnenuaibHbiMM  QyHKIMSIMUY, «COBpEeMEHHbIE MPOOJIIEMbl MAaTEpUATIOBEACHUS,
«HcToprsi ¥ METOAONOTHS HAyKM O Marepuanax», «Meroauka mpenogaBaHus
€CTECTBEHHOHAYYHBIX JUCIUIUIMHY», CHEHNPAKTUKYM «MeToapl JIUarHOCTUKU
MarepuanioB», 4 3ad.en./80 yacoB J1a0OpAaTOPHBIX 3aHATHM, B paMKaX KOTOPOTO
3HAKOMSITCS C OCHOBHBIMU TPUHIMIAMH PAOOThI COBPEMEHHBIX MPHUOOPOB,
MPUMEHSIEMBIX TIPU UCCIEAOBAHUU (PU3UKO-XUMHUYECKUX U MEXAHUYECKUX CBOMCTB
MarepuanoB). BapuartvBHas YacTh MOJITOTOBKH COACPKHUT JEKIIMOHHBIE KYPCHI
JUCIUIUIMH MarucTepckoil mporpaMmbl (Takue Kak, «CynpaMoeKyysipHas XUMUS,
«buoneoprannueckas xumus», «KoopauHanmonHass xumus. CoOBpEMEHHBIC
acriekTel», «Hanoxumusy», «MeTtamnoopranuyeckass XuMus», 6 3ad.el.), CIEIKYPCHI
Mo BBIOOPY cTyneHTa (5 3ay.eil.), a TakKe MPAKTUYCCKUE 3aHSATHS, MO3BOJISIONINC
CTYIEHTaM OCBOMTH Pa3HOOOpa3HbIE METOJbI CHHTE3a BELIECTB M MaTEpUajoB B
pamkax «KadenpansHoro cnermpaktukyma» (5 3ad.em., 108 wacoB 1abopaToOpHBIX
3aHATHI). Maructpantbl BTOPOro roja OOy4YeHHsS NPOXOIAT 3aKIHOYUTENbHYIO,
PAaCHIMPEHHYIO 4YacThb CHEIIPAKTUKyMa IO COBPEMEHHBIM Mpubopam  Jyis
JTUAarHOCTUKM  MaTepuasioB  (Tak  Ha3biBaeMmbli  «[IpuOOpHBIA  MPaKTHUKyM,
18 3au.en./180 wyacoB abOpaTOpPHBIX 3aHATHI), OCHOBHOW 3aJauell KOTOPOTO
ABIISIETCS. TOJATOTOBKA BBICOKOKBAIU(UIIMPOBAHHBIX IOJb30BATENEH (OMEepaTOpPOB)
Ui CaMOCTOSATENbHOM pabOThl Ha CIOXHOM HaydyHOM oOopynoBanuu. Crenyer
OTMETHTh, YTO OOBEKTAMU AHAJIMTHYECKOTO HCCICJOBAHUS B XOJ€ BBITIOJHEHUS

3



3a7]a4 CIEUIPAKTUKYMOB SIBJSIFOTCS, B 3HAYUTEIHHON Mepe, BEIeCTBA U MaTepuabl,
CO3/1aBaeMble B paMKaxX MPUOPUTETHBIX sl (paKylbTeTa HAyYHBIX HAlpaBICHHM,
pa3BUBaeMbIX Ha (aKyJIbTETCKUX Kadeapax HaHOMaTepuaioB (3aB. Kadeapoi — 4i.-
kopp. PAH, mpod., nxuH EA. TymunmuH) ©  MEKIUCHUIUIMHAPHOTO
MarepuanoBeneHus (3aB. kabeapoi — akaa. PAH, mpod., 1.¢.-m.H. B.M. Hesnes), a
TaKkKe B JIAOOPaTOpUU HOBBIX MAaTEpHATIOB JJIsl COJHEYHON DHEPreTHKH (3aB.
nabopatopueit — k.X.H. A.b. Tapacos).

Crynentsl ®HM MMEIOT YHUKAJIBHYIO BO3MOXHOCTh OCYIIECTBIISATh HAYYHYIO
JESTEIbHOCTh W BBINOJHATH  KBaIU(UKAIMOHHBIE pabOThl HE TOJNBKO B
nojapaseneHussX MOCKOBCKOTO YHMBEPCUTETa, HO M B KPYIHEWIIMX Hay4YHBIX
neHTpax Poccun, B 3apyOeXHBIX HAy4YHBIX LIEHTpax. Hamanuth HaydyHblE KOHTaKThI
MO3BOJISIIOT CTAXKUPOBKH, KOTOPHIE B paMKaX Hay4YHO-TIPOW3BOJICTBEHHOW MPAKTUKH
MIPOXOJSIT BCE MAarCTPAHThI IEPBOIO rojia 00yyeHus. Takue CTaXKupPOBKU MO3BOJISIOT
CTYJIEHTaM 3HAaKOMUTBhCA C pPabdOTOM BEAyIIMX HAYUYHBIX KOJJIEKTHBOB, pa3BUBATH
CBOM HaBBIKM MaTEpHAIOBEIOB-UCCIIEI0BATEIEH B PAMKAX Pa3HbIX HAYYHBIX IIKOJI, a
BO BpeMs 3apyO€KHBIX CTa)KMPOBOK — €II€ M NPAKTUKOBATHCA B OOLIEHUH Ha
MHOCTpPaHHBIX f3bIKax. Bo Bpems MpakTHUKU CTyAEHThl OOOTramaroTcsi HayYHbIMU
UAEsIMH, 3aKJIaAbIBalOT (PYHJAMEHT CBOEM HayyHOW pemyTaluu Ui CIeAyHOIIMX
ypOBHE# 00pa3oBaHus (acIMpaHTypa, TOKTOPAHTYpa).

MaructpanTbl-BeITyCKHUKA 2023 roga MNpOXOOWIM MPAKTUKY B TaKUX
KPYIHBIX Y4eOHO-HAayYHbIX M HAay4dHbIX LieHTpax Poccum kak MHcTUTYT OOlIEd u
Heoprannyeckod xumuu uM. H.C. Kypnakosa PAH, UHCTUTYT Qpuznueckoid XuMuu u
anektpoxumun uM. A.H. ®@pymkuna PAH, Uucturyr ¢usmueckux mnpodiiemMm HM.
ILJI. Kanuust PAH, ®usuko-texunueckuii nHctutyT umenu A.D. Modpde PAH,
Poccuiicknii YHUBEPCHUTET IPYxKOBI HapoJIOB, Cankr-IlerepOyprekuit
rOCYyapCTBEHHBI  YHHUBEPCUTET, TyJIbCKAW TOCYIAPCTBEHHBIM YHUBEPCUTET,
000 «K-mtoc», OO0  «Hanozum», OOO  «CoBpeMEHHOE  BaKyyMHOE
o0opynoBaHue» U Jip. 3apyO0eKHYIO CTaKUPOBKY CTYIEHThI-BBITYCKHUKHU MTPOXOIUIN
B ApudnsckoMm yHuBepcutere (M3paumnb), YHusepcutere Kopé (FOxnas Kopes),
OKMHaBCKOM MHCTUTYTE HaYKH U T€XHOJIOruH (SmoHus).

BaxxHbIM (hakTOpOM, CIOCOOCTBYIOIIMM DPA3BUTHIO TBOPUYECKOW AKTUBHOCTH
CTYJICHTOB, SIBJSETCSA TO, YTO Hay4dHas padoTa BXOJWT B ydeOHBIH muraH. dopma
OTYETHOCTH — 00sI3aTENIbHBIC CTYICHYECKHE KOH(PEPEHIINH, KOTOPHIE TIPOBOASATCS TI0
OKOHYaHMHM KaxJa0ro cemecTpa. O BBICOKOW HAyYHOW aKTHBHOCTH CTYJICHTOB
CBUJIETEIBCTBYET OOJBIIIOE KOTMYECTBO MyOIMKAIIUNA B HAYYHBIX KypHAJaX, a TAKKe
y4acTHe CTYJEHTOB B POCCHUUCKUX M MEXIYHAPOJHBIX HAYYHBIX KOH(MEPEHIUSX.
OO6miee uwucno myOnMMKANUi BBITYCKHHUKOB Maructpatypsl 3a 2013-2022 rossr
MPEJICTAaBICHO B TAOIUIIE HIKE.

B 2023 romy marucrepckue KBaM(HUKAIIMOHHBIE PAaOOTHI OyayT 3allHINATh
35 BeimyckHukoB Maructparypsl ®HM MIY, B 1.u. 10 ctyneHtoB CoBMECTHOrO
POCCHUICKO-KUTANHCKOTO YHUBEPCUTETA MockoBCKOTO roCyJ1apCTBEHHOIO
yauBepcutera uMeHr M.B.JlomonocoBa u [IeKMHCKOTO MOMUTEXHUYECKOTO MHCTUTYTA
(MI'Y-IIIIN) B IsHpuk3HE, MPOXOANIUX BKIOUeHHOE 00ydeHue Ha OHM. Oobmiee
YUCJIO0 MyOJUKAIMi BBIMTYCKHUKOB COCTaBJIsieT 246, U3 HUX 53 cTaThu U 2 MaTEHTA.
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2013 | 2014 | 2015| 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022
Ywuco CTyICHTOB, 23 18 19 12 22 22 23 22 21 22
3aIUIIABIINX JUILIOM
Yucio pabor, 1 0 3 0 1 2 1 1 4 1
BBITIOJTHEHHBIX B
uHctutytax PAH
Ywuco CTyICHTOB, 21 16 19 11 21 20 23 20 18 18
UMEIONTUX MyOJUKAIUN
O6miee uncno myonukanmii, | 247 | 132 | 196 | 85 | 236 | 270 | 151 | 223 | 182 | 145
U3 HUX CTaTeH, 54 29 | 32 | 16 40 60 18 50 45 26
3asgBOK Ha mareHT | 0 1 7 3 7 1 2 0 0 0
MATCHTOB 0 0 3 0 0 2 0 4 2 0
Yucio OLEHOK «OTIUYHOY 20 14 17 11 19 15 22 22 17 18
«XOPOIIIOY 1 3 2 1 3 6 1 0 3 4
«YAOBILY 2 1 0 0 0 1 0 0 1 0
«ueygoBy | 0 0 0 0 0 0 0 0 0 0
Ywucno paboT, OTMEYEHHBIX | 5 5 5 4 5 8 7 5 9 9
I'OK
Ywucno AUImIoMoB 15 7 7 5 10 15 15 17 12 10
C OTVINYHEM
YucIio BBITYCKHUKOB, 10 11 | 12 10 10 12 9 14 7 6
MOCTYIUBIINX B
acniupantypy ®PHM

Maructepckue paboThl BBINOJHSIMCH Ha Kadeapax HEOPraHUYeCKOW XUMUM,
JIEKTPOXUMHUHU, XUMAUYECKON TEXHOJOIMU M HOBBIX MAaTEPHaAIOB, XMMUYECKOU DH3HU-
MOJIOTHH, aHAIMTUYECKON XUMHUU XUMHUYecKoro ¢akynbreta MI'Y, B maGopaTopun
HOBBIX MaTepHaJiOB JUIsl COJIHEYHON PHEPreTUKH M Ha Kadeapax HaHOMATEepHaJIOB U
MEXIUCITUTUTMHAPHOTO MaTepuasoBeieHus ¢GakyiabTeTa HayK o marepuanax MI'Y,
Ha Kadeape GU3MKU HUBKUX TEMIIEpaTyp U CBEPXMPOBOAMMOCTU (uznueckoro (a-
kynabTeTa MI'Y, B HayuyHo-HcclienoBaTeIbCKOM HHCTUTYTE (DU3UKO-XUMHUYECKOM
ouonorun umenn A.H. benozépckoro MI'Y, B UHcTUTyTE 00LIEH M HEOPTAHUUECKOU
xumun uM. H.C. KypnakoBa PAH, UHcTuTyTe (pr3nyeckoi XMMUU U 3JIEKTPOXUMHH
uM. A.H. ®pymkrHa, CKOIKOBCKOM UHCTUTYTE HAYKH U TEXHOJIOTHIA.

OuenuBath pabOTHl OYIyT JBE BBICOKOKBAIM(UIIUPOBAHHBICE U OOBEKTUBHBIC
KOMHCCHUH, BO3IJIaBJIsiEMble JOKTOPOM TEXHUMYECKHX Hayk, akajgemukom PAH Me-
mankuHeiM Banepuem [laBmoBruyueM M JOKTOpOM XMMHYECKUX HayK, mpodeccopom
PAH KuckunsiMm Muxamnom AnekcannpoBuueM. B cocraB Komwuccuii, Hapsiay c
npenonaBarensivu GHM u xumudeckoro ¢akynabTeTa, BXOAST MPEICTABUTEITN YHU-
BepCcUTETOB U PocCCUMCKON akaaeMHUM HAyK, BEIylLIMe CIIENUAIUCTbl WHCTUTYTOB
PAH. Cexperapu 'K — kaHaugaT XMMUYECKUX HAayK, aCCUCTEHT Kadeapbsl HaHOMa-
tepuaioB ®HM CemenoBa AHHa AJEKCaHAPOBHA YW KaHAWAAT XMMHYECKUX HAYK,
crapmuii npenoaasateias PHM Jlynés Anekceld MuxaiisioBuy.

Hacrosmmii cOOpHHK BKIIIOYAET JIBE YACTH, KaKJas U3 KOTOPHIX 0O0BEIMHSCST
MaTepuaibl K 3aIlUTaM BBITYCKHBIX KBAIH(PHUKAIMOHHBIX PabOT MarucCTpaHTAMH
®DHM BHa ogHOM U3 KOMUCCHUM.



COCTAB I'OCYJIAPCTBEHHOMH DK3AMEHAIIMOHHOM

KOMHUCCHUU Ne 1

no HanpapJeHu1o 04.04.02 «Xumus, pusnka 1 MeXaHUKA MATEPHATIOB)»

1 | Kuckun Muxaun | mpodeccop PAH, n.X.H., Beayuuii HAy4HbIH COTPYIHUK
AnekcaHapoBud | 1JabopaTOpUU XUMUHU KOOPIUHAIIMOHHBIX MOIUSACPHBIX
(npencenarens) coenrHeHud, THCTUTYT 00111el 1 HEeOpraHUYECKOM XUMUU UM.

H.C. Kypnakosa PAH

2 | bpouies Oner K.X.H., IOIIEHT, Kaepa HaHOMAaTEepHAIOB, (PaKyJIbTET HAYK O
AJIeKCaHPOBUY marepuanax MI'Y

3 | JoOpoBoabCkuit | A.X.H., Mpodeccop, pyKOBOAUTEb IPYIIIbI CHEIIHATBLHBIX
Opuii MarepuanoB, OenaepanbHbI UCCIEI0BATEIBCKUN LIEHTP
AHaTOJBEBUY mpo0JIeM XUMHUYECKOH (HU3UKH 1 MeAUITMHCKOW xumun PAH;

reHepanbHblil gupekTop OO0 «ILlentp BogopoaHoii
OHEPreTUKNY

4 | XKvxun yiieH-koppecnonaeHT PAH, 1.x.H., mpodeccop, 3aMecTuTeNb
Koncrantun JTUPEKTOpa Mo Hay4HOoU pabote MHcTUTyTa 00I1IIEH 1
IOpbeBuu Heopranndeckoil xumuu uM. H.C. Kypnakosa PAH

5 | IBaHOB yieH-koppecnoraeHT PAH, n.x.H., mupextop MHcTHTyTa 00MIICH
Brnagumup n Heopranndeckor xumun uM. H.C. Kypnakosa PAH
KoncranTnHoBHY

6 | Hesnes akanemuk PAH, n.¢.-m.H., mpodeccop, 3aBeayromuii kapeapoi
Banentun MEXIUCIIUTUIMHAPHOTO MaTepUanoBeACHUs, PaKyIbTeT HAYK O
MuxaisioBuy marepuanax MI'Y

7 | llytnses K.X.H., JIOIICHT, Kaeapa HEeOpraHMIECKON XUMUH XUMHUUECKOTO
Banepwnii dakynberera MI'Y, kadenpa MEKIUCIUILTTHAPHOTO
HNBanoBHY MaTepuanioBeeHus PaKyIbTeTa HayK 0 MaTepuanax MI'Y

8 | Tapacos K.X.H., 3aBeYIOIINA 1abopaTopreil HOBBIX MaTEPUATIOB IS
Anexceit COJTHEUHOU SHEepreTHKy, pakyabTeT HayK o MaTtepuaigax MI'Y
bopucosnu

9 | HlaTamoBa K.X.H., JIOIICHT, 3aMECTUTEIb JeKaHa (PaKyIbTeTa HAyK O
Tarbsina marepuaiax MI'Y o yueOHo# paboTe
bopucosna

10 | IleBenbkOB yiieH-koppecnouaeHT PAH, n.x.H., mpodeccop, 3aBeayromimii
AHppeit Kadenpoit HeOpraHu4ecKo XMMHUHU U 3aBEIY IO
Brnagumuposuy nabopaTopueit HampaBJICHHOTO HEOPTaHUYECKOTO CUHTE3a,

xumudeckuit pakyiapter MI'Y

11 | Amuna J.X.H., B.H.C., Kadejpa HEOpraHU4EeCKON XUMUU, XUMHUUECKUI
Jlana dakynsTer MI'Y
BanepbeBHa
JIynés Anekcen K.X.H., CTapIINii MpernoiaBareisb (HaKyapTeTa HayK O
MuxannoBuu marepuanax MI'Y
(cexperapp)




PACIIUCAHUE 3AIIIUT MATUCTEPCKUX KBAJIMOUKAIIMOHHBIX PABOT

30 mast (BTOPHHUK)

Bpems | MaructpaHt Haszpanne padoTsl MecTo BBINIOJIHEHHS Pa0OTHI PykoBoauTenn/-u Penenzenrt
11:00 —- . .
11:05 BerynurensHoe cnoBo [pencenarens ['ocymapcTBeHHOM 3K3aMEHAITMOHHON KOMUCCUU
11:05 - | JIro Kommno3unuonseie Kadenpa K.X.H., gou. [Tytnses K.X.H., c.H.c. Cokounos Ilerp Cepreesuu
11:50 | Croanbroit ANEKTPOKEPAMHUIECKUE MEXTUCIUTUTHHAPHOTO Banepwii IBanoBu; Jlabopatopust HEOPraHUIECKUX TEXHOJIOTHIA,
MaTepuaibl Ha matepuaiopenenus, ®HM K.X.H., acc. EBnokumoB | OTnen HeopraHUu4eCKUX TEXHOJIOTHH,
ocHOBE Lij+xAlxGerx(POy)3 MI'Y [TaBen Bmagumuposnd | KypuaTOBCKHiT KOMITIIEKC XUMUYECKUX
uccnenoBannii (MPEA) HUIL «KypuatoBckuit
UHCTUTYT»
11:50 — | Ysnp Bnusinue nuamMarHuTHOTO JlaGopartopust K.X.H., 1011. TpycoB K.X.H., c.H.c. Cokounos Ilerp CepreeBuu
12:35 | CunpmuH katnona M** Ha MarauTHbIC HEOPraHUYECKOrO JleB ApremoBuy; JlaGopaTopusi HEOPraHUYECKUX TEXHOJIOTHH,
CBOICTBA rekcadeppuTOB MaTepuanioBeeHus, kagenpa | K.X.H., M.H.C. EnmnceeB | OTaen HeopraHMYeCKUX TEXHOJIOTHIA,
MFegAl4,O19 HEOPTaHUYECKOU XUMHH, ApreM AHaTOJIbEBUY KypuaTtoBckuii KOMIIIEKC XUMUYECKUX
(M = Ba, Ba/Ca, Sr, Sr/Ca) XuUMudeckuii paxyiaprer MI'Y uccnenoanuii (MPEA) HUIL «KypuaTtoBckuit
UHCTUTYT)
12:35 — | Wxoy Jlutnit-npoBoadinne HWJI xuHeTHYEeCKUX METOJI0B | K.X.H., M.H.C. (MI'Y), K.X.H., ¢.H.c. CokonoB Ilerp CepreeBuu
13:20 JaHbUSH KepaMHU4eCKHe ICKTPOJIUTHI Ha | aHAIM3a, Kadempa c.H.c. (MDTH) Jlabopatopust HECOPraHWMICCKUX TEXHOJIOTHA,
ocHOBE Lij+AlyTio(POy)s st AHAIINTUYECKON XUMUH, Kanuranosa Ouecs OTnen HeOpraHMYECKUX TEXHOJIOTHH,
TBEPABIX AKKYMYJISITOPOB xumuueckuii ¢pakynprer MI'Y | Onerosna, acm. 4 1/0 KypuatoBckuii KOMITJIEKC XUMUYECKUX
®HM Croit Ceroit uccnenoanuii (MPEA) HUILI «KypuaTtoBckuit
WHCTHTYT)
13:20 —
13'50 [TepepsiB
13:50 — | ¥ Muncu Cunrtes e-Fey,M,03 (M = AI*, Jlaboparopus K.X.H., U"HX. ['opbaueB | K.Xx.H., c.H.c. Cokonos [lerp CepreeBuu
14:35 Cr¥, Ga®") myrem ruaponuza HEOPraHUYECKOTro EBrenuii AnapeeBuy JlaGopatopusi HEOPraHNMYECKUX TEXHOJIOTHH,

MCTaCHUJIMKAaTa HaTpus

MaTepHaoBeieHus, kadpeapa
HEOPraHUYECKON XUMUH,
xuMHueckuii ¢pakynprer MI'Y

OTtnen HeOpraHM4YEeCKUX TEXHOJIOTUH,
Kyp4aToBCKuil KOMIUIEKC XUMHUYECKUX
uccinenosanuii (MPEA) HULL «KypuaToBckuii
WHCTHTYT)




Bpemst | Marucrpanrt HaszBanue paéoTsl MecTo BbINOJHEHHS Pa0OTHI PykoBoauTesnb/-u Peuenzent
14:35 — | Yxan Kommno3uTHsie kaTOHBIE JlaGopartopust K.X.H., M.H.c. PyneB K.X.H., B.H.C. JIpickoB Huxoinaiit Bukroposuu
15:20 | Cunbpxao MaTepuabl Al TBEPIOTEIbHBIX | HEOPraHUYECKOTO Anexceit AuToHoBHY; | JIabopaTopusi HH)KEHEPUU MaTepUAIOB IS
JUTHEBBIX AKKyMYJISITOPOB Ha MaTtepuaoBeeHus, kageapa | A.X.H., B.H.c. SmmHa TBEPAOTENbHBIX YCTPOUCTB, OTaen
ocHoBe LiNi,MnyCo(1.x.y)O2 HEOPraHWYEeCKON XUMUH, Jlana BanepreBHa (hyHKIIMOHATBLHBIX MAaTEPUAIOB JIJIs
xuMHuueckuii ¢pakynprer MI'Y XUMUYECKUX UCTOUHUKOB dHeprun, GUL|
[IXP u MX PAH
15:20 — | MupoHoBa Hogsie ciioxHbIe OOpaThI JlaGopartopust TEXHOJIOTUH K.T.-M.H., 3aB.JIa0. K.X.H., 1o1. Mcromun Cepreii SIkoBieBnd
16:05 | FOmus MIEPEXOTHBIX M PEAKO3EMENbHBIX | (DYHKITMOHATBHBIX Axcenos Cepreii Jlaboparopust HEOPraHUIECKOM
CepreeBHa 3JIEMEHTOB: OCOOCHHOCTH MaTepHualoB, Kadeapa MHuUXaia0BUY; A.X.H., | KPHCTANIOXUMHUH, Kae/]pa HEOPraHUIECKON

KPUCTAIOXUMHH U (PU3HUKO-
XUMUYECKHE CBOMCTBA

XUMHYECKON TEXHOJOTHH U
HOBBIX MaTE€pPHAJIOB,
xuMuueckuii ¢pakynprer MI'Y

3aB.;1a0., mpod.
Jlazopsax bornan
HMocunosuy

XUMHH, XUMHYeCKUH pakynprer MI'Y
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31 mas (cpena)

Bpemst | Marucrpanrt HaszBanue padoTsl MecTo BbINOJHEHHS Pa0OTHI PykoBoauTesnb/-u Peuenzent
11:00 — . .
11:05 BcerynurensHoe cnoBo IIpeaceaarens I'ocygapcTBEHHON 3K3aMEHAIIMOHHON KOMHUCCUUT
11:05 — | OpnoBa CuHTE3 M JIIOMUHECICHTHBIE JlaGopaTopust XUMHUH KOOP- K.X.H., UHX. K.X.H., tol. [Ilakuposa KOnus PaBuneBna
11:50 | Anacracus CBOMCTBAa MOHO- U I'€TEPO- JUHALMOHHBIX coeanHeHunl, | KoxxeBHHKOBa Kadenpa obmieli 1 HEOPraHUYECKON XUMUH,
BaagumoBha METATNYECKUX TUPEHATOB kadeapa HeOpraHUIeCKOn Bnagucnasa FOpbe- | Uactutyt xumuu CIIOIY
JAaHTaHWUJI0B XMMHUHU, XUMHYECKUH a- HAa; A.X.H., B.H.C.
KyabeteT MI'Y YrtounukoBa Banen-
ThHA BriaguMupoBHa
11:50 — | Ko3nos Brusianue Bpemenu sxu3nu Bo3- | JlaGopaTopust XuMUM KOOP- JI.X.H., B.H.C. K.(b.-M.H., 3aB. 120. CocopeB AHapeit
12:35 | Makapuii Oy>XI€HHOTO COCTOSTHHSI Ha JUHALMOHHBIX COCAMHEHUM, | YTO4YHMKOBa Banen- IOpreBuu
Uropesuu XapaKTEPUCTUKHU 3JIEKTPOIIFO- Kadenpa HEOpraHU4eCKou tuHa BnangumupoBna | JlaGopaTtopust ¢oTo- 1 31eKTpodU3UKH Op-
MHHECICHIINN KOMIIJIEKCOB XUMUH, XUMAYECKUAN (ha- raHu4ecKux nosynpoBoauukos, MCIIM
TepOUs U CBPOITHS Kyaprer MI'Y PAH
12:35 — | Hukanapos HanopasmepHbIil 1HOKCH JlaGoparopusi XuMHH KOOPIU- | K.X.H., C.H.C. K.X.H., 3aM. T€H. JUPEKTOPa-TEXHUIECKUI
13:20 | Hukwura LIepHs: CUHTE3 U3 KOOPANUHALM- | HALMOHHBIX COCAMHCHHH, Ka- | [{pIMOapeHKo nupektop AmennueB Baaum AHaTosibeBUY
MakcUMOBHUY | OHHBIX COCIMHEHUN U denpa Heopranuueckon xu- Jmurpuit 000 «C-UnnoBamum»
KaTaJIUTUYECKUE CBOWCTBA MHH, XUMHYCCKHIT GaKyIbTeT | MuxaiinoBud
MI'Y
13:20 -
13'50 IlepepriB
13:50 — | JIyn Xynoii [{ukaorekcaHkapOOKCHIIATHI JIaGopaTopusi XMMUHM KOOPIU- | K.X.H., CT. TIpeI. K.X.H., B€Jl. HH)K€HEP-PYKOBOAUTEND y4acT-
14:35 JMCIIPO3HsI: CHHTE3, HAl[MOHHBIX COCJMHEHHUH, Ka- | ['pebeHrok JJUMUTPUIl | Ka XUMUYECKUX TpolieccoB MakapeBuy
KpHUCTa/UIM4YeCKast CTPYKTYpa, (enpa neopranuueckoii xu- Hnbny; K.X.H., C.H.C. Aptém Muxaitnosny
(G yHKIIMOHAJIbHBIE CBOMCTBA MHH, XUMHYCCKHUI GaKyinbreT | [[pimbapenko Jmut- | OO0 «C-UHHOBAIMN
MI'y puii MuxainoBuu
14:35 — | Yait XaosH [TonusnepHbie KOMITJIEKCHI JIaboparopusi XuMHH KOOPIU- | K.X.H., CT. TIpET. K.X.H., B€Jl. HHKECHEP-PYKOBOJIUTEND YUaCT-
15:20 neHradropnponroHaros P39 HAI[MOHHBIX COCJIMHEHNUH, Ka- | ['peOeHrok IuMuUTpHil | Ka XUMUYECKUX IpoleccoB MakapeBuy
Kak IPEKYpPCOPBI CIOKHBIX ¢enpa Heopranuueckon xu- Wnpny; k.X.H., C.H.C. Aptém MuxaitnoBuy
¢bTopuI0B MHH, XHMHYECKHUi GaKynbTeT | [[pimbapenko Jmut- | OO0 «C-UHHOBAIUN
MIy puit MuxaitnoBuu
15:20 — | Tao dus P33-coneprkamyie aHnoOHHbBIE JIaGopaTopust XUMUHM KOOPAU- | K.X.H., CT. TIpeT. K.X.H., 1ol. JIlykonnna Hatanea CepreeBna
16:05 HAIMOHHBIX COeIMHeHNH, ka- | ['pebenrok Jumurpuit | HUJI Tepmoxumum, Kadeapa Gpu3nueckon

METAJUT-OPTaHUYECKHE
KapKachl: CHHTE3, CTPOCHHUE,
JIFOMHHECIIEHTHBIE CBOICTBA

(denpa HEOpraHU4eCKOu XH-
MUH, XUMUYECKHUH (paKkyabTeT
MIy

Wnpny; K.X.H., C.H.C.
Hpmmbapenko JImuT-
puii MuxannoBuy

XUMHUH, XUMHUeckuil paxkynsrer MI'Y
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01 urons (ueTBeEpr)

Bpemst | Marucrpanrt HaszBanue padoTsl MecTo BbINOJHEHHS Pa0OTHI PykoBoauTesib/-u Peuenzent
11:00 — . .
11:05 Bcerynurensnoe cnoBo lIpeaceaarens I'ocygapcTBEHHOM SK3aMEHAIIMOHHOW KOMUCCHH
11:05 - | Ban Kommno3utHsle katogubie MaTe- | JlabopaTopus HeopraHW4yecko- | K.X.H., M.H.c. PyieB K.X.H., 3aB. 1a0. Busramos Bukrtop
11:50 Boanpxyit puasIbl 171 TBEPAOTENbHBIX JIM- | TO MaTepuajgoBeeHus, kapea- | Anexceit AHTOHOBHY; | AHATOJILEBUY
TUH-WOHHBIX aKKyMYJISITOPOB HA | pa HEOPTraHWYECKON XUMHH, I.X.H., B.H.C. SmHa JlaGopaTopusi NOCT-TUTUH-UOHHBIX 3JIEKTPO-
ocHOBE Lij+AlxTi,(POy)3 xumuueckuii ¢pakyinbrer MI'Y | Jlana BanepreBHa XUMHYeCKHX cucreM, MOTU
(LATP) 1 yrnepoaHbIX HaHOT-
pyOoK
11:50 — | [Tnykun KaramuzaTopsr okucienus CO Jlabopartopus cuHTe3a PyHK- I.X.H., TJLH.C. K.X.H., B.H.Cc. HuctsixkoB AHapeit BanepbeBnu
12:35 | Kapuna Ha OCHOBE CJIOKHBIX HUKEJIbCO- | LMOHAJIBHBIX MAaTEPUAIIOB U Eropesiesa AnHa JlaGopatopus «KaTaluTHueCKuX HAHOTEXHO-
Pucdarona JIepIKaIIuX AHTUMOHATOB JIAHTA- | MEePepadOTKH MUHEPATHLHOTO Brnanumuposna; k.x.H., | norui», UHXC PAH
Ha U BUCMYTa coIpbst, UHCTUTYT 0011EH N qou. Konecuuk Upuna
HEOPraHUYECKON XUMHUH UM. BanepbeBna
H.C. Kypnakosa PAH
12:35 — | Kanuaun PazpaOotka rutanapusix Tepmo- | Kadenpa mexaucuumniunap- K.X.H., acc. PociiikoB | K.X.H., MUHX. 1-0ol kaT. YmkoB ApTém
13:20 | UBan KAaTaJIUTHYECKUX CEHCOPOB BO- HOI'0 MaTe€pHAJIOBEICHNUS, Wnes Bnagumuposuy; | CepreeBny
Anekcanapo- | gopojna OHM MI'Y K.X.H., o1, Konecauk | JlaGopaTopust XuMuM U (PU3HKH ITOTYIIPOBOI-
BUY Kadenpa nanomartepuaios, Wpuna BanepbeBHa HHUKOBBIX ¥ CEHCOPHBIX MaTepHaloB, Kadeapa
OHM MI'Y HEOPTaHWYCCKOW XMMHH, XUMUYCCKUH (a-
KynbTeT MI'Y
13:20 -
13'50 [TepepsiB
13:50 — | MatBeeBa HccnenoBanue Bnusnus katuo- | Jlaboparopust HeOpraHn4ecko- | K.X.H., oul. Enncees K.X.H., B.H.C. bporiman BukTtop Annpeesny
14:35 AHacracus HOB HIEJIOYHBIX U IIEJIOYHO- ro matepuanoBeneHus, kapen- | Auapeit AnaronseBnu | HUJI tepmoxumun, xadeapa dpuzndeckoit
CepreesHa 3€MEJIBHBIX 3JIEMEHTOB Ha IIPO- pa HEOPraHUYECKON XUMUH, XUMHUH, XUMHYeckuid pakynbrer MI'Y
HUIIAEMOCTh Ta30B U TIAPOB MEM- | XUMHUECKui akynbprer MI'Y
OpaH Ha OCHOBE OKcHjia rpadeHa
14:35 — | CynakoB [Tonyyenue TOHKUX IJICHOK ra- JlaGoparopusi HOBBIX MaTepua- | K.X.H., 3aB.ja0. K.T.H., uHXK. ['octumes [1aBen AnapeeBud
15:20 Anekcanap JIOTEHILTIOMOATOB MyTEM KOH- JIOB JIJISL COMHEYHOM 3HepreTu- | TapacoB Anekceit JlaGopaTopus nepcreKTUBHON COTHEUHOM
AHnpeeBUY BEPCUHU CBUHEL-COAEPKALLNUX ku, DHM MI'Y Bopucosuy; k.X.H., snepretuxku, HUTY MUCUC
[IPEKYPCOPOB MOJIUTAIOr€HUA- M.H.C. bennd Huxomai
MU METHJIAMMOHHSA U hopMaMu- AHnpeeBn4
JIMHHSI B HETIOJIIPHBIX PACTBOPH-
TEJISIX
15:20 -
16:00 [Toneenenue UTOrOB
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AHHOTAIUU MATUCTEPCKHUX
KBAJIMOUKAIIMOHHBIX PABOT

KoMNno3uIHOHHBIE 31eKTPOKePAMUYeCKHe MaTepHaJIbl HA OCHOBE
LiyxAlGes«(POs)s
JIo C.

PykoBogurenu: k.x.H., nou. [Iyrnses B.U., k.x.H., acc. EBnokumos I1.B.

B HacTosmee BpeMs MOJHOCTbIO TBEPIOTEIbHBIC JIMTUH-UOHHBIE AKKYMYJISTOPBI
paccMaTpuBarOTCd Kak Hamboyiee MHOTOOOCHIAIONIME HAKOMHUTETH DHEPTHH  CIICTYIOIIETO
MIOKOJIEHUSI B CBSI3U C PACTYLIUM CTPEMJICHHEM K BBICOKOW IMJIOTHOCTH SHEPTUU U COOOpaKEHUSIM
0€30MacHOCTH B KOMMEPUYECKUX JIMTHH-WOHHBIX CHCTeMax. Pa3paboTka TBEpIOTO JIJICKTPOJIUTA
ABIAETCS HauOoliee BaXKHBIM AaCIEKTOM CO3JIaHUSl BBICOKOI()D(PEKTUBHBIX TBEPAOTEIbHBIX
aKKyMyJIITOpoB. Cpey MHOTOYHCIICHHBIX THUIIOB TBEPJABIX JHUTUH-WUOHHBIX MPOBOJHUKOB OCOOBIC
MEPCIIEKTUBBl JIEMOHCTPUPYIOT TBepable snekTponuThl Tuna NASICON c¢ obmeit dopmynoit
LipxAlxGesx(PO4)3 (LAGP) Garogapst BHICOKO HOHHOM MPOBOAMMOCTH (B JHAa30HE OT 10 no
107 Cwm/cMm), a Takke MIMPOKUHN IIIEKTPOXUMUYECKHH Tuana3zoH Oosee padotsl 5,0 B mo cpaBHEeHHIO
C IPYTUMH THITAMHU JJICKTPOJIUTOB.

Opnako axwiIecoBod msATOW Kepamuueckux wmarepuasioB LAGP  sBasercs Huzkas
HAJCKHOCTh, KOTOpas OOYCIIOBJICHA MPHUCYIIEH WM CKJIOHHOCTH K XPYIIKOMY pa3pylmICHHIO MPU
HU3KHUX 3HaUYCHUsX 3apsaa/paspsaa. Cpenu OCHOBHBIX MPUYHH 3TOTO - POCT JCHAPUTOB JIUTHUS WU
(hOpMHPOBAHHE TPEHIMH TPU CIICKAHHH KEPAMHKH, YTO MPHBEIET K KaTacTPOYUISCKOMY POCTY
TPEIIMH B TBEPJOM SJEKTPOJHUTE MPHU ero sKcrryatanuu. CymecTBYIOT pa3iuyHbIe MOAXOMABI K
VIIYYIIEHUIO  TPEIIMHOCTOMKOCTH  KEepaMHYECKHX  00pasmoB:  J1e(EeKTOCKOMHUs,  3aKalika,
apMupoBaHHe dYacTullaMu BTopoil  (a3pl. CrnocoObl M pe3yabTaThl 3aKajJKd  XOPOIIO
33JIOKyMEHTUPOBAHBI B JIUTEpaType. MBI MpeaiiaraéM METOJI TMOBBIIICHNUS MEXaHUYECKHX CBOHCTB
LAGP c¢ wucnonp3oBaHHEM HAHOBOJIOKHUCTBIX HeOpraHMYeckux 1no0aBok. HaHoOBomOKHa,
MEPEKPBIBas TPEUIUHY, CHIKAIOT JIOKAIBHBIE TIOJIS HaNpspDKeHWH u nedopmanuii B ee BepmuHe. C
Jpyroil CTOPOHBI, HAHOBOJIOKHA MOTYT BBIHYXKIAaTh TPEUIMHY K BETBJICHHUIO U TMEPEOPUCHTAIUU;
BBICPTMBAHNE BOJIOKHA W3 MATPUIBI TPU PACKPBITHH TPEIIMHBI TPUBOAWT K JIHCCUIIAIIAU
HAaKOIUIGHHON yNpyro OSHEpPruHM, BCE OTO 3aMeIsIeT pPOCT TPEUIMHbl U TMOBBIIIACT
TPEIUHOCTOUKOCT.

[lenpto  paboTel  siBIsieTCs  pa3paboTKa  METOAOB  CHHTE3a  KOMIO3UIIMOHHBIX
AEKTPOKEPAMHUSCKAX MAaTEPUAJIOB, MPEAHA3HAYCHHBIX JUIS TBEPIOTEIBHBIX aKKyMYJISATOPOB,
00JIaArOIINX YIIYUIICHHBIMA MEXaHUYCCKHUMHU XapakTepucTHKaMu Ha OCHOBE LijsxAlxGeax(POy)s.
beimu mocTaBieHs! ciienyronme 3aaadn: 1) onpeneneHne yciaoBHil CHHTE3a (MCXOJHBIC PEeareHTHI,
Temrepatypa, Bpemsi) mopomKkoB LijAlxGer«(POs)s; 2) paspaboTka CHOCOOOB MOTYYEHHS
ApMHUPYIOIMUX HEOPTAaHWYECKUX JOOABOK METOJOM JJICKTPOCIMHHHHTA C BBICOKUM aCIEKTHBIM
COOTHOIIIEHHEM; 3) TONYYeHHEe KEepaMUYEeCKHMX KOMIIO3UIIMOHHBIX MAaTepuaioB Ha OCHOBE
LizxAlxGesx(PO4)3; 4) ornerka BIusiHUS J00ABOK Ha IMOJIyYEHHE IUIOTHOM 3JCKTPOKEPAMHKH Ha
ocHoBe LAGP; 5) mpo4yHOCTHBIE HUCHBITAHUS W UCCIEIOBAHUS MPOBOAUMOCTH TOTYyYEHHBIX
KOMITO3UITHOHHBIX KEPaMHUYECKHX MaTepHaioB; 6) cOOpka aKKyMyJISTOPOB U IPOBEICHUE
ANEKTPOXUMUYECKOTO TECTUPOBAaHUS. VICMONB30BaHbI CIEAYIONUE METOABI (PU3UKO-XUMUYECKOTO
WCCIIEIOBAHMS: pacTpoBasi AJEKTPOHHAS MUKPOCKONHS U PEHTTEHOCIEKTPAIbHBIA MUKpPOAHAIU3,
peHTreHo(a30BbIN aHam3, TEPMOTPaBUMETPHSI, A TOMETPUS, WCCIICIOBAHHE
ANEKTPOXUMUYECKUX XapaKTepUCTUK. B pesynbTare mpoaenaHHOW paboThl ObLIM CHHTE3UPOBAHbBI
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nopomikn LAGP ¢ ucnonp3oBanueM TBepI0opa3HOTO CHHTE3a, a TAKXKE MOTYYCHBI KepaMUIECKUE
o0pa3Ibl Ha UX OCHOBE.

B nannoii pabore OblT MpoBeAeH cuHTe3 TBepAoro siekTponuta LAGP ¢ ncnons3zoBanuem
Merona TBepaodaszHoro cuHre3a. Ilocine cuHTEe3a W wu3MenbueHus mnopomka LAGP, Obuia
BBITIOJTHEHA MPOIIEIypa MPEeCCOBaHMS TOPOIITKa B TaOJIETKU I JaIbHEHINX uccienopanmii. [Toce
MPeccoBaHUsl M KOHTpOJsl KaudecTBa, Tabimetku LAGP Obutm rotoBsl k crnekanuio. CriekaHue
MIPOBOJIUIIOCH TIPH PA3JIMUHBIX U JIBYX Pa3HbIX BPEMEHHBIX MHTEPBajIaXxX JJIsl UCCIEAOBAHUS BIUSHUS
ATUX MapaMeTpPOB Ha CBOICTBA MOJTYYEHHBIX Ta0yeTOK. B kauecTBe 100aBKM ObLT BHIOpaH KapOu
kpemuus (SiC).

B pabore ycriemnblii cuHTE3 TBEPAOTENHHOTO d1eKTposinTa LAGP Obln BIMOIHEH, U OBLITH
MOJIy4eHbl HAHOYACTHUIIBI TPEX pa3HBIX pa3MEpPOB C HCIOIb30BAHMEM IIAPOBON MEJIbHULIBI B
TE€YEHHE Pa3HBIX BPEMEHHBIX MHTEpBaJoB. B Xozae uccienoBanus ObUIM TakkKe ONTHUMHU3UPOBAHBI
YCJIOBHSI CHHTE3a ISl IOCTHKEHUSI HAUITYUIIUX XapakKTepucTuk. s onpeneneHuss onTUMaibHbIX
temneparyp crnekanus LAGP ¢ paznuunsiMu pa3mepaMu 4acTHUIl TPOBEICHO CPAaBHEHUE PA3ITUUYHBIX
TeMIieparyp. JTO TMO3BOJUIO U3Y4HTh mnoBeneHue 3epeH LAGP mpu pasnmuunbix Temmeparypax
CICKaHUsi W ONpeNeNiuTh Haumbojee TMOAXOASIINE YCIOBUS JUIA TOJYYEHHsS] BBICOKOMU
MPOU3BOIUTENBHOCTH MaTepuana. C ImpUMEHEHHEM METOJa JJIEKTPOXUMHUUYECKOW HMIIEAaHCHOU
cnekrpockonuu (OVC) Oblia M3MepeHa MaKCHMallbHash MOHHAs MPOBOJUMOCTH, paBHas 0,37502
MCwm/cM. B mporiecce uccienoBaHus OblIa BBISIBJICHA CBSI3b MEXKAY MOHHOW MPOBOJUMOCTBIO U
OTHOCHUTENIbHOM IJIOTHOCTBIO, YTO MO3BOJIIET NpPECKa3aTb U KOHTPOJIHUPOBATH XapaKTEPUCTHKHU
anektposurta. Kpome Toro, mns ynydmienus xapakrepuctuk LAGP Obul cuHTE3UpOBaH aaIUTHB
SiC ¢ ucnonb3oBaHUEM METOJIa AJIEKTPOCHUHHHTIA. BbUIO MpOBENEHO MHOKECTBO KOHTPOJBHBIX
SKCIIEPUMEHTOB Il ONpEJeNeHUs Haubosiee MNOAXOASAIIMX HCXOAHBIX MarepuaioB PAN
(ITomnaxpunonutpun), TEOS (Terpastokcucunan) u DMF (N,N-Tdumerundopmamun). CpaBHUBas
paszMyHble HANPSDKCHHS, YCTAHOBJIEHO, YTO HamOoJiee TOHKHE HAHOBOJIOKHA IOJY4YaloTCS MpU
Hanpsokennu 30 kB, 9to o0ecnieunBaeT onTUMAaIbHOE COUETAaHUE CBOWCTB.

Myoauxamuu cryaenra (http://istina.msu.ru/profile/Viktor_Liiu/):

1. Jlo C., Jlu C. [lonyuenue c800600HOCMOAWUX KOMHOZUMHBIX NAEHOK U NPO3PAUHBIX
NPOoBOOSIYUX NOKPLIMULL HA OCHOGe 60ccmanogiennozo okcuda epagena || CBOPHUK
TE3UCOB. XXX MEHJAEJIEEBCKAS KOH®EPEHIUA MOJIOJAbIX YYEHBIX.,
coopHuK Te3ucoB. MockBa, Poccus, 27-29 okts6ps 2020, c. 29.

Composite electroceramic materials based on Li ., Al,Ge, 4 (PO,)s3
Liu X.

Supervisor: Ph.D, Assoc. Prof. Putlyaev V.1, Ph.D., Assistant Evdokimov P.V.

Currently, all-solid state lithium-ion batteries are seen as the most promising nextgeneration
energy storage devices due to the growing desire for high energy density and safety concerns in
commercial lithium-ion systems. The development of a solid electrolyte is the most important
aspect of creating high-performance solid-state batteries. Among the numerous types of solid
lithium-ion conductors, solid electrolytes of the NASICON type with the general formula
LizxAlxGesx(PO4)3 (LAGP) show particular promise due to their high ionic conductivity (in the
range from 10~ to 10~ S/cm), as well as a wide electrochemical operating range of over 5.0 V
compared to other types of electrolytes.

However, the Achilles' heel of LAGP ceramic materials is poor reliability, which is due to
their inherent tendency to brittle fracture at low charge/discharge values. Among the main reasons
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for this is the growth of lithium dendrites or the formation of cracks during ceramic sintering, which
will lead to catastrophic crack growth in the solid electrolyte during its operation. There are various
approaches to improve the crack resistance of ceramic samples: flaw detection, hardening,
reinforcement with particles of the second phase. The methods and results of hardening are well
documented in the literature. We propose a method for improving the mechanical properties of
LAGP using nanofiber inorganic additives. Nanofibers, blocking the crack, reduce the local stress
and strain fields at its tip. On the other hand, nanofibers can force the crack to branch and reorient;
pulling out the fiber from the matrix during the opening of the crack leads to the dissipation of the
accumulated elastic energy, all this slows down the growth of the crack and increases the crack
resistance.

The aim of the work is to develop methods for the synthesis of composite electroceramic
materials intended for solid-state batteries with improved mechanical characteristics based on
LixAlxGe,x(PO4)s. The following tasks were set: 1) determination of the synthesis conditions
(initial reagents, temperature, time) of Lii..AlxGes.x(PO4)3 powders; 2) development of methods for
obtaining reinforcing inorganic additives by electrospinning with a high aspect ratio; 3) obtaining
ceramic composite materials based on Lii+xAlxGe,.x(POa)s; 4) assessment of the effect of additives
on the production of dense electroceramics based on LAGP; 5) strength tests and studies of the
conductivity of the obtained composite ceramic materials; 6) battery assembly and electrochemical
testing. The following methods of physicochemical research were used: scanning electron
microscopy and X-ray spectral microanalysis, X-ray phase analysis, thermogravimetry, dialtometry,
investigation of electrochemical characteristics. As a result of the work done, LAGP powders were
synthesized using solid-phase synthesis, and ceramic samples based on them were obtained.

In this work, the LAGP solid electrolyte was synthesized using the solid-phase synthesis

method. After synthesizing and grinding the LAGP powder, the powder was pressed into tablets for
further research. After pressing and quality control, the LAGP pellets were ready for sintering.
Sintering was carried out at different and two different time intervals to study the effect of these
parameters on the properties of the resulting tablets. Silicon carbide (SiC) was chosen as an
additive.
In the work, a successful synthesis of the LAGP solid state electrolyte was performed, and
nanoparticles of three different sizes were obtained using a ball mill for different time intervals.
During the study, the synthesis conditions were also optimized to achieve the best performance. To
determine the optimal sintering temperatures for LAGP with different particle sizes, different
temperatures were compared. This made it possible to study the behavior of LAGP grains at various
sintering temperatures and determine the most suitable conditions for obtaining high material
productivity. Using the method of electrochemical impedance spectroscopy (EIS), the maximum
ionic conductivity was measured, equal to 0.37502 mS/cm. In the course of the study, a relationship
was revealed between ionic conductivity and relative density, which makes it possible to predict
and control the characteristics of the electrolyte. In addition, to improve the performance of LAGP,
an additive SiC was synthesized using the electrosninning method. Many control experiments were
carried out to determine the most suitable PAN (Polyacrylonitrile), TEOS (Tetraethoxysilane) and
DMF (N,N-Dimethylformamide) starting materials. Comparing various voltages, it was found that
the thinnest nanofibers are obtained at a voltage of 30 kV, which provides an optimal combination
of properties.
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Biusinue TMaMArHUTHOI'O0 KATHOHA M2+ HA MATHUTHBIE CBOMCTBA
rekcageppuroB MFegAl,0,9 (M = Ba, Ba/Ca, Sr, Sr/Ca)

Yonw C.

PykoBonurenu: k.X.H, M.H.c. EnuceeB A.A., k.X.H, goil. Tpycos JL.A.

['ekcaronanbhbie Qepputhl M-THma Onaromapsi BBICOKOH XHUMHYECKOH W TEPMUYECKOM
CTaOMJIBHOCTH, BOCTPEOOBAaHHBIM MAarHUTHBIM XapaKTEPUCTHUKAM, a TAKXKe HU3KOH ce0eCTOMMOCTH
HaxXOoJAT pa3jMuYHble IPUMEHEHUs OT IOCTOSHHBIX MAarHUTOB M CpEA JJs MarHUTHOM 3alucH
uHbOpMalUU A0 MAaTepHajoB Ul aHTHPAJAPHBIX MpUIokeHUH. OHUM U3 CIOCOOOB YIyUIIeHUs
MarHUTHBIX CBOMCTB Tekcadepputra M-Tuma sBISETCS JETUPOBAHHE TUAMATHUTHBIMA MOHAMHU B
cTpykType rekcadpeppura. OJHAKO, BBICOKME TEOPETHUECKHE 3HAYEHHUsS KOIPLMUTUBHOW CHIIBI
TPYJHO JOCTUYb B pEAJIbHOM IIPOU3BOJCTBE, IIOCKOJIBKY HEOOXOAMMO IOJy4YyaThb YaCTHUIIBI
CYOMHMKPOHHOT'O pa3Mepa (Tak Ha3bIBaeMble, OJJHOJOMEHHbIE YaCTHULIbI).

B Haeif paGoTe GbUIA MOCTABICHA IENb H3YYHUTh BIMSHHE KaTHOHAa MZ' Ha cTpyKTYpy M
MarauTHble cBoiictBa MFegAl,O19, Tne M = Ba, Ba/Ca, Sr u Sr/Ca. [ns sToro HeoOXoauMo
MIPUTOTOBUTH OJHO(A3HBIE MOPOIMIKH C OJHOJAOMEHHBIMH YacTUIAMH METOJIOM TE€PMOOOPaOOTKH
nopucroro mnpexypcopa. Ilocie 3Toro Hy)KHO CpaBHUTH CBOWCTBa OOpa3llOB Pa3HOTO COCTaBa U
CUHTE3UPOBAHHBIX B Pa3HBIX YCIOBUSX.

Jlis monydeHust MopoIlkoB rexkcapeppuroB crexuomerpuueckue HaBecku SrCOsz, BaCOs,
CaCOg, Fe(NO3)3-9H,0, AI(NO3)3'9H,0 1 TUMOHHOM KHUCIOTHI PACTBOPSUIA B JUCTHIUTHPOBAHHON
Bojie. OTHOLIEHHE KOJIMYECTBAa LMTPAT-MOHOB K KOJIMYECTBY MOHOB METa/UIOB cocTaBisuio 3:1.
[ToToM pacTBOp HEMTpaNM30BBIBAIM BOJHBIM PacTBOpPOM ammuaka. Jlajee pacTBop ynapuBajd Ha
necyaHoi GaHe J0 CaMOBO3rOpaHUs LUTPATHOro paciaba. [lomyuyeHHBI MOPUCTBIA HpPEKypcop
usMenpuany u omkurany npu 1150 u 1200 °C B Teuenue 2 u 24 4acos.

Pesynbrarsl POA nokaseiBaioT, 4yto 00pasisl rekcadepputa Sru Ba npu 1150°C cocrost
U3 KpHUCTAUIMYeCKOW Qa3bl co CTPyKTypoil rekcadgepputa M-tuma. B ciayyae yvacTuyHOrO
samemenns Ha Ca’’ u yBeJMUeHHs Temreparypbl omkura jo 1200 °C takoe (pa3oBoe COCTOSHUE
coxpaustca. B 1enom, HeOonbplMe 3HAYEHUS TMApaMeTpoOB sUEiiKa MOJYYEHHBIX OOpaslloB IO
CPaBHEHMIO C MapaMeTpaMH YUCTOTO rexkcadeppura MOXKHO OOBSICHUTH TEM, YTO MOHBI KaJbIUs U
QIIOMHHMSI YCIEIIHO BOILIUIM B CTPYKTYpPY TeKcadeppuTa, a X pa3Mepbl MEHbIIE pa3MEPOB HOHOB
Sr u Fe, coorBercTBeHHO. Bee 00pasipl SBISIOTCS MarHUTOTBEP/IBIMHU, IIPUYEM KO3PIIMTUBHAS CHJIA
00pa310B Ha CYIIECTBEHHO BO3POCIIA [0 CPAaBHEHUIO C HE3aMEIIEHHbBIM rekcadeppuToM BCIIEICTBUE
3aMeleHNs JKeNe3a Ha anioMuHmiA. JlernpoBanne nonamu Ca* okasaso emé Gonee MONoKHTENbHOE
BJIMSTHHE HA MAarHUTHBIE CBOMCTBA rekcadeppuTa Sr, KO3PIUTHBHAS CHIIa KOTOPOTO YBEIHMYMIACH OT
18.3 kO o 22.2 k3. Ilpu 3amemienun Fe** na AI** temneparypa Kropu 2yMeHLmaeTcsI ot 425 °C 5o
~240 °C BcnenctBHe ocla0ieHus 0OMEHHOTO B3aMMOJICHCTBUS Fe*"-07-Fe*". 3amernienue M?" Ha
Ca’* He MPHBOUT K 3HAYMTENLHOMY H3MEHEHHIO TeMiepaTypsl Kiopn.

Takum oOpazom, B paboTe TOJYYEHBI M HCCIAEAOBAHBI OJIHOAOMEHHBIC YaCTHUIIBI
rekcapepputoB MFegAl,O19, Tne M = Ba, Ba/Ca, Sr u Sr/Ca. YcraHoBieHO, 4TO 00pas3loMm C
JYYIIMMHU MarHUTHBIMHM CBOICTBaMH sIBIIsieTCSl rekcadeppuT CTPOHIMS, JETHPOBAHHBIN HOHAMH
Ca?* u AI*', a Han6onee mozxoseii TeMieparypoi orxura sisisercs 1200°C.

IMy6ankamuu cryaenta (https://istina.msu.ru/workers/358358074/):
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Effect of the diamagnetic M** cation on the magnetic properties of
hexaferrites MFegAl,O9 (M = Ba, Ba/Ca, Sr, Sr/Ca)

Chen X.

Supervisor: Ph.D., Junior Researcher. Eliseev A.A., Ph.D., Associated Professor.
Trusov L.A.

M-type hexagonal ferrites, due to their high chemical and thermal stability, demanded
magnetic characteristics, as well as low cost, find various applications from permanent magnets and
media for magnetic recording of information to materials for anti-radar applications. One of the
ways to improve the magnetic properties of M-type hexaferrites is doping with diamagnetic ions in
the structure of hexaferrite. However, high theoretical values of coercive force are difficult to
achieve in real production, since it is necessary to obtain submicron-sized particles (so-called
single-domain particles).

In our work, the goal was to study the effect of the M?* cation on the structure and magnetic
properties of MFegAl,019, where M = Ba, Ba/Ca, Sr and Sr/Ca. To do this, it is necessary to prepare
single-phase powders with single-domain particles by heat treatment of a porous precursor. After
that, it is necessary to compare the properties of samples of different compositions and synthesized
under different conditions.

To obtain hexaferrite powders, stoichiometric samples of SrCO;, BaCOj; CaCOs,
Fe(NO3)3-9H,0, AI(NO3)3-9H,0 and citric acid were dissolved in distilled water. The ratio of the
number of citrate ions to the number of metal ions was 3:1. Then the solution was neutralized with
an aqueous solution of ammonia. Next, the solution was evaporated in a sand bath until the citrate
melt ignited spontaneously. The resulting porous precursor was crushed and annealed at 1150 and
1200 °C for 2 and 24 hours.

The X-ray results show that the samples of Sr and Ba hexaferrite at 1150 °C consist of a
crystalline phase with an M-type hexaferrite structure. In the case of partial substitution for Ca**
and an increase in the annealing temperature to 1200 °C, this phase state will remain. In general, the
small values of the cell parameters of the obtained samples compared to the parameters of pure
hexaferrite can be explained by the fact that calcium and aluminum ions have successfully entered
the structure of hexaferrite, and their sizes are smaller than the sizes of Sr and Fe ions, respectively.
All samples are magnetically hard, and the coercive force of the samples has increased significantly
compared to unsubstituted hexaferrite due to the substitution of iron for aluminum. Doping with
Ca”" ions had an even more positive effect on the magnetic properties of Sr hexaferrite, whose
coercive force increased from 18.3 kOe to 22.2 kOe. When replacing Fe** with AI**, the Curie
temperature decreases from 425 °C to ~240 °C due to the weakening of the Fe**-0%*-Fe** exchange
interaction. The substitution of M?* for Ca** does not lead to a significant change in the Curie
temperature.

Thus, single-domain hexaferrite particles MFegAl,O19, where M = Ba, Ba/Ca, Sr and Sr/Ca,
were obtained and studied in the work. It was found that the sample with the best magnetic
properties is strontium hexaferrite doped with Ca®* and AI** ions, and the most suitable annealing
temperature is 1200 °C.
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JIuTuii-npoBoasimue KepaMu4ecKue 3JIeKTPOJIUTHI HA OCHOBE
Lip Al Ti(PO4)3 1iisi TBEPABIX AKKYMYJISITOPOB

Yocoy /1.

PykoBoaurenu: k.x.H., M.H.c. (MI'Y), c.H.c. (M®TU) Kanuranosa O.0., ac. 4 r/o
Cront Ceroit

B coBpeMeHHBIX IUTUH-UOHHBIX XUMUYECKHX UCTOUHUKAX TOKA UCHOJB3YIOT OpraHUYeCcKHe
KHUJKUE IIEKTPOJIUTHI, KOTOPHIE JIETKO BOCILIAMEHSIOTCS U MPEJCTABISIIOT OMAaCHOCTh BO3TOpaHUs
akkymyIsTopa. Kpome Toro, )uaKue 3JIeKTPOIUTHI 00JIaJat0T HU3KHM OKHOM 3JIEKTPOXHUMHUYECKOM
CTaOWJIBHOCTH, YTO HE OTBEYAET TPEOOBAHMSIM BBICOKO SHEPrOEMKHX U MOIIHBIX aKKyMYJISTOPOB
CJIEYIOIIEr0 TIOKOJICHHS. B mocieqaue roisl HEOPraHUIeCKUe TBEPIbIC IIEKTPOIUTHI IIOCTETICHHO
CTalld TPEAMETOM AaKTUBHBIX HCCIEAOBAHUN B CBSI3U C UX BBICOKUMHU OKHAMU NOTEHIMATIOB U
paboumx  TeMmmeparyp, OTCYTCTBHEM  TOKCHYHOCTH,  O€30IaCHOCTBIO,  BO3MOXHOCTBIO
UCIOJIb30BAaHUSl JIMTUEBBIX AaHOJOB M BBICOKOBOJBTHBIX KAaTOJOB, BBICOKOW MEXaHUYECKOU
MPOYHOCTHIO IS MPEAOTBPAIICHUS BO3MOXHOCTH POCTa JIMTUEBBIX Mpocioek. OKumaeTcs, 4To
3aMEHa KUAKUX SJIEKTPOIUTOB TBEPAOTENbHBIMHU 3JeKTpoiuTamu (SSES) 3HAYMTENHHO MOBBICUT
0€30MacHOCTh AKKyMYJISITOPOB W yJEIbHBIE EMKOCTHBIC XapakTepucTHku. Cpeaum MHOTHX
HEOPraHMYECKUX TBEPIBIX JIEKTponuToB (QocdaTHeiii coctaB co cTpykTypoit NASICON
(Liz+xAlxB2x(PO4)3, tne B = Ti, Ge) cunraeTcss MHOrOOOCIIAIONIMM MaTepHaioM OJaroaaps ero
BBICOKOW CTaOMIIBHOCTH Ha BO3/1yX€ U BBICOKOW MOHHOM MPOBOJIUMOCTH (IJ1s1 MOHOKpucTaiia ~ 107
3 CM'CM'l). OpHAaKo TPOBOJUMOCTH MACHITAOMPYEMOU IJICKTPOKEPAMHKU HA OJUH-IBA TMOPSIKA
HUKE 10 CPaBHEHHIO C MPOBOJMMOCTHI0 MOHOKPHCTAJUIA 32 CUET BKJIAJa TPAHMI] 3€PEH U JPYTUX
negexroB. TakuM 00pa3oM, LIETbI0 JaHHOM paloThl sBisSeTCs pa3paboTKa METOJIOB IMOIYYEHHUS
JUTHA-TIPOBOISIIMX KEPAMUUECKHX JIEKTPOIUTOB Ha OCHOBE LijsxAlxTiz«(POy4)3 ¢ yiaydIeHHbIME
MIPOBOJAMMOCTBIO U OTHOCHTEIHLHOU TJIOTHOCTHIO JUTSI TBEPABIX AKKYMYJIISITOPOB.

B Xxome okcmepuMeHTa BIEpBble ObUT TPEIOKEH HOBBIA MOAXOA K YIYUIICHHUIO
OTHOCHUTEIIbHOM IUIOTHOCTH M HWOHHOW TPOBOJMMOCTH KEPaMHKH 3a CYET HCIOJB30BAHUS B
KauecTBE MPEKypCOpOB KOMIO3UTOB HAa OCHOBE KEpPaMHUYECKHX TMOPOIIKOB M  CTEKIa
Li; 3Alp3Ti17(POy4)s (LATP). Jlist mosydeHHs] KpUCTaIMUecKoro u amopduoro coctaBoB LATP
MCIONIb30BaM TBepAO(a3HBI METOJ CHHTE3a U METOJ] 3aKaJKH paciijaBa, COOTBETCTBEHHO. bbuio
YCTaHOBJIEHO, YTO ONTUMAJIbHBIN PEKUM CIIEKaHUs JUIsl KpucTanueckoi ¢assl coctasnsger 900°C
B TeueHue 6 uyacoB. ONTUMANBHYIO TeMIepaTypy YIUIOTHeHUs amopdHOU (as3pl ompenensiiu ¢
WCIIOIb30BAaHUEM METOJa JUjlaToMeTpuu, U oHa coctaBmwia 570 °C. Jlamee ObUIM TONYYEHBI
MOPOIIKOBBIE KOMIIO3UTHI C MAacCOBBIMHU COOTHOIIEHUSIMU KpHCTaUIMYecko u amopdHoil da3s:
0/100, 1/99, 3/97, 5/95, 10/90, 15/85, xotopwsie ObutH cdhopMOBaHBI B TaOJeTKy. TalieTku
BIIOCJIC/ICTBUH CIEeKallu ¢ ucrnoib3oBanueMm | crymenuaroit (SHT, 900°C/64) u 2-x cTyneHuaTon
(DHT, 570°C/6u u 900°C/6u) o00pa®oTok cooTBeTcTBeHHO. Da30BBIi cOCTaB 0Opa3LoB
KOHTPOJIMPOBAIA METOJIOM PEHTreHO(pa30BOT0 aHauu3a, HOHHYI TPOBOJUMOCTh METOJO0M
UMITICAHCHOH  CITEKTPOCKONMU. bBBUIO  MPOJEMOHCTPUPOBAHO, YTO HAWOOJBINHMX  BEITUYHH
OTHOCUTENBHOW mmIoTHOCTH, 95.02%, u oOmelt moHHON mpoBoauMocTH, 6.46 x10* Cmrem™,
yAaJIoch A0CTUYh Tpu goOaBieHun 3 wmacc.% CTEKISTHHOM (a3bl ¢ HMCHoiib30BaHUEM 2-X
cTyneH4aroil o0pabGotku. [lo [maHHBIM pacTpoBOM  DIIEKTPOHHONW MHKPOCKOMUU  OBLIO
MPOJICMOHCTPUPOBAHO, dYTO amopdHas ¢aza mnpu TEpMOOOpPabOTKE KPUCTALIU3YETCA C
oOpa3oBaHreM HaHOYacTUIl. JlampHEHIMHA pPOCT KPUCTAIMYECKOH (ha3bl TPOUCXOIUT IO
MexaHu3sMy co3peBaHuss OcTBasibja U CHOCOOCTBYeT (OpMHUPOBaHHIO Ooyiee  IIOTHBIX
MEX3EpPEHHBIX KOHTAKTOB W 3alOJHEHHUIO TOp MO CpPaBHEHUIO ¢ oOpasnaMu 0e3 MCIOIb30BaHUS
CTEKJIA. Coneprxanue amopdHoi bazb
> 5 macc.% TPHUBOIUT K TOBBIIICHHOMY OOBEMHOMY pPACIIMPEHHUIO MPU KPUCTATUIM3AINH C
MOCIEAYIOIUM HapylUIEHHEM KOHTaKTa MEXAY HCXOJHBIMH 3€pHaAMH W CHIKEHHUIO 0O0Iei
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OTHOCUTENIFHOW IUJIOTHOCTH  KEPaMHUYECKOTO  TBEPIOTO  JIEKTpoiuTa. Takum  oOpaszom,
mpeaaraeMplii cnocod MOXKET YJIy4YIIMTh KOHTAKT 3€PeH KePaMHUeCKOIro TBEPJOro AJIEKTPOJIMTA
LATP B mpouecce crekaHus, TEM CaMbIM I103BOJISASL MOJYYUTh 3JEKTPOJUT C 0O0Jiee BBICOKOM
OTHOCHUTENIbHOM MJIOTHOCTHIO U 0011ell HOHHOM MPOBOIUMOCTHIO.

IMyoaukamuu cryaenra (https://istina.msu.ru/profile/ZhouDC/):
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Lithium Conductive Ceramic Electrolytes Based on Li;, Al Tis4(POy)3
for Solid Batteries

Zhou D.

Supervisors: Ph.D., Junior Researcher (Lomonosov MSU), Senior Researcher
(MIPT) Kapitanova O.0., 4™ year Ph.D Student Xu X.

Modern lithium-ion chemical power sources use organic liquid electrolytes, which are highly
flammable and pose a fire hazard to the battery. In addition, liquid electrolytes have a low window
of electrochemical stability, which does not meet the requirements of the next generation of
batteries with higher specific energy and power. In recent years, inorganic solid electrolytes have
gradually become the hotspot of research due to their high potential and operating temperature
windows, lack of toxicity, safety, the possibility of using lithium anodes and high-voltage cathodes,
and high mechanical strength to prevent Li filaments growth. The replacement of liquid electrolytes
with solid state electrolytes (SSEs) is expected to significantly improve battery safety and specific
capacity. Among many inorganic solid electrolytes, the phosphate composition with the NASICON
structure (Li+xAlB,.x(PO4)3, Where B = Ti, Ge) is considered a promising material due to its high
stability in air and high ionic conductivity (for a single crystal ~ 10 S-cm™). However, the
conductivity of scalable electroceramics is one to two orders of magnitude lower than that of a
single crystal due to the contribution of grain boundaries and other defects. Thus, the purpose of this
work is to develop methods for obtaining lithium-conducting ceramic electrolytes based on
LizAlxTiox(PO4)3 with improved conductivity and relative density for solid batteries.

During the experiment, a novel approach was proposed for the first time to improve the relative
density and ionic conductivity of ceramics by using composites based on ceramic powders and glass
of Li;3Alp3Ti;7(PO4)s (LATP) as precursors. The solid phase synthesis method and the melt
quenching method were used to obtain crystalline and amorphous LATP compositions,
respectively. The optimum sintering regime for the crystalline phase was found to be 900°C for 6
hours. The optimum densification temperature of the amorphous phase was determined using the
dilatometry method and was found to be 570°C. Further, powder composites with mass ratios of
crystalline and amorphous phases were obtained: 0/100, 1/99, 3/97, 5/95, 10/90, 15/85, which were
molded into tablets. The tablets were subsequently sintered using single step treatment (SHT,
900°C/6h) and double step treatment (DHT, 570°C/6h and 900°C/6h), respectively. The phase
composition of the samples was controlled by X-ray phase analysis, and the ionic conductivity by
impedance spectroscopy. It was demonstrated that the highest values of relative density, 95.02%,
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and total ionic conductivity, 6.46 x10™ S-cm™, have been achieved with the addition of 3 wt. % of
the glass phase using a DHT treatment. According to scanning electron microscopy (SEM), it was
demonstrated that the amorphous phase during heat treatment crystallizes with the formation of
nanoparticles. Further growth of the crystalline phase occurs according to the Ostwald ripening
mechanism and promotes the formation of denser intergranular contacts and pore filling compared
to samples without glass. The content of the amorphous phase of > 5 wt.% leads to an increased
volume expansion during crystallization, followed by a violation of the contact between the grains
and a decrease in the total relative density of the ceramic solid electrolyte. Thus, the proposed
approach can improve the grain-to-grain contact of the LATP ceramic solid electrolyte during the
sintering, resulting in an electrolyte with higher relative density and total ionic conductivity.

Cunres &-Fe, ,M, 05 (M = AlP* Ga*", Cr3+) MmyTeM THAPOJIN3a
METACHJINKATA HATPUA

Y M.

PykoBoauTens: k.X.H., HHX. ['opbaueB E.A.

Oncunon-okcua  xkemeza () (e-FeyO3)  sBHsieTcss  €AMHCTBEHHBIM — OKCHIHBIM
HaHOMAaTepPHAIIOM, KOTOPBIM 00JIalaeT KOAPUHUTHBHOM cujaor Oosee 20 kD W TOrJIOMEHUEM
CyOTeparepioBoro JJICKTPOMAarHUTHOTO HW3JIydeHHus 3a cuér d3ddekra ecrectBeHHOro (6€3
MIPUJIOXKEHUSI BHEITHETO MarHUTHOTO 1oJisi) (heppomaruutHoro pesonanca (EOMP) npu komHaTHON
temrieparype. llpu 3TOM JaHHBIM MaTepuad HE COACPKUT TOKCHYHBIX W JIOPOTOCTOSIIUX
AJIEMEHTOB, TOSTOMY SBIIETCS MEPCIEKTUBHBIM B KauecTBE Cpea s MarHUTHOM 3amucu
nH(OpPMAIMY C BBICOKOH TUIOTHOCTBIO W HAAEKHOCTBIO, IS TOTJIOMICHUS W TpeoOpa3oBaHUS
BBICOKOYACTOTHOTO HU3IYyYEHHUS B yCTPOWCTBaX OECIpPOBOIHON CBA3M OYIyNIMX MOKOJIEHHH, A
CO3/IaHMST MArHUTOTBEPJABIX 30HJIOB JUIS MAarHUTHO-CHJIOBOH MHUKPOCKOIIMH, B KadecTBe
MarHMUTOAaKTUBHOTO JJIEeMEHTa B CHHUHTpoHUKe. OJIHAKO W3-3a TEKYIIUX BpEMSI3aTPaTHBIX H
YKOHOMHYECKHU HEIEIeco000pa3HbIX METOIOB CHHTEe3a £-Fe;03 10 cuX Mop He HAXOAUT MTPUMCHCHHUS
B MPOMBIIIIEHHOCTH. OCHOBHBIM TOAX0I0M TOJYUSHUsT HAHOYACTHI] STICHITOH-0KcHaa sxene3a (111)
SIBJIICTCS UX CTAOWJIM3AIs B MATPHIIAX JHOKCHIA KPeMHHUS. Takue KOMIIO3UTHI TIOTYYar0T MyTEM
MPOJOIKUTENBHOTO TuAponu3a (10 24 cyrok) terpadtokcucuiana (TOOC) B BOAHO-CIIUPTOBBIX
pacTBopax HUTpaTa Keles3a.

AnpTepHaTUBOI moaxonaam cuHTe3a g-Fe;O3 Mormu Obl cTaTh MeTObI, B KOTOpbIX TOOC
3aMeHeH OoJyiee yAOOHBIM | JOCTYITHBIM MPEKypCOPOM JMOKCHIA KpPEMHHUS, Halpumep,
metacunukarom Hatpust (Nap;SiO3) — marepuanoB, KOTOPBIH HUCIONB3YETCS B MPOMBIIIICHHBIX
MaciiTabax B OOJIbIIOM KojJuuecTBe oTpaciieil. Takum oOpa3om, 1enbio JaHHON paloThl sBIsETCS
pa3paboTaTh METOIUKY CHHTe3a HaHouacTHll €-Fe;O3, B TOM dmcle, JETUPOBAHHBIX TaJLTHEM,
XPOMOM H aJTFOMHUHUEM, IT0-OTJEIBHOCTH, HA OCHOBE TEPMHUECKON 00pabOTKH aMOP(HBIX OCAJIKOB,
MOJIYYEHHBIX IyTeM THIPOJN3a MeTacHiInKaTa HaTpus. [l JAOCTM)KEHUsS MaHHOW Leinu ObUIH
[IOCTABJICHBI CIIEAYIOLIAE 3a/a4M: CHHTE3 ocakoB-Tipekypcopos Fe-Si-O-M (M= AlI**, cr**, Ga*")
MyTeM MyTeM TUAPOJIM3a CHIMKATa HATpUS;, u3ydeHue (a3oBbIX MPEBpAIICHUN B TaHHOW CHCTEME
MyTeM IUKJIHYECKON TePMOTPABUMETPUHU B TPAIMEHTHOM MAarHUTHOM IT0JI€; OTITHMHU3AIIHS YCITIOBHMA
OT)KUTA; BBIIEJICHHE YaCTHUI[ SICHUJIOH-OKCHIAa M3 HEMarHUTHOW MAaTpUIlbl JUOKCHAA KpPEMHUS,
M3y4eHne (Ga3zoBOro cocraBa, MOP(OIOTHH, MATHUTHBIX CBOWCTB M ()epPOMArHUTHOTO PE30HAHCA
OTMBITHIX OT CHJIMKaTHOW MaTPHIIBl 00Pa3IIoB.

Jlis mosydeHuss HamOojiee YUCTBIX 0o0pa3oB &-Fe,03 ObuM T0I00paHBl ONTHMATBHBIC
TeMIIepaTypbl OT)XKUTa MpeKypcopoB B aumamnazone 950 — 1050 °C. Obpazen okcupaa xene3a 6e3
JIETUPYIOIIUX 3JIEMEHTOB COCTOUT U3 71 MaccoBbiX % &- u 29 maccoBbiX % a-¢a3, Temmeparypa
Kropu e-daszsl T¢ nomyumnace paBroit 227 °C, kospumtuBHas cuina He = 3.9 kD, ocrarounas
HaMarHu4eHHOCTh Mg = 2.8 sMe/r m HamarHM4eHHOCTh HachimeHuss Ms = 12.4 sme/r. O6pa3er,
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JIETUPOBAHHBIN rayueM, coctout u3 59 % e- u 41 % a-daser, Tc = 180 °C, Hc =9.3 kD, Mg = 7.2
sme/r u Mg = 16.9 sme/r. OGpa3zel1, JIerupoBaHHBIA aTlOMUHUEM, cocToUT U3 22 % ¢- u 78 % a-
daspl, Tc = 175 °C, He = 12.9 kD, Mg = 2.8 ame/r, Ms = 7.5 sme/r. OGpa3sen, JerupoBaHHBIN
XpoMoM, cocTouT u3 18 % &- u 84 % a-da3wl, Tec = 200 °C, He = 3.7 kO, Mg = 1.0 ame/r, Ms = 7.5
aMe/T.

Takum oOpa3om, OblTa pa3paboTaHa METOAMKA CHHTE3a HaHOYACTHII &-Fe,xMyO3 (M = A|3+,
Ga**, Cr3+) MyTeM THIPOJIW3a METacHIUKara HaTpus. OTOT METOJ CHHTE3a SBIISICTCS
MEPCIEKTUBHBIM JIJIsl TPOMBIITUICHHOTO MOJYyYEHUS HAHOYACTHUI] HA OCHOBE SIICHIIOH-OKCH/IA JKelle3a
(1) 6maroaps cBOei 3KOHOMUYHOCTH, TIPOCTOTE U MaJIOMy BPEMEHHU CHHTE3a.
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Synthesis of &-Fe,,M,O; (M = AI**, Ga>*, Cr®") by sodium metasilicate
hydrolysis

Wu M.
Supervisor: Ph.D., Engineer Gorbachev E.A.

Epsilon iron oxide (1) (e-Fe,03) is the only oxide nanomaterial that has a coercive force of
over 20 kOe and can absorb sub-terahertz electromagnetic radiation due to the effect of natural
ferromagnetic resonance (NFMR) at room temperature. This material does not contain toxic or
expensive elements, making it a promising medium for high-density and reliable magnetic data
storage, absorption and conversion of high-frequency radiation in next-generation wireless
communication devices, creating magnetically hard probes for magnetic force microscopy, and as a
magnetically active element in spintronics. However, due to current time-consuming and
economically impractical synthesis methods of &-Fe;Os, it has not yet found applications in
industry. The primary approach to obtaining e-Fe,O3; nanoparticles is to stabilize them in matrices
of silicon dioxide. These composites are obtained by prolonged hydrolysis (up to 24 hours) of
tetraethoxysilane (TEOS) in aqueous-alcoholic solutions of iron nitrate.

Alternative approaches to the synthesis of €-Fe,O3 could include methods in which TEOS is
replaced by a more convenient and readily available precursor, such as sodium metasilicate
(Na,SiO3), a material that is used on an industrial scale in many industries. Therefore, the aim of
this work is to develop a methodology for the synthesis of &- Fe;O3 nanoparticles, including those
doped with gallium, chromium, and aluminum, individually, based on the thermal treatment of
amorphous precipitates obtained by hydrolysis of sodium metasilicate. To achieve this goal, the
following tasks were set: synthesis of Fe-Si-O-M (M= AI**, Cr**, Ga®") precursor precipitates by
hydrolysis of sodium silicate; studying the phase transformations in this system using cyclic
thermogravimetry in a gradient magnetic field; optimizing annealing conditions; extracting epsilon-
oxide particles from the non-magnetic silicon dioxide matrix; studying the phase composition,
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morphology, magnetic properties, and ferromagnetic resonance of the samples washed from the
silicate matrix.

To obtain the purest forms of e-Fe,O3, optimal annealing temperatures in the range of 950-
1050 °C were selected for the precursors. The iron oxide sample without doping elements consists
of 71% e-phase and 29% a-phase, with a Curie temperature (T.) of the e-phase at 227 °C, coercive
force (Hc) of 3.9 kOe, residual magnetization (M;) of 2.8 emu/g, and saturation magnetization (Ms)
of 12.4 emu/g. Samples doped with gallium had 59% e-phase and 41% a-phase with T, = 180°C, H
=9.274 kOe, M, = 7.187 emu/g and Ms = 16.944 emu/g. Samples doped with aluminum had 22% &-
phase and 78% a-phase, T, of 175°C, H. of 12.845 kOe, M, of 2.801 emu/g, and M = 7.513 emu/qg.
Samples doped with chromium had 18% &-phase and 84% a-phase, T, of 200°C, H; = 3.693 kOe, M
= 1.0201 emu/g, and Ms = 7.513 emu/g.

Thus, a method for synthesizing &-Fe,«M,O3 (M = AI**, Ga**, Cr**) nanoparticles through
the hydrolysis of sodium metasilicate has been developed. This synthesis method is promising for
the industrial production of nanoparticles based on iron (l11) epsilon-oxide due to its economic
efficiency, simplicity, and short synthesis time.

Komno3uTHbIe KaTOAHbIE MATEPHAJIBI VISl TBEPAOTEIbHBIX
JUTHEBBIX aKKYMY.JIATOPOB Ha ocHoBe LiNi,Mn,Co(;..,)O,

Uoncan C.

PykoBoaurenu: k.X.H., M.H.C. PyneB A.A., 1.x.H., B.H.c AmuHa JI.B.

Cucrembl TBEpAOTENBHBIX AKKyMYJIATOPOB IPHUBJIEKAIOT BHHUMAaHHE YYEHBIX Ojarojaaps
CBOEH BBICOKOM IUIOTHOCTU SHEpruu u Oe3zomacHocTH. Ho m3-3a HeoOxomumocTu obecredeHust
IUIOTHOTO KOHTaKTa MEXIY OJJIEKTPOJIMTOM M aKTUBHBIM MAaTepHallOM »3JEKTpOJia, B TaKHX
aKKyMYJISITOpax Bce emre octaércss MHoro mpooOsiem. Korma TBepablidi AIEKTPOJIUT W aKTUBHBIN
MaTepuall KaToja HaxomiaTcd B (DU3MYECKOM KOHTAKTe BO3HHMKAIOT TakHe MpoOIeMbl, Kak
TepMHuueckas B3auMoan(Py3usi 1 BOSHUKHOBEHHE CIIOsI MPOCTpaHCTBEHHOTo 3apsna. Ilocne Toro,
KaK aKKyMYJISITOp HAYHET LUKIMPOBATHCS, U3-3a U3MEHEHUS 00beMa aKTUBHOI'O MaTepHasa Uil u3-
3a HECTAOMJILHOCTU AJIEKTPOJIUTAa MPOUCXOAUT OOpa3oBaHUE TPEHIMH U MpPOTEKaHWe MOOOYHBIX
peakimii. OnuH U3 3¢p(HEeKTUBHBIX CIOCOOOB AJIs pEIIeHUs 3TUX MPOOJIEM — CO3/ITaHHE KOMITIO3UTHBIX
ANEKTPOJHBIX MAaTEPUAJIOB.

B nanHolf pabGoTe MBI CHHTE3MPOBAIM HaHOPa3MEpHbIE KOMIIO3UTHI CO CTpyKTypoi Core-
Shell meromom Mokpoit xumum, Ha ocHOBe Karoaublii marepuan NCM, TBepAoro sieKTposuTa
LATP u yrnepoaHbIx HaHOTPYOOK B Kau€CTBE JIEKTPOH-TIPOBO/IAILEH 100aBKH.

Jis cuaTeza NCM MBI HCITONIB30BAIM  THAPOTEPMAIbHYIO 00pabOTKYy TpeKkypcopa ¢
NOCIEAYIOIUM npokanuBanueM. s ¢popmupoBanust crpykrypsl Core-Shell, cuatesmpoBanHbIit
NCM u kommepueckue yriepoaHble HAHOTPYOKH OBLIM A00aBIICHBI B MCXOIHBIA PacTBOP Tepes
cuarezom LATP.

[TosryuenHble 00pa3ibl ObUIM NMPOAHATU3UPOBAHBI C MMOMOIIBI0 PEHTTEHOBCKOM nudpakuun
Y CKaHMPYIOUIEH AJIEKTPOHHONH MUKPOCKOIHH.

CpaBuenue POM-uzobpaxenuii (Puc. 1) marepuana, n3aMeab4eHHOTO B IIAPOBON METBHUIIE,
1 00pa3loB, MOJYyYEHHBIX B pE3yJIbTaT€ CHHTE3a KOMIIO3MUTHOTO MaTepHaja IOKa3bIBaeT, YTO
YTJIEpOJIHBIE HAHOTPYOKH B 00pasiie MOKPOT0 XMMHYECKOTo mporiecca mokpeiThl LATP, o6pa3ys
Pa3BETBIEHHYIO CTPYKTYPY.

Ha ocHOBe mony4eHHBIX MaTepuanoB ObUIM H3TOTOBJIEHBI KAaTOIbI JJISi TBEPAOTENIbHBIX
aKKyMyJATOpoB. [lomydyeHHbIe KaToAbl OBUIM NMPOTECTUPOBAHBI B AIIEKTPOXMMUYECKHUX SUYCHKaX;
pe3yabTaThl LIUKIUPOBAHUS MOKA3aJIM, YTO, XOTS MaTepHajbl OKa3bIBAlOT HEBBICOKYIO YAEIbHYIO
€MKOCTb, OHH OCTAIOTCSl CTAOMIIBHBIMU HA TPOTSHKEHUH OOJIBIIOTO KOJIMYECTBA IUKIIOB.
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Solid-state battery systems have attracted the attention of scientists because of their high
energy density and safety. But because of the need for tight contact between the electrolyte and the
active electrode material, there are still many problems in accumulators. When the solid electrolyte
and the active cathode material are in physical contact, problems such as thermal interdiffusion and
the formation of a spatial charge layer occur. Once the battery begins to cycle, cracking and side
reactions occur due to internal system stress or electrolyte instability. To solve these problems, one
effective way is to make the contact between the electrode materials tighter. This problem has not
yet been solved.

In this work, we tried to synthesize nanoscale composites with the Core-Shell structure by
wet chemistry, including the cathode material NCM, the electrolyte material LATP, and the
conductive additive material carbon nanotubes.

We used hydrothermal treatment of the precursor followed by calcination to synthesize
NCM. To obtain precursors, we add sodium carbonate to aqueous solutions of three metals.. To
form the Core-Shell structure, synthesized NCM and commercial carbon nanotubes were added at
the beginning of the LATP synthesis.

The resulting samples were analyzed by X-ray diffraction and scanning electron
microscopy.

Comparison of SEM images (Fig. 1) of ball mill ground material and images obtained from
the wet chemical process shows that the carbon nanotubes in the wet chemical process sample are
coated with LATP, forming a structure resembling a neural network.

Using the obtained materials, cathodes for solid-state batteries were made. The resulting
cathodes were tested in electrochemical cells; the cycling results showed that although the materials
show low specific capacity, they remain stable over a large number of cycles.

HoBble ci10:kHBIE 00pPaTHI MEPEXOAHBIX U PeAK03eMeJIbHbIX
3JIEMEHTOB: 0COOCHHOCTH KPUCTA/UIOXUMHUM U (PU3NKO-XUMHUYECKHE
CBOHCTBA

Muponosa FO.C.

PykoBoautenu: n.x.H., mpod. Jlazopsk b.U., k.r.-m.H., 3aB. 1a6. AxcenoB C.M.

CxanmneBsle  Gopatbl  LN()xLN()ySCaxy(BO3)s xaHTHTOBOTO ceMelcTBa MOTYT WMETh
MEPEMEHHBII COCTaB U 00JIaJar0T oMU YHKITMOHATFHBIMUA CBOMCTBAMU. JlJis yIydIlleHus] CBOHCTB
MOHOKPHCTAJJIOB XaHTHTOBOTO CEMEHCTBA W paCIIUPEHHUS OOJACTH WX NMPHUMEHEHHUS HEOOXOJIUMO
oTpesieNieHUE X CTPYKTYP ¥ TOYHOE 3HAHUE PEaThbHOI0 COCTaBa KPUCTAIITIOB.

Ieab padoThI - onpesieiecHne CTPYKTYP U TOYHOTO COCTaBa MOHOKPHCTAJIJIOB CKaHTHEBBIX
OpTOOOpPATOB PEIKO3EMENbHBIX JJEMEHOB, a TaKXkKe H3ydeHHe (PHU3UKO-XUMUYECKUX CBOWCTB
HOJTYYEHHBIX KPUCTAJUIOB. 3aga4n padoThl: pacmu(poBKa KpucTauIndecKux cTpykTyp CexPryScs.
x-y(803)4, EUxLaySC3-X-y(BOg)4, HOxLaySCg-x-y(BOQ,)4, NdeySC3-x-y(303)4, Tberych.x-y(803)4,
YbyLaySC3.xy(BO3)s Meromom PCA 1o MOHOKpHCTaIbHBIM JaHHBIM, OIpEIEICHHE COCTaBa U
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(U3UKO-XMMHYECKUX CBOWUCTB (HEMTWHEHHO-OMTUYECKUE, IIOMUHECIICHTHBIE, TEPMHYECKHE U
JIUDJIEKTPUYECKHE) KPUCTAIUIOB.

Jdnsa onpenenenuss cTpykTyp KpHCTamioB  CexPrySczy.y(BOs)s, EuylLayScsx.y(BO3)s,
HOXLaySC3.X.y(BO3)4, NdXYySC3-X.y(803)4, TbxprySC3.X.y(BO3)4, beLaySC3-X.y(BO3)4 HCIIOJIB30BAJICA
MoHOKpucTanbHbI  auppakromerp Rigaku Oxford Diffraction. PacmmdpoBka cTpykTyp
MIPOM3BOJIMIIACH C KCIIOJIb30BaHHWEM MporpaMMbl Jana2006. J{ns ycTaHOBIIEHHS TOYHOTO COCTaBa
HCIIOJIb30BAJICSl  DHEPrOJUCIEPCUOHHAsl pPEHTreHoBcKas —crnekrpockonus. MK-cnekrpockonus
MCIOJIb30BaJIach JJI TOYHOTO YCTAHOBIEHUS OKpYXKeHHs Oopa B cTpykTypax. CHeKTphl H3ITy4eHUs
1 BO30YXIeHUS (DOTOTOMUHECIICHIIUN PETHCTPUPOBATH Ha (IyopecieHTHOM criekTpomerpe Cary
Eclipse (Agilent Technologies) ¢ KCEHOHOBBIM HMCTOYHHKOM CBETa MOIMHOCTBIO 75 KBT
(AIUTENBHOCTD UMIIYJIbCA T = 2 MKC, YacToTa uMnyiabcoB v = 80 I'l, pa3pelieHue 1o AJIMHE BOIHbI
0,5 uM). HenmHeHO-ONTHYECKYI0 aKTUBHOCTh OOpaTOB CKAH/MS OLICHHBAIM 1O OTHOCHTEIBHOU
MHTEHCUBHOCTU TIeHepanuu BTopoi rapmonHuku (I'BI') B wuccinenyemoMm Marepuane B BUIE
MEJIKO3EPHHUCTOTO MOpoIIKa (pa3Mep KPHUCTAUIUTOB ~5 MKM) U B O-KBaplle B T€OMETPUU Ha
orpaxxeHue 1no  u3BectHoM  meronuke  Kypna-Ileppu.  JIudiieKTpuueckue  CBOMCTBA
(IMdPNeKTpUYecKass IMPOHUIAEMOCTb, Jiorapu(mM SIEKTPONPOBOJHOCTH, a TaKkKe TaHTEHC
JMAJIEKTPUYECKUX MOTEPh OT TeMIlepaTypbl) u3ydanu Ha npeuusuoHHoM LCR-merpe (Agilent
Mozenb 4284 A) Ha pa3HbIX yacToTax mnpu Temmeparypax 293—-1000 K.

AHanu3 CTPYKTyp MOKa3ajl, YTO BCE COEIMHEHUS KPUCTAIUIM3YIOTCS B TPUTOHAJIBHOU
CHHTOHHMHU C MPOCTPAHCTBeHHOU rpymmon R32 (cmpyxmypuoii mun xanmuma). Kapkac cTpyKTypbI
COCTOUT M3 TpPEX THUIOB KOOPAWHAIMOHHBIX MONMUAPOB: SCOs — OKTa’IpoOB, pacTYIIMX BIOJb
Hanpasnenus ¢, LNOg —mpuconanvuvix npusm u BO3 — MI0CKUX TPEyroJbHUKOB. AHAIN3 JaHHBIX
OHEproJUCIepCUOHHON PEHTTEHOBCKOM CHEKTPOCKOIMU IO0Ka3aJl, YTO COEJMHEHUS HMEIOT
cremyromme coctaBbl:  Ceg04ProgsSC3(BO3)a, EugssLageeSC299(BO3)a, HOg20Llaog9SC282(BO3)s,
Ndo,93Y0,21SC2,86(803)4, Tbo,lgpro,368C2,96(BO3)4, Yb0_5Lao_g7SC2.53(BO3)4. CHCKTpLI JIIOMHUHECIICHIINHN
UMEIOT XapaKTepHbIe MEPEeXO0JIbl Uil PEIKO3eMEIbHBIX MOHOB, BXOMSIINX B COCTaB. Takke ObLIN
MOJIy4EHbl 3aBUCHMOCTH JAMAJIEKTPUUECKON MPOHUIIAEMOCTH OT Temmneparypbl. Ha Tpex obpasmax
Obut  OOHapykeHbl crymeHbkH BOmM3u 374 K mis  CepsProgsScs(BOs)s, 566 K mis
Nd0.93Y0.218C2.86(803)4 n 454 K mis Tb0.13Pr0.368C2.96(503)4 Ha HArpeBe M OXJIAXICHHMU. OI[HaKO,
PCA mnpu Temmeparypax BBIIE JaHHBIX 3HAUEHUN HE TMOKa3al HE3HAYUTENbHbIE H3MEHEHUS
CTpYKTyp. Takke ObUIM MOJIy4€HbI 3HAUEHUSI SHEPIUi akTUBaMK U npoBoaumMocter mpu 800 K u
OudIeKTpruueckux mponuraemocteil npu 298 K. MHTepecHO, uTO 3Hau€HUs € YBEIMUMBAIOTCA C
YMEHBILIEHUEM COJIEp’KaHUs CKaHUs B COCTaBax. bbIIM MoIy4eHbl OTHOCUTENIbHBIE HHTEHCUBHOCTH
I'BI" u HenuueitHO-onTHueckue Koahdurmentsr dig (ot 1.3 go 1.7 dig, pm/V).

B pe3ynbrare paboThl Oblila JOCTUTHYTA L€ U BBIITOJIHEHBI BCE 3aJIa4H.
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New complex borates of transition and rare-earth elements: features
of crystal chemistry and physicochemical properties

Mironova Yu.S.

Supervisors: Doctor of Chemical Sciences, Professor Lazoryak B.I., Ph.D., Head of
Laboratory Aksenov S.M.

Scandium borates LnxLn)yScsxy(BO3)s of the huntite family can have a non-integer
composition and have a wide range of properties. However, in order to create and improve the
properties of single crystals of the huntite family and expand the scope of their application, as well
as to synthesize and create materials with a given combination of operational parameters, it is
necessary to determine the structure and accurately know the real composition of crystals, structural
features, and crystal chemical properties.

Thus, the purpose of this work is to determine the structures of crystals. identification of
their exact composition, as well as the study of their physico-chemical properties. The tasks of the
work were reduced to the decoding of structures by the X-ray diffraction method, the determination
of the composition and properties of (NLO, luminescent and dielectric) crystals.

The crystal structures were determined using a Rigaku Oxford Diffraction single-crystal
diffractometer. The structures were deciphered using the Jana2006 program. Energy-dispersive X-
ray spectroscopy was used to determine the exact composition. IR spectroscopy has been used to
accurately establish the environment of boron in structures. The emission (PL) and excitation (PLE)
spectra of photoluminescence were recorded on a Cary Eclipse fluorescence spectrometer (Agilent
Technologies) with a xenon light source with a power of 75 kW (pulse duration t = 2 ps, pulse
frequency v = 80 Hz, wavelength resolution 0.5 nm). The nonlinear optical activity of scandium
borates was estimated from the relative intensity of second harmonic generation (SHG) in the
studied material in the form of a fine-grained powder (crystallite size ~5 um) and in a-quartz in the
reflection geometry according to the well-known Kurtz-Perry method. Dielectric properties
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(permittivity, logarithm of electrical conductivity, and dielectric loss tangent as a function of
temperature) were studied on a precision LCR meter (Agilent model 4284 A) at different
frequencies at temperatures of 293-1000 K.

Analysis of the structures showed that all compounds crystallize in the trigonal syngony
with space group R32 (huntite structural type). The framework of the structure consists of three
types of coordination polyhedra: ScO6 octahedrons growing along the c¢ direction, LnO6 trigonal
prisms, and BO3 flat triangles. An analysis of the energy dispersive X-ray spectroscopy data
showed that the compounds have the following compositions: Ceg41Pro.948SC3(BO3)s,
Euo.349L-80.6645C2.987(BO3)a, HO0o 2851-80.8395C2.826(BO3)a, Ndo.933Y 0.2095C2.857(BO3)4,
Tho.178Pr0.8555C2.963(BO3)4, Ybo.499L80.970SC2530(BO3)s. The luminescence spectra have characteristic
transitions for the ions included in the composition. Temperature dependences of the permittivity
were also obtained. On three samples, steps were found near 374 K for Ceg.041Pro.04s5¢3(BO3)4, 566
K for Nd0,933Y0_209SC2_357(803)4, and 454 K for Tb0.173Pro_355SC2_963(803)4 on heating and Cooling.
However, X-ray diffraction analysis at temperatures above these values did not show changes in the
structures within the measurement errors. Activation energies and conductivities at 800 K and
permittivities at 298 K were also obtained. Interestingly, the values of ¢ increase with decreasing
content of scandium in the compositions. Relative SHG intensities and nonlinear optical
coefficients dy; (from 1.3 to 1.7 d11, pm/V) were obtained.

As a result of the work, the goal was achieved and all tasks were completed.

Cunres M JJIOMHHECIHIEHTHLIE CBOMCTBA MOHO- M
rerepoMeTaJNINYeCKUX MMPEHATOB JIAHTAHU/10B

Opnosa A.B.

PykoBoamnTenu: k.x.H., uHXK. KoxkeBuukona B.1O.; 1.x.H. B.H.c. YTouHukona B.B.

CeHcopHbIE MaTepuanbl Ha OCHOBE JIOMUHECIHPYIOIIMX COEAMHEHUH 00ecreynBaioT
HEWHBA3UBHOCTb W  BBICOKYIO UYBCTBUTEIBHOCTh. HamOONBIIyI0 TOYHOCTH HU3MEPEHHI
00ecreurnBalOT AMUTTEphl, 00JafaNIMe Y3KUMH OSMUCCHOHHBIMU TIOJOCAMH U BBICOKOH
MHTEHCUBHOCTBHIO JIIOMUHECIIEHIIUU, TaKue KaK KoopauHanmoHHbie coenuHeHus: (KC) mantanuaos.
Cpemu Hux coemuHeHuss c¢ WK JroMuHeclneHnuel, He3aMEeHHUMbIE HJs OHOJOTHYECKHX
UCCIIeI0BaHMi, onHaKO 3()()EKTHBHOCTh MX JIIOMHUHECICHIMM BCE emie Mmana (00bruHO <1%), B
MEepBYI0 OdYepeab H3-3a MOIBEPKEHHOCTH MHOTUM BHUAAM TYIICHHS W CIOXHOCTH moabdopa
OpPraHUYECKOTO JINTAH/a, CIIOCOOHOTO A((PEKTUBHO MepeaBaTh YHEPTUIO HA HU3KUN PE30HAHCHBIN
ypoBeHb WK-m3nmydarens. B kadecTBe TakuX JWTaHIOB-CEHCHOMIM3AaTOPOB MBI Mpeaiiaraem
COTIPSDKEHHBIC aHTpAIleHAT-, MUPEHAT- W TETPaKapOOKCUIIEPHIICHAT-UOHBI, 00JIaIaroIie HU3KUM
MOJIOKEHUEM TPUILIETHOTO YPOBHS W HMHTEHCUBHBIM TMOIJIOHIEHUEM. MBI 0XHAAIHA, YTO 3TO
obecrieunT 3¢h(HEKTUBHYIO TIepeaady SHEpruu Ha PE30HAHCHBIA ypPOBEHB Yb* u WHTECHCHUBHYIO
JFOMUHECIIEHIIUIO B MOCJIEICTBUU.

[lenbto nmanHOM paboThl crano mnonyueHue MK-momuHODOpoB Ha OCHOBE KOMILIEKCOB
UTTEpOUST C  OJUT0apOMATHYECKUMHU  KapOOKCHJIATaMH,  YCTAaHOBIEHHE  3aBHCUMOCTH
3¢ (HEeKTUBHOCTH CEHCHUOWIM3AMU OT CTENEHU COMPSDHKEHUS, a TakXke amnpoOanus MOTyYeHHBIX
COETMHEHUH JIIsl OMOBU3YaM3alUU U TFOMUHECIIEHTHON TEPMOMETPHH.

KoopaunanyoHHble COeAUHEHUS TMOMydaand M0 OOMEHHON peakiMi B BOJHOM pPacTBOpE, U
xapaktepu3zoBaau 1o  gaHHeiM  TT'’A um  HK-cnektpockonuu.  [lns  uccienoBaHust
KOHIICHTPAIIMOHHOTO TYIICHHWs] B CHCTeMax OBLIM TMOdydeHbl TrerepomeTtaimnyeckue KC, ms
MOATBEPKJICHUSI COOTHOLIEHUSI METaUIOB HCnoib30Baau PCMA. DTo MO3BOJUIIO CYIIECTBEHHO
MTOBBICUTH KBAaHTOBBIN BBIXOJI: TaK, JIJIsl aHTparieHaTa UTTepOoust oH pocturaet 1.8%.

[lepexon OT aHTpaleHaT-WOHA K MHUPEHAT-MOHY B KadeCTBE CEHCUOWMIM3ATOpa TMO3BOJIMII
3HAYUTENIbHO MOBBICUTH 3(P(HEKTUBHOCTH JIIOMHUHECLUEHUIUU Oyiarofapsi MOHUKEHUIO TPUILIIETHOTO
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YPOBHS, OJTHAKO JaJIbHEHIIee YBEIWYCHUE COMpPSDKEHHE W Mepexoi K TeTpakapOOKCHIepHIIeHAT-
noHy Taxkoro 3¢dekra He qan, yro TpeOyeT nanpHenero n3ydenus. Kpome Toro, ObII0 BEISBICHO,
YTO KBAHTOBBIH BBIXOJl M3MEHSETCS B 3aBUCUMOCTH OT YCJIOBHH KPHUCTAJUIM3AIMH, YTO OBLIO
CBSI3aHO C W3MEHEHHEM pa3Mepa KpUCTAIMTOB. TakuMm oOpa3oM, moadop JWraHaa, a TaKxke
ONTUMH3AIMA BPEMEHH KHIITYCHUS M JOJNU JIFOMUHECHMPYIOMIETO HOHA IMO3BOJWIM TOIYYUTh
PEKOpIHOE 3HaYeHUE KBAHTOBOTO BBIX0/1a HTTepOus B mopomike cpean KC — 6%.

[Tonydennbie B xone pabOThl COEIUHEHHS OBUIM TNPOTECTHUPOBAHBI B  KAaueCTBE
JIOMHUHECLIEHTHBIX ~ TEPMOMETPOB  BBICOKOTEMIIEPATypHOTO  JAMama3oHa,  NOpHYEM  HX
qyBcTBUTENbHOCTE  gocturia  1%K™'.  Dro  mepBele  mpEMeEpHl  BBICOKOTEMIIEPATYPHBIX
JIOMHUHECLEHTHBIX TepMoMeTpoB Ha ocHoBe MK-momunectmpyromux KC nantannmoB c
OpPraHUYECKUMHU JIMTaHaMU.

Jns TecTHpOBaHMS JIOMHHOGOPOB B KIETOYHOW cpeae ObUIM IOJydeHbl CTaOMIIbHBIC
CyclieH3ud B pactBope anbruHata Hatpusi. CornacHo nganueiM JIPC, cpenHuii pasmep 4acTuil
okazaics paBHbIM 50-70 HM, IpH S3TOM CYCHEH3MM OOJNaAadd BBICOKOW HHTEHCHUBHOCTBHIO
JFOMHUHECLEHIIMU. DTO MO3BOJIMIIO TpoTecTupoBarh Marepuaisl in cellulo, mpogemoncTprpoBas nux
HU3KYI0 TOKCHYHOCTh. Kpome TOro, cycmeHsusi mepuiieHaTta HUTTEpOHs IPOAEMOHCTpUpOBaja
CEeJIEKTUBHOE HAKOIUIEHHE B PAKOBBIX KJIETKAX, YTO JAejaeT €€ MEepPCIEeKTHBHBIM MaTEepPHaJIOM JUIs
OMOBHM3yaM3alliy U IMATHOCTHKH PaKa.

Takum oOpa3oM, B paboTe HE TOJBKO TOIYYEeH KOMIUIEKC C PEKOPIHBIM KBAaHTOBBIM
BBIXOZIOM B TIOPOIIKE, HO U IMOKAa3aHO BIMSHHE pa3Mepa KPUCTAUIMTOB HA KBAHTOBBIM BBIXOJ, a
TaKXKe TMOJNYYCHbl MEPCIEKTUBHBICE MaTepHUalbl JUII TEPMOMETPUM H  JIFOMHHECIICHTHOU
OMOBH3yaIH3alINH.
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Mono- and heterometallic lanthanide pyrenates:
synthesis and luminescent properties

Orlova A.V.

Supervisor: Ph.D., Engineer Kozhevnikova V.Yu., Doctor of Chemical Sciences,
Leading Researcher Utochnikova V.V.

Sensor materials based on luminescent compounds provide non-invasiveness and high
sensitivity. The highest measurement accuracy is provided by emitters with narrow emission bands
and high luminescence intensity, such as lanthanide coordination compounds (CCs). These include
NIR luminescent compounds that are indispensable for biological research but their luminescence
efficiency is still low (usually <1%) primarily due to susceptibility to many types of quenching and
the difficulty of selecting an organic ligand capable of efficiently transferring energy to a low
resonant level of NIR emitter. As sensitizer ligands, we propose conjugated anthracenate, pyrenate,
and tetracarboxyperylenate ions, which have a low triplet level energy and intense absorption. We
expected that this would ensure efficient energy transfer to the Yb®" resonant level and subsequent
intense luminescence.

The aim of this work was to obtain NIR emitters based on ytterbium complexes with
oligoaromatic carboxylates, to determine the dependence of the sensitization efficiency on the
degree of conjugation, and to test the obtained compounds for bioimaging and luminescent
thermometry.

Coordination compounds were obtained by exchange reaction in aqueous solution and
characterized by TGA and IR spectroscopy. To study the concentration quenching in the systems,
heterometallic CCs were obtained, and EDX was used to confirm the ratio of metals. This made it
possible to significantly increase the quantum yield: for example, for ytterbium anthracenate it
reaches 1.8%.

The transition from the anthracenate ion to the pyrenate ion as a sensitizer made it possible
to significantly increase the luminescence efficiency due to a decrease in the triplet level; however,
a further increase in conjugation and the transition to the tetracarboxyperylenate ion did not give the
same effect, which requires further study. In addition, it was found that the quantum yield varies
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depending on the crystallization conditions, which was associated with a change in the crystallite
size. Thus, the selection of the ligand, as well as the optimization of the boiling time and the
fraction of the luminescent ion, made it possible to obtain the highest value of the quantum yield of
ytterbium in powder among the CCs, i.e. 6%.

The compounds obtained in the course of the work were tested as luminescent thermometers
in the high-temperature range, and their sensitivity reached 1% K. These are the first examples of
high-temperature luminescent thermometers based on NIR-luminescent lanthanide CCs with
organic ligands.

To test these emitters in a cell medium, stable suspensions were obtained in a water solution
of sodium alginate. According to the DLS data, the average particle size was 50-70 nm, and the
suspensions demonstrated a high luminescence intensity. This allowed them to be tested in cellulo,
demonstrating their low toxicity. In addition, ytterbium perylenate suspension showed selective
accumulation in cancer cells, making it a promising material for bioimaging and cancer diagnosis.

Thus, the work did not only result in the obtaining of a complex with the record quantum
yield in powder, but also demonstrated the influence of the crystallite size on the quantum yield, as
well as lead to the promising materials for luminescent thermometry and luminescent bioimaging.

Biansinne BpeMeHM KU3HU BO30YKIEHHOT0 COCTOSTHUSA
HA XaPAKTEePUCTUKH JIEKTPOJTIOMUHECHEHIIMA KOMILJIEKCOB
TEepOus U eBPONUA

Kosznoe M. .

PykoBoauTens: A.X.H., B.H.C. YTouHHKOBa B.B.

Oprannueckue ceeronsinyyatomue auoas (OLED) yxe sBistoTCS KOMMEpUYECKH YCIIEUTHON
TEXHOJIOTHEH, KOTOpas Ha JaHHOM JTare HAaXOJIUT HOBbIE NMPUMEHEHMsI B Pa3IMYHBIX OOJIACTSX,
TaKuX Kak OuomenuuuHa. B 3Toi CBSI3M BO3HHMKAaOT HOBBIE aKTyaJlbHbIE 3aJjaud, AJs PELICHUs
KOTOpBIX HEOOXOIMMBbI HOBble MaTepuanbl. OZHUM M3 MEPCHEKTHUBHBIX KJIACCOB MaTepHalloB
smuccuoHHoro cnosi OLED sBnstorcs koopaunanmonneie coeaunenus (KC) mantanumos,
YHHUKAJIbHOCTh KOTOPBIX CBSI3aHA C Y3KMMH SMUCCHOHHBIMH mojiocamu (~10 HM), 4TO 0COOEHHO
BOCTPeOOBAHO HA CETOHSIIHUMN JI€Hb.

OpnHako Ha AaHHBIA MOMEHT npaktudeckoe mpuMeHenne OLED Ha ocnoBe KC nantanumoB
OTPaHUYEHO M3-32 HU3KUX SAPKOCTU U 3(P(HEKTUBHOCTH HJIEKTPOIIOMUHECIICHIIMN: OHU Ha MOPSI0K
YCTYNAIOT IPYIMM KjaccaMm MaTepualioB, KOTOpPbIE TaKXKe 3aJeMCTBYIOT TPUIUIETHOE COCTOSIHHE B
nporecc JIOMUHECHeHIMH. TIiaTrenbHbld aHamu3 (U3MKO-XUMHUYECKUX CBOMCTB pa3lMYHbIX
kiaccoB KC nantanuaos u xapakrepuctuk OLED Ha ux ocHOBe, MPOBEIEHHBIN B Halllel TpyIIie,
MO3BOJIMJI YCTAHOBHUTH, YTO KIIFOYEBBIM (DAKTOPOM, OrPaHMUYMBAIOLIMM XapakTtepuctuku KC
nanTaanioB B OLED, sBnsercs BpeMs XW3HH BO30YXAEHHOTO COCTOSHHUS. [lo3TOMY Mebio
JaHHOM paboThl cTajma pa3paboTKa IMOAXOJO0B K CHUKEHHUIO BPEMEHHM KHM3HHM BO30YKJIEHHOI'O
cocrostHus 115 yBenmnaeHus s dextuBHOocTH OLED Ha ocHOBe KC nanTanuos.

B kadecTBe TakuX NOAXONOB IPEIJIOKEHBI: MOJNEKYIsApHbIM au3aiiH KC maHTaHuaoB c
JUTaHJaMH, COYETAIOUIMMH CEHCHOMJIM3UPYIOIIME M 3apsAA-TPAHCIOPTHBIE CBOWCTBA C HU3KOM
SHEpruel TPUIUIETHOIO YPOBHS; TIOJYYEHHE CMELIAHHOJUTAHIAHBIX KOMIUIEKCOB; 3¢ ¢eKT
IUTa3MOHHOTO ~ pe30HaHca HaHoyacTWIl 30i0Ta B  rerepoctpykrype OLED; BBenenme
JIONIOJTHUTEIBHOTO HOHA UTTEPOUS B COCTaB KOMIUIEKCA €BPOIIHSI.

[lepBbIM MOAXOAOM CTal MOJEKYJIAPHBIA NH3alH KOMIUIEKCOB TepOus M €BpOmusi, IJe
aHMOHHBIC JIMTAHIbl ObUIM BBIOpaHbl s yBenuueHHs 3(P(EKTUBHOCTH CEHCHOMIN3AIUH
dboTomomMuHeCIeHITMA  (apoMaThyeckre KapOOKCWJIaThl — JUIT  KOMIUIEKCOB — TepoOws, a
apoMaTU4ecKue B-ITUKeTOHATHI — JJIs1 KOMIUIEKCOB €BpOIHs), a B Ka4eCTBE HEHTPAIbHBIX JIUTaH/IOB

32



— JUTaHJBI-TYIIUTENN JIOMHHECUEHIMU (mpou3BoAHble (QeHantponuHa). Vcmonb3oBaHue
JIUTaHJOB-TYILIUTENCH JTIOMUHECHEHIIMN MPUBEIO K CHUKEHUIO BPEMEHH >KU3HM, YTO MO3BOJIMIIO
MOJIYYUTh peKopAHble spkocTU pacTBOpHBIX OLED Ha ocHoBe koMiuiekcoB eBpomusi U TepOus.
CHmXeHre CUMMETPUU KOOPAMHALIMOHHOTO OKPYXKEHHS LIEHTPAJbHOTO MOHA MPOBOIWINA 33 CUET
BBEJICHUSA B COCTAaB OJHOTO KOMILJIEKCA JIBYX PA3JIMYHBIX aHUOHHBIX JIMTAHJOB. JTO NPHUBEIO K
YMEHBIIIEHUIO BPEMEHU XKM3HU BO30YKJIEHHOTO COCTOSIHMSI, YTO elle OOJIbIle YBETUYHUIIO SIPKOCTh
OLED nHa oOCHOBE CMENIAHHOJUTAHAHBIX KOMIUIEKCOB eBpomnus. [loBbimenue 3¢QexTuBHOCTH
OLED Ha ocHOBe kKoMIUieKca TepOus Takke ObUIO JOCTUTHYTO 3a CUET YMEHbBIICHUS BPEMEHU
KHU3HH BO30YXKJIEHHOTO COCTOSIHHSI IIyT€M BBEACHUS HAHOYACTHI[ 30J0Ta B JBIPOYHO-
umxektupytonuii cnoit PEDOT:PSS. Oto npuseno k yBennuenuto sipkoctd OLED na 50%. Taxoxke
ObUIO HM3y4YCHO BIMSHUE HOHA UTTEPOMS B OMMETAIMUECKUX KOMIUIEKCAX EBPOIUS-UTTEPOUS:
MHTEHCUBHOCTh JIIOMHUHECLICHLIMM UTTepOMs BO3pacTaeT Mpu 1mepexoige oT ¢oTo- K
AJIEKTPOITIOMHUHECIICHIINH, YTO TOYEPKUBAET 3HAUEHUE BPEMEHHU JKU3HH.

Takum o00pa3oMm, B JaHHOH paboTe ObUTM MpemIokKeHbl A()PEKTUBHBIC MOAXOABI K
CHIDKEHHIO BPEMEHH JKM3HM BO30Y)KACHHOTO COCTOSIHHS, UYTO TIO3BOJIMJIO  YBEIHYHUTH
MakcuMaibHyto sipkoctb OLED na ocnoBe KC nantanumo. Kpome Toro, Obu1 monayyeH mepBbli
OLED c nBoiiHOW »MHCCHEH Ha OCHOBE OMMETAJUIMYECKOTO KOMILJIEKCAa €BPOIUS M UTTEepOus,
KOTOPBIN OBLIT YCHEIIHO TPOTECTUPOBAH B MMPOTOTHIIE MYJILCOKCUMETDA.
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Influence of the excited state lifetime on the electroluminescence
characteristics of terbium and europium complexes

Kozlov M.I.
Supervisor: Doctor of Chemical Sciences, Leading Researcher Utochnikova V.V.

Organic Light Emitting Diode (OLED) is already a commercially successful technology,
which is currently finding new applications in various fields such as biomedicine. This raises new
urgent challenges for which new materials are needed. One promising class of OLED emission
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layer materials are lanthanide coordination compounds (CCs), the uniqueness of which is associated
with narrow emission bands (~10 nm), which is especially in demand today.

However, at the moment, the practical application of OLEDs based on lanthanide CCs is
limited due to the low luminance and electroluminescence efficiency: they are an order of
magnitude inferior to other classes of materials (iridium compounds and TADF molecules), which
also involve the triplet state in the luminescence process. A thorough analysis of the
physicochemical properties of various classes of lanthanide CCs and the characteristics of OLEDs
based on them, carried out in our group, allowed us to establish that the key factor limiting the
characteristics of lanthanide CCs in OLED:s is the lifetime of the excited state. Therefore, the aim of
this work is to develop approaches to reduce the excited state lifetime in order to increase the
efficiency of OLEDs based on lanthanide complexes.

The following approaches were proposed: molecular design of lanthanide complexes with
ligands combining sensitizing and charge-transport properties with low triplet level energy;
obtaining mixed-ligand complexes; plasmon resonance effect of gold nanoparticles in the OLED
heterostructure; and introduction of additional ytterbium ion into the complex.

The first approach was the molecular design of terbium and europium complexes, where
anionic ligands were chosen to increase the sensitization efficiency of photoluminescence (aromatic
carboxylates for terbium complexes and aromatic B-diketonates for europium complexes), and
luminescence quencher ligands (phenanthroline derivatives) were used as neutral ligands. The use
of luminescence quenching ligands led to a decrease in the lifetime, which made allowed to obtain
record luminance of OLEDs based on europium and terbium complexes. The symmetry of the
coordination environment of the central ion was reduced by introducing two different anionic
ligands into one complex. This led to a decrease in the lifetime of the excited state, which further
increased the luminance of OLEDs based on mixed-ligand europium complexes. The enhancement
of OLEDs based on the terbium complex was also achieved by reducing the excited state lifetime
through introducing gold nanoparticles into the hole-injecting layer PEDOT:PSS. This resulted in a
50% increase in OLED brightness. The effect of ytterbium ion in europium-ytterbium bimetallic
complexes was also studied: the intensity of ytterbium luminescence increases with the transition
from photo- to electroluminescence, which emphasizes the importance of lifetime of the excited
state.

Thus, this work proposed effective approaches to reduce the lifetime of the excited state,
which allowed to increase the maximum luminance of OLEDs based on lanthanide complexes. In
addition, the first dual-emissive OLED based on the europium- ytterbium bimetallic complex was
obtained and successfully tested in a prototype of pulse oximeter.

Hanopa3mepHbIil AMOKCH LepUsi: CHHTE3 U3
KOOPAMHAIMOHHBIX COCAMHEHUN U KaTaJIMTHYECKHEe CBOMCTBA

Huxanopos H.M.

PykoBoauTens: k.X.H., ¢.H.c. [lIpimOapenko /.M.

HanouacTuipl JuOKCHAa LEpUs HAXOAST MHOXECTBO MPAKTUYECKUX IMPUMEHEHUl: B
COCTaBe MOKPBITUH, MOIJIOMIAIONIMX YIbTPAPHOIETOBOE M3JIyuYe€HHE, B COCTaBE CEHCOPOB IS
OTpesieNIeHUs] MalbIX KOHIIGHTpalMil mpuMeceil B Ta30BBIX CMECSIX, B MHKPOAIJIEKTPOHHKE, B
KAauecTBE KaTajJu3aropa U T. A. 3HAUUTENbHBIA MHTEpEC K AMOKCHUIY LEpHsl BBbI3BaH TEM, 4TO
(bu3NKO-XMMHYECKHE CBOMCTBA 00beMHOMN (ha3bl U HAHOYACTHUIL OTINYal0TCs. BaxHeimeln 3agaueit
ABJIAETCS MOJIYYEHHE HAHOAUCIEPCHOIO IUOKCUIA LEPUS C KOHTPOJIUPYEMBIM Pa3MEPOM YaCTHI U
Mopdosnorueid. HaHouacTHLBI JUOKCHIA LEpUs HMMEIOT BBICOKYIO YIENbHYIO ILIOLIAJ]b
MIOBEPXHOCTHU, YTO IO3BOJISIET UCIIOJIB30BAaTh €r0 B COCTABE KAaTalIM3aTOPOB B KAYECTBE HOCHUTEISA
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akTUBHOM (ha3pl. [IepCIEKTHBHBIM METOJOM MOJYYCHUsS] HAHOYACTHIl AUOKCHIA LIEPHUS SIBISICTCS
CHHTE3 M3 OKCO- U THIPOKCOKAPOOKCHIIATOB IIEPHs 33 CYET KOHTPOIUPYEMOTO THAPOIIN3A.

CelleKTUBHOE THIPUPOBAHUE (CHWIALCTWICHA — BaKHAS 3ajada NpPU IMPOMBIIUICHHOM
MOJIYYEHUH MOJIUCTHPOJa. [ mpeaoTBpalleHuss OTPABICHUS KaTaau3aTopa Mpy MOJUMEPU3aIin
CTUpOJIa HEOOXOIUMO TOJICPKUBATh HU3KYIO KOHLEHTPALUIO (peHHIaleTuiIeHa, 4TO JOCTUTAeTCs
C TMIOMOIIIBIO CEICKTHBHOTO MMIPUPOBAHMUS O] ICHCTBUEM KaTaln3aTopoB. JIuTepaTypHbie JaHHbIC
00 aktuBHOCTH KaTaiu3zaropa Pd/CeO;, B KOTOPOM HOCUTENb MOJYYEH THAPOJIM30M MOJIHSICPHBIX
KOMILJIEKCOB LIEPHS MPAKTUICCKH OTCYTCTBYIOT.

Llens paboThl — pa3pabOTKa METOJMK CHHTE3a HAHOPAa3MEPHOIO JAMOKCHIA LEpUs MyTeM
THIPOJIM3a B COJIbBOTEPMAIIBHBIX YCIOBUSAX MPEABAPUTEILHO OPraHU30BAHHBIX MOJHSICPHBIX
OKCO- W THIPOKCOKapOOKCHIATOB IIEpHs, KCCICAOBAaHUE BIMSHHUS YCJIOBUH CHHTE3a Ha
xapaktepuctuku CeQO,, uzydeHue karaautudeckux cBoictB CeO, um Pd/CeO, B peakiuun
CEJICKTUBHOTO THIPUPOBAHUS (PCHUITALCTUIICHA.

Coenunenus [CegOg(piv)s(deta)s] u [CesO4(OH)4(piv)i2(deta);] momyuanu ¢ momorpro
KoHTposupyemoro ruaposmsa coneit uepus (1) u (IV). Merogamu POA, TT'A u PCA u nosiHoro
PEHTIEHOBCKOTO PacCesiHHs MCCIIEA0BaHa CTPYKTypa U TEPMHUYECKOE MOBEJACHUE CoenHeHUH. JIist
NOJyYeHHsT HAHOYACTHUI[ JMOKCHIA IepHs TOJNHUSAACPHBIC KOMIUICKCHI 00palarhiBaiu B
COJIbBOTEPMAJIbHBIX YCIIOBHSX, TMPH 3TOM BapbHPOBAIM PACTBOPHUTENb, TEMIIEPATYpPy U BpeMs
obpabotku. Hanouactumpsr CeO; Takke ObUIM MOTyYSHBI METOI0OM OBICTPOTO OCAXKACHHUS B BOAHOM
pacTBOpe M3 HEOPraHHUUYECKHMX COJICH i cpaBHEHHs. Ha CHHTE3MpOBAHHBIC HOCHUTEIH METOIOM
NPOMUTKH PACTBOPOM ObLT HAaHECEH MaJUIafuid. AKTUBHOCTh KaTalW3aTOpPOB ObLIa OIpe/esicHa B
PEaKIIMH CEIEKTHBHOTO THAPUPOBAHUS (DEeHIIIAIICTHIICHA.

Pazmepsl HaHOYACTHII, MOJYYECHHBIX B COJBBOTEPMAIBHBIX YCJIOBUSIX B METaHOJIE,
AllETOHUTPHIIC, TUMETHI(POPMaMKIE U H3OMPOMAHOJE, COCTABISIOT 1O JIaHHBIM PEHTTEHOBCKOM
audpakiud W TOJHOTO pacCestHUs OKoJo 2 HM. YnenpHas 1omanbs HaHodacTuir CeOp,
TOMYYCHHBIX B CONBBOTEPMANBHBIX YCIOBHSX, cocTaBuser 97 M%/r. B peakiuu ruapupoBaHms
¢benmnanernieHa B npucytctBuu katammzaropa Pd/CeO,, B KOTOpOM HOCUTENb MOJYyYeH B
COJIbBOTEPMAIIBHBIX YCIOBHSIX, CEJICKTUBHOCTD MO OTHOLICHHIO K CTHPOITY cocTaBisieT 92%.

beutn  paspaboransl  MeToAMKH  cuHTe3a  coenuHeHmit  [CegOg(piv)s(deta)s] wu
[CesO4(OH)4(piv)12(deta),]. B combBOTEpMANbHBIX YCIOBHSX W3 JAHHBIX COCAMHEHHN OBLIH
MOJTy4eHbl HAHOYACTHIIBI JUOKCUIA TIEPHs, pa3Mephl U yJeIbHas IUIOMIAAb MOBEPXHOCTH KOTOPBIX
NPEBOCXOAUT aHAJIOTUYHbIe Moka3arenu HaHodacTull CeO;, MOJYYeHHBIX METOAOM OBICTPOro
ocaxxaeHus. [lokazaHo, 4T0 HAMOOJBIIEH KaTATUTUICCKOW aKTUBHOCTBIO B PEAKI[UH CEJICKTUBHOTO
TUAPUPOBaHUS (DCHUIIAICTHICHA CPEId M3YYCHHBIX B pabOTe CHUCTEM OO0JIalaeT KaTalu3arop
Pd/CeO,, B KOTOpOM HOCHTENb OBUI TIONYYeH B COJbBOTCPMAIBHBIX YCIOBHSX W3
[CesOs(piv)s(deta)s].

Nanosized cerium dioxide: synthesis from
coordination compounds and catalytic properties

Nikandrov N.M.
Supervisor: Ph.D., Senior Researcher Tsymbarenko D.M.

Nanoparticles of cerium dioxide find numerous practical applications, including UV-
absorbing coatings, sensors for detecting low concentrations of impurities in gas mixtures,
microelectronics, catalysis, and more. The significant interest in cerium dioxide arises from the fact
that the physicochemical properties of the bulk phase and nanoparticles differ. The key task is to
obtain nanodisperse cerium dioxide with controlled particle size and morphology. Cerium dioxide
nanoparticles have a high specific surface area, which makes them suitable as catalyst supports for

38



active phases. A promising method for obtaining cerium dioxide nanoparticles is the synthesis from
cerium oxo- and hydroxycarboxylates through controlled hydrolysis.

Selective hydrogenation of phenylacetylene is an important task in the industrial production
of polystyrene. To prevent catalyst poisoning during styrene polymerization, it is necessary to
maintain a low concentration of phenylacetylene, which is achieved through selective
hydrogenation using catalysts. However, literature data on the activity of Pd/CeO, catalysts, in
which the support is obtained by hydrolysis of cerium poly-nuclear complexes, are scarce.

The aim of this work is to develop synthesis methodics for nanosized cerium dioxide
through hydrolysis in solvothermal conditions of pre-organized polynuclear oxo- and
hydroxycarboxylates of cerium, to investigate the influence of synthesis conditions on the
characteristics of CeO,, and to study the catalytic properties of CeO, and Pd/CeO; in the selective
hydrogenation of phenylacetylene.

The compounds [CesOg(piv)s(deta)s] and [CesO4(OH)4(piv)i2(deta),] were synthesized by
controlled hydrolysis of cerium (1) and (IV) salts. The structure and thermal behavior of the
compounds were investigated by XRD, TGA, PXRD and total X-ray scattering. To obtain
nanosized cerium dioxide particles, the polynuclear complexes were treated in solvothermal
conditions, varying the solvent, temperature, and treatment time. Nanoparticles of CeO, were also
obtained by the method of rapid precipitation in an aqueous solution from inorganic salts for
comparison. Palladium was deposited on the synthesized supports by impregnation method. The
catalytic activity of the catalysts was determined in the selective hydrogenation of phenylacetylene.

The sizes of the nanoparticles obtained in solvothermal conditions in methanol, acetonitrile,
dimethylformamide, and isopropanol, according to X-ray diffraction and total X-ray scattering data,
are about 2 nm. The specific surface area of CeO, nanoparticles obtained in solvothermal conditions
is 97 m?/g. In the hydrogenation reaction of phenylacetylene in the presence of Pd/CeO; catalyst, in
which the support was obtained in solvothermal conditions, the selectivity towards styrene is 92%.

The methods for synthesizing compounds [CeOs(piv)s(deta)s] and
[CesO4(OH)4(piv)12(deta),] have been developed. Nanoparticles of cerium dioxide were obtained
from these compounds in solvothermal conditions, and their size and specific surface area exceeded
the similar parameters of CeO, nanoparticles obtained by the rapid precipitation method. It has been
shown that the Pd/CeO, catalyst, where the support was obtained from [CesOg(piv)s(deta)s] in
solvothermal conditions, has the highest catalytic activity in the selective hydrogenation of
phenylacetylene among the systems studied in the work.

HukiaorekCaHKapOOKCHJIATHI AUCTIPO3US: CHHTE3, KPUCTAJINYECKAs
CTPYKTYpPa, PYHKIMOHAIbHbIEC CBOMCTBA

Jlyn X.

PykoBoauTenu: k.x.H., ¢.H.c. LlpimOapenko J[. M., k.X.H., cT. ipen. ['pedentok /1. 1.

KoopaunanuoHnHbie coeAMHEHUST PEKO3eMeNbHBIX neMeHToB (P303) nmpuBnekaroT Gobiioe
BHUMaHME KaK MaTepuanbl C TMEpPCIeKTUBHBIMUA (YHKUIMOHAIBHBIMU CBoWcTBamMH. Hamuuue
YaCTUYHO 3aMOJTHEHHBIX f-opOuTaneit y nonoB P33 obecneunBaer ux 0coObI€ JJIOMUHECIICHTHBIC U
MarHuTHele cBoiicTBa. K mpeumymectBaMm mromMuHecnieHIMH P33 oTHOcATCS y3Kue JIMHUU
u3NyyeHus, OOJbIIOe BpeMs KU3HU M BBICOKMUA KBaHTOBBIM BbIxoA. Mol P30 Ttaxxke
XapaKTepU3ylOTCsS CWIBHBIM CHUH-OPOUTAJIbHBIM B3aUMOACUCTBHEM U BBICOKOW MarHUTHOM
aHU30TPONHEH, YTO OTKPHIBAET BO3MOXHOCTH JJISi CO3JaHUS Ha MX OCHOBE HOBBIX MarHUTHBIX
matepuaioB. Kpome Toro, kapOokcunarsl P3D mpuBiiekian BHUMaHUE HCCIEIOBATENEH H3-3a UX
YHHUKAJIBHOIO Pa3HOO00pa3us KPUCTAUIMUECKUX CTPYKTYpP M BO3MOXHOCTH TOHKOH HAacTpOWKM HX
CTPYKTYpPBI ITyTeM N000pa KapOOKCHIATHBIX aHMOHOB U M3MEHEHUS UX CTPYKTYPBI.
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[{enbro 1aHHOM paOOTHI SBIISETCS CHHTE3 HOBBIX IIUKIIOTEKCAHKAPOOKCHIIATHBIX KOMILIEKCOB
P32 ¢ mepcnekTMBHBIMM MarHMTHBIMM W JIIOMUHECLIEHTHBIMH CBOWCTBaMH. /[l noctukeHus
MOCTABJICHHOW Ieid OBbUTM TIOCTABJICHBI CIEAYIOIIME 33Ja4yu: 1) CHHTE3 pEeAKO3eMENbHBIX
KOMIUIEKCOB JIaHTAHUIOB (IUCHPO3Us, TOJIbMUS, TYyJIUsl) HAa OCHOBE IHMKJIOr€KCaHKapOOHOBOM
KHUCJIOTBI; 2) UCCJIEIOBAHHE MX COCTaBa, CTPOEHHUS, TEPMUUYECKOIO IMOBEJCHHUS; 3) UCCIEIOBAHUE
MarHUTHBIX U JJFOMUHECIIEHTHBIX CBOMCTB CHHTE3UPOBAHHBIX KOMILJIEKCOB.

B pesynprate paboThl OBUIM CHHTE3MPOBAHBI M  OXaPAKTEPU30BAHBI KOMIUICKCHI
Dy(chc)s(Hche)x(H20)y, Dy(chc)s(phen), Dya(chc)io(DMF),, a Ttakke cepus H30CTPYKTYPHBIX
komruiekcoB Lns(chc)o(Hehc)os (Ln = Dy, Ho, Er, Tm); ans naByX MOCIACIHUX METOIOM
PEHTTEHOCTPYKTYPHOI'O aHAJIM3a YCTAHOBJIEHA KPUCTANIMYECKasi CTPYKTYpa.

Hus Dys(chc)g(Hehc)gs Oblivt mcciieioBaHbl MarHUTHBIC CBOWCTBA B TIOCTOSHHOM U
MIEPEMEHHOM TI10JI€; OIPeJIeTICHbl BpEMEHA U SHEpreTHuYecKue 0apbepbl penaKcai.

Dysprosium cyclohexanecarboxylates: synthesis, crystal structure,
functional properties

Long H.

Supervisors: Ph.D, Senior Researcher, Tsymbarenko D.M., Ph.D, Senior Lecturer,
Grebenyuk D.I.

Coordination compounds of rare-earth elements (REE) have attracted much attention as
materials with promising functional properties. The presence of partially filled f-orbitals in REE
ions provides their special luminescent and magnetic properties. The advantages of REE
luminescence include narrow emission lines, long lifetime, and high quantum yield. REE ions are
also characterized by strong spin-orbit coupling and high magnetic anisotropy, which opens up the
possibility of creating new magnetic materials based on them. In addition, REE carboxylates have
attracted the attention of researchers because of their unique variety of crystal structures and the
possibility of fine-tuning their structure by selecting carboxylate anions and changing their
structure.

The aim of this work is to synthesize new REE cyclohexanecarboxylate complexes with
promising magnetic and luminescent properties. In order to achieve this goal, the following tasks
were set: 1) synthesis of rare-earth complexes of lanthanides (dysprosium, holmium, erbium,
thulium) based on cyclohexanecarboxylic acid; 2) study of their composition, structure, thermal
behavior; 3) study of magnetic and luminescent properties of the synthesized complexes.

As a result, the complexes Dy(chc)z(Hchc)x(H20)y, Dy(chc)s(phen), Dya(chc)12(DMF),, and
also a series of isostructured complexes Lnz(chc)s(Hchc)os (Ln = Dy, Ho, Er, Tm) were synthesized
and characterized; the crystal structure of the latter two was established by X-ray diffraction.

For Dys(chc)g(Hehc)os the direct current and alternating current magnetic properties were
investigated; relaxation times and energy barriers were determined.
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HonusinepHbie KOMILIEKCHI MeHTagTOpHponuoHaTos P39
KaK NPEKYPCOPHI CJIO0KHBIX (PTOPUI0B

Yau X.

PykoBoauTenu: K.x.H., ¢.H.c. LlpimOapenko J[. M., k.x.H., cT. npen. ['pedentox .M.

KpeMHueBbie 3JI€eMEHTHI B HACTOSIIEE BpEMs WrpalOT BaXHYI pOJib B MOJIYYECHUU
3NEKTPUYECKON SHEPTHH U3 COTHEYHOro cBeTa. OHAKO KPEMHUN MOKET MOTIJIOATh TOJIBKO YaCTh
COJTHEYHOTO CIEKTPa, MPU ITOM OOJIbIIAS YaCcTh U3ITYYCHUS HHPPAKPACHOTO U yIbTPa(PHOIETOBOTO
JMarna3o0HoOB He MOTJIOU[aeTcs KPeMHHEM, 4To cHUkaeT kod(dduuuent nonesHoro aevicreus (KI1I)
yerporictBa. s moseimenus KIIJ[ mpemaraercst MCrosib30BaTh MarepHaibl, KOTOpble OyayT
KOHBEPTUPOBATh HE MOMIONIAKOLIMECS YAacCTH COJIHEUHOI'O CIIEKTpa B BUJMMBIA CBET, KOTOPBIU
KPEMHHI CIIOCOOEH MOTJIOTUTb.

B pa6ore meronom MOCSD cunTe3upoBaH TeTpaTOpua HATPUSA-UTTPHS, JOMUPOBAHHBIH
spouem u wurrepbuem (NaYF4:Er:Yb), m moka3zaHo, dYro 3TO BemecrBo oOJamgaer ar-
KOHBEPCHOHHBIMH CBOMCTBaMH U TpeoOpaszyeT uH(ppakpacHoe u3idydeHHe B 3el€HbIA cBeT. Ha
MEepPBOM 3Tare paboThl MBI MPOBOAMIN peakiuio Hpfp ¢ okcumamm mimm kapOoHaTaMu METaNIOB,
4TOOBI MOJIyYUTh COOTBETCTBYIOLINE NeHTaQTOPIPONUOHATHI. [TonyuyeHnsie
MeHTa TOPIIPOITUOHATHI METAJNIOB PACTBOPSUIA B M30IPOITaHoIIe B cooTHOmEeHnr Na : Y : Yb : Er =
I : 0.8 :0.18 : 0.02 u ngobGaBnsimu 4 SKB. OUIVIMMa B KayeCTBE JIMTaHJA-TeJIe00pa3oBaTes.

VYCcTaHOBIIEHO BIUSHHE MApaMETPOB CHHTE3a — COCTaB pacTBOpa IMPEKypcopa, TeMIeparypa
OTXKUTa, HAIMYUE JOMOJHUTENbHBIX Aonupyrommx noHoB Gd — Ha (a3oBbIif COCTaB CIOKHOTO
dropuna.

Takxe BaxXkHYIO poiib B 00pazoBaHuu (TOPUAOB U3 PaACTBOpa-MPEKypcopa HUIparoT
MpoIlecChl KOMITJIEKCO0Opa3oBaHusi W ruapoiu3a. llostomy, B pamkax paOOThl MBI TaKXke
aHAIIM3UPOBAIH TPOIECCHl KOMITJIEKCOOOpa30BaHUs M THAPOIU3a B pacTBopax-mpeKypcopax. s
9TOTO OBLIM MCCIIEIOBAHBI PacTBOPHI MeHTadToprponuoHatoB P30 ¢ nobasieHneM HEHTPAIBHOTO
JaWraHga AudTWIeHTpuaMuHa (deta). B pesynbrate CoNbBOTEpMAlbHBIX CHHTE30B B ABTOKJIAaBaX
ObLTM  TIOMYYEHBI  TBEPJAbIE  TMPOAYKTHI, KOTOpbIE  H3ydadd  KOMIUIEKCOM  METOJIOB:
PEHTTEHOCTPYKTYPHBIN aHAIIU3, TepMOTrpaBUMeTprueckuii ananus, UK-cnextpockomnus.

PactBopoB Takxke Hampsmyto aHanusupoBanu merogoM PDF. Ilo cpaBuenuto Gd(pfp)s u
Gd(pfp)s ¢ 2 oxB. deta, mpu mobaBieHun deta MHTEHCHBHOCTH IHKOB, COOTBETCTBYIOIIMX
PACCTOSIHUSIM METaJUI-METAIT  YBEJIMYMUBAIOTCSA, YTO TOBOPUT 00 OOpa30BaHUM TMOJUSIEPHBIX
KOMIUIEKCOB B pacTBope. Takke ObLIO MOKa3aHO BIMSHUE KOHIEHTPAIMU PacTBOpa Ha MPOIECCHI
oOpa3zoBaHusl TONUSAIEPHBIX KiacTepoB. [lo mepe yBenmuyeHUsT KOHIIEHTpAIlMM WHTEHCHUBHOCTH
MMUKOB, COOTBETCTBYIOIINX PACCTOSHHSIM METAJLI-METalll YBEIHUMUBACTCS, YTO CBUACTEIHCTBYET 00
oOpaoBaHUU 00JIee KPYITHBIX arperaTos.

[Tocre ATOrO MBI PAacTBOPSUIM TMEHTA(PTOPIPONMHMOHATHI C AWTIMMOM, HarpeBajidl €ro mpu
MepEMENIMBAHNN /10 TOJYYEHHUS TeJsd M TOCJIe OTXKUTA TMOJIYYHIN JOMHPOBAHHBINA TeTpadTOpua
Hatpuss-uttpus. [lomyuennbrit NaYogYboisEropoFs mpu obnyuenun MK-nazepom (A=980 HM)
W3JIy9aeT SIPKUN 3€JCHBIA CBET, YTO CBHUJIECTEIHLCTBYET O HAJIMYUU y HETrO arm-KOHBEPCHOHHBIX
CBOMCTB.
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Polynuclear rare-earth pentafluoropropionate complexes
as precursors of mixed-metal fluorides

Chai H.

Supervisors: Ph.D., Senior Researcher, Dmitry Tsymbarenko, Ph.D., Senior Lecturer,
Dimitry Grebenyuk

Silicon cells currently play an important role in generating electrical energy from sunlight.
However, silicon can only absorb part of the solar spectrum, while most of the infrared and
ultraviolet radiation is not absorbed by silicon, which reduces the energy conversion efficiency of
the device. To increase the efficiency, it is proposed to use materials that will convert non-absorbed
parts of the solar spectrum into visible light, which silicon is able to absorb.

In this work, sodium-yttrium tetrafluoride doped with erbium and ytterbium (NaYF4:Er:Yb)
was synthesized by the MOCSD method, and it was shown that this substance has up-conversion
properties and converts infrared radiation into green light. At the first step of the work, we carried
out the reaction of Hpfp with metal oxides or carbonates in order to obtain the corresponding
pentafluoropropionates. The obtained metal pentafluoropropionates were dissolved in isopropanol
intheratioNa: Y :Yb:Er=1:0.8:0.18:0.02, and 4 equiv. diglyme as a gelling ligand. The
influence of the synthesis parameters—the composition of the precursor solution, the annealing
temperature, and the presence of additional doping Gd ions—on the phase composition of the
complex fluoride has been established.

The processes of complexation and hydrolysis also play an important role in the formation
of fluorides from the precursor solution. Therefore, in the framework of this work, we also analyzed
the processes of complex formation and hydrolysis in precursor solutions. Because of this, solutions
of REE pentafluoropropionates with the addition of a neutral diethylenetriamine ligand (deta) were
studied. As a result of solvothermal syntheses in autoclaves, solid products of partial hydrolysis
were also obtained, which were studied by a set of methods: X-ray diffraction analysis,
thermogravimetric analysis, and IR spectroscopy.

The solutions were also directly analyzed by the PDF method. Compared to Gd(pfp)s and
Gd(pfp)s with 2 equiv. deta, when deta is added, the intensity of the peaks corresponding to metal-
metal distances increase, which indicates the formation of polynuclear complexes in solution. The
effect of solution concentration on the processes of formation of polynuclear clusters was also
shown. As the concentration increases, the intensity of the peaks corresponding to metal-to-metal
distances increases, indicating the formation of larger aggregates.

After that, we dissolved pentafluoropropionates with diglyme, heated it with stirring until a
gel was obtained, and after annealing, we obtained doped sodium-yttrium tetrafluoride. The
resulting NaY.gYho.1sEro.02F4 irradiated with an IR laser (A=980 nm) emits bright green light, which
indicates that it has up-conversion properties.

P33-conepikanue aHMOHHbIE META/LUI-OPrAaHUYECKHE KAPKACHI:
CHHTE3, CTPOEHHE, JIOMHHECHEHTHbIE CBOHCTBA

Tao /.

PykoBoauTenu: K.x.H., ¢.H.c. llpimOapenko J[.M.; k.X.H., cT. ipen. ['pedentok J[.1.

JIroMuHECIIEHTHBIE MaTEPHUAJIbl HA OCHOBE PEAKO3eMENbHbBIX 1eMeHToB (P30) cranu oueHsb
BaXXHBIM KJaccOM (YHKIIMOHAIbHBIX MAaTEPHUATIOB M3-3a XapAKTEPUCTUK IJIEKTPOHHBIX MEPEXOJ0B
4f-371eKTPOHOB M M300MJIHS SHEPTETUUECKIX YPOBHEH PEIKO3eMeNIbHBIX HOHOB, YTO 00ECIIeYrBacT
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YHUKAQJIbHBIE ITIOMUHECIIEHTHbIE M MAarHUTHBIE CBOWCTBAa JTHX JJIEMEHTOB. B TO e Bpems
CIOCOOHOCTh MOHOB PEJIKO3EMEIbHBIX 3JIEMEHTOB HANPSAMYIO MOTJIOATh CBET ciaba M3-3a MpaBHl
0TOOpa, B CBSI3U C 3THM HHTEPEC MPEACTABISAIOT KOMIUIEKCH P30 ¢ opraHMYecKHMH JIUTaHIaMH,
BBITIOJHSIONIUMH ~ pOJIb  CEHCHOWIM3aTOpOB  JIOMUHEcHeHIMH. OJHAKO JIIOMHUHECIIEHTHBIE
KOMIUICKCHI PEKO3EMEIbHBIX JJIEMEHTOB C OPTraHWYeCKUMHU JIUTAHJaMH BCE €Il HMEIOT
HEKOTOpbIC HEAOCTaTKU (HU3Kas TepMO- U (OTO-CTaOMIBHOCTD, TPYAHOCTH MPOU3BOJACTBA H [IP.),
MO3TOMY HMHTEPEC MPEJCTABIISICT MOUCK HOBBIX JIOMHUHECIEHTHBIX MaTepuaioB Ha OcHOBe P30,
U3Y4YEHHE UX CTPOCHUS, TEPMUUECKOTO MTOBEACHUS, TIOMUHECIIEHTHBIX CBONCTB.

Lenpto paboTbl ABISIETCS TOWCK HOBBIX AaHMOHHBIX P3D-copepxammx MeTal-
OpPraHMYECKUX KapKacoB C MEPCIEKTHUBHBIMU JIIOMUHECUEHTHBIMU CBOWcTBaMU. [l HOCTHKEHUs
9TOH 1eNn OBLIM MOCTaBIeHBI cienytonue 3aaa4yn: 1. CunresupoBats Tb-MOF Ha ocHOBe arerara
TepOus, TepedraneBol KUCIOTH W auMeTwipopmamunaa. 2. MccnempoBarh (a3oBbIii cOCTaB U
tepmuyeckoe noseaenue Tb-MOF. 3. HUccnenoBate ontrueckue cBoiictBa Tb-MOF: nornomenue
U JIOMUHECHEHINIO, a TakKe CHHTe3UpoBaTh cMmemanHomeraumueckue LN-MOF, conepikariue
Eu, Th, Gd, Dy u uccnenoBarh ux ONTUYECCKHE CBOWCTBA.

Ln-MOF cunresupoBanu B cojbBoTepManbHbiX ycioBusx B N,N-aumerundopmamuie
(DMF) ¢ wucmonp30BaHHEM aleTaToB COOTBETCTBYIOIIMX P35 B KauecTBe NPEKypCOPOB U
nobasienueM Tepedranesoii kuciaotsl (H2bdC) B cooTBeTcTBHY CO Crieayroliei cxeMoi peakiuu:

Th(CH3COO0)3-1.5H,0+DMF+H,bdc+(CH3),NH—(CH3),NH[Th(bdc).(DMF)](H,0)

[Io fmaHHBIM TOPOIIKOBOM  PEHTIEHOBCKOW  MUGPAKIUU  TMOJYYEHHBIM  MPOAYKT
M30CTPYKTYpEH paHee CHHTE3WPOBAHHOMY B JIaDOpAaTOpUU MeETajul-OpraHndeckomy kapkacy Ce-
MOF. TepmorpaBUMeTpHUYECKUI aHAIN3 HA BO3ayxe Mokasai, 9to Th-MOF oTmienisier MoJaeKyIbl
roctu nipu 100 °C (H20) u Bbie 200 °C (DMF), a okosno 300 °C npoucxomut otmiersienue Hobdc
C oOpasoBanmeMm Thy(bdc)s;, crabmmsnoro o 500 °C. HccnemoBanusi (GOTOTOMHHECIEHTHBIX
CBOWCTB MOKa3bIBaiOT, uT0 Th-MOF mposBiisieT 3e/ieHy0 SMUCCHIO, COOTBETCTBYIOILYIO ITEPEX01aM
*Dy'Fy (J = 6, 5, 4, 3) HOHOB Tb* npu Bo3OyxaeHuu Y d-uznyuenuem (A=300um). L[BeToBBIC
KOOpauHATHI JTFOMUHOGOpOoB ThyEU1..-MOF mpu Bo30yxaennu 300 HM miepeMeInarTcs B KpacHyIo
o0nacTb Ha JuarpaMMe IBETHOCTH IIOCIE JOMHPOBAHUS HMOHAMU Eu®*. Jlns Toro uro6hI
WCCIIEIOBATh BIHMSHUE Pa3IMYHBIX IPEeKypcopoB Ha cBorctBa LN-MOF, MBI uccnemoBanm
ThosEuos-MOF, cunTe3npoBaHHbIi U3 pa3HbIX mpekypcopos: Th(ac)s:1.5H,0 + Eu(ac)s-1.5H0;
szEUz(OH)z(in)lo(Hzo)z; Tb4(OH)2(in)10(H20)2 + EU4(OH)2(in)1o(HQO)2. KOOleI/IHaTI)I Ha
auarpamMme IBETHOCTH MPH 3TOM U3MEHSIOTCS, UTO CBHJIECTENBCTBYET O BIMSHUH MPEJOPTaHU3aIun
METAJUIOB B NMPEKYPCOPE HA CBOMCTBA MOTYyYaeMOT0 METAII-OPTaHMYECKOT0 KapKaca.

REE-containing anionic metal-organic frameworks:
synthesis, structure, luminescent properties

Gao D.

Supervisors: Ph.D., Senior Researcher Tsymbarenko D.M.; Ph.D., Senior Lecturer
Grebenyuk D.I.

Rare earth element (REE) based luminescent materials have become a very important class
of functional materials due to the electronic transition characteristics of 4f electrons and the
abundance of rare earth ion energy levels, which provides the unique luminescent and magnetic
properties of these elements. At the same time, the ability of rare-earth ions to directly absorb light
is weak due to selection rules; in this regard, REE complexes with organic molecules acting as
luminescence sensitizers are of interest. However, luminescent complexes of rare earth elements
with organic ligands still have some drawbacks (low thermal and photostability, difficulty in
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production, etc.), so it is of interest to search for new luminescent materials based on rare earth
elements, to study their structure, thermal behavior, and luminescent properties.

The aim of this work is to search for new anionic REE-containing metal-organic
frameworks with promising luminescent properties. To achieve this goal, the following tasks were
set: 1. Synthesize Th-MOF based on terbium acetate, terephthalic acid, and dimethylformamide. 2.
Study the phase composition and thermal behavior of Th-MOF. 3. Investigate the optical properties
of Tb-MOF: absorption and luminescence, as well as synthesize mixed-metal Ln-MOF containing
Eu, Th, Gd, Dy and investigate their optical properties.

Ln-MOF was synthesized under solvothermal conditions in N,N-dimethylformamide (DMF)
using acetates of the corresponding REE as precursors and addition of terephthalic acid (Hzbdc)
according to the following reaction scheme:

Th(CH3COO0)3-1.5H,0+DMF+H,bdc+(CH3),NH—(CH3s),NH;[Th(bdc).(DMF)](H,0)

According to powder X-ray diffraction data, the resulting product is isostructural with the
Ce-MOF metal-organic framework previously synthesized in the laboratory. Thermogravimetric
analysis in air showed that Th-MOF cleaves guest molecules at 100°C (H,0) and above 200°C
(DMF), while Hybdc is cleaved off at about 300°C to form Tby(bdc)s, which is stable up to 500°C.
Studies of photoluminescent properties show that Th-MOF exhibits green emission corresponding
to the °D4/’F; (J = 6, 5, 4, 3) transitions of Th*" ions when excited by UV radiation (A=300nm). The
color coordinates of the ThEu;x-MOF phosphors, upon excitation at 300 nm, shift to the red region
in the color diagram after doping with Eu®* ions. In order to investigate the effect of different
precursors on the properties of Ln-MOF, we studied ThosEups-MOF synthesized from different
precursors: Th(ac)z-1.5H,0 + Eu(ac)z-1.5H,0; Th,Euz(OH),(piv)10(H20)2; Tha(OH)2(piv)10(H20):
+ Eus(OH)2(piv)10(H20),. In this case, the coordinates on the color diagram change, which indicates
the influence of the preorganization of metals in the precursor on the properties of the resulting
metal-organic framework.

KoMno3uTHbIe KAaTOHbIE MATEPHAJIBI 1JIsl TBEPAOTEIbHBIX JIMTHII-
HOHHBIX aKKYMYJISTOPOB HAa ocHOBe Liy .+, Al Ti,_((PO,4)3; (LATP)
1 YIJIePOAHBIX HAHOTPYOOK

Ban B.

PykoBoaurenu: a.X.H., B.H.c. SlmuHa Jlana BanepbeBHa, K.X.H., M.H.C. PynieB Anekceit
AHTOHOBHY

JIMTUI-MOHHBIE AKKYMYJISITOPbI IIHPOKO HCIOJNB3YIOTCS B IMOPTAaTUBHBIX 3JEKTPOHHBIX
YCTPOMCTBAX M AJIEKTPOMOOWIsIX. B HacTosiiee Bpemsi TUIOTHOCTh SHEPTHH OOBIYHBIX JIMTHM-
MOHHBIX AaKKyMYJISITOPOB HA OCHOBE OKCHIHBIX KAaTOJIOB C TpaUTOBBIMH OTPULIATEIBHBIMU
ANIEKTPOJAMHU TPUOIIKAETCS K TECOPETUIECKOMY TPEIeTy; a OPraHWYECKHH KUJIKUN SIEKTPOIUT
MOJKET JIETKO BOCIUIAMEHSTBHCS a TAaKXKe CKJIOHEH K yTEUKe, YTO MOXET MPHUBECTH K Cephe3HBIM
npobiemMaM C¢ TOYKHM 3peHusi Oe3omacHocTu. Pa3paboTka Oe30macHBIX aKKyMYJISITOPOB HOBOTO
MOKOJICHUSI C BBICOKOW TIOTHOCTBIO SHEPTHH CTaja OJHUM W3 TJIaBHBIX NMPHOPHTETOB B 00JacTH
XpaHeHuss dSHeprud. I[loJHOCTBIO TBEPIOTENbHBIE AaKKyMYJISATOPbl OOECHEeYUBAIOT XOPOIIYIO
BBICOKOTEMIIEPATYPHYIO CTAaOMIBHOCTh U OOJBIIYyI0 O€30MacHOCTh Ojaroaapsi HCHOJIb30BAHUIO
TBEPJIOTO HEOPraHWYECKOIo JJIEKTpPONNTA. B coderaHHMM ¢ MeTaJUIMYECKHM JIMTHEBBIM aHOAOM
TaKXe MOKHO JJOCTHYb CYIIECTBEHHO OOJBIIEH TUIOTHOCTH YHEPTHH.

OObIYHO B KayecTBE KaTOAHBIX AaKTHBHBIX MAaTe€pHajoB B TBEPAOTEIbHBIX JHMTHUEBBIX
aKKyMYJIITOpax HCIHOJb3YIOTCS CIOUCThIE OKCHJbI NEepeXxoAHbIX MeTamioB. Camu mo cebe Takue
OKCHIBl O0JIAAAI0T HHU3KOW HMOHHOM IPOBOAMMOCTBIO, IO3TOMY HEOOXOAMMO HCIOIb30BATh
KOMIIO3UTHBIA MaTepuan C OOJIBIIMM KOJMYECTBOM TBEPAOTO DJEKTPOJIUTA JUISl JTOCTUIKEHUS
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YIOBJIETBOPUTEIIBHOTO TPAHCIIOPTa MOHOB JIUTHUSI; TAKXKE OKCHUJIbI CKJIOHHBI K PACTPECKHUBAHUIO BO
BpeMsl LUKJIMPOBAHHUSA, YTO BIUSET HA TPAHCHOPT MOHOB JIUTHUS U NMPUBOAUT K CHMXKEHHMIO CPOKA
CITy>KOBbI akKymynaTopa. 110 3TUM npuyrHaM OCHOBHOM LIENbI0 JAHHOM MCCIIEI0BATENILCKOM paboThI
SBIIETCS CO3JaHHE KOMIIO3UTHBIX KaTOJHBIX MaTepualioB U pa3paboTKa CIOXKHBIX CTPYKTYp
KOMITO3UTHBIX KaTOAHBIX MAaTepUANIOB I YIYYIICHHUS SJIEKTPOXMMHUYECKUX XapaKTEPUCTHUK
TBEPJOTENIbHBIX aKKYMYJISITOPOB.

B nannoit pabore LiFePO, (LFP) ucnosp3oBancs B kadecTBe aKTHBHOIO MaTepHaa,
Li; 3Alp3Ti;7(PO4)s (LATP) B kauectBe non-mpoBosmiei (hasel 1 YHT B KauecTBe MPOBOASIICH
no6aBku. Kommno3uTHele Marepuanbl OBUIM MOJYYEHBl PA3IMYHBIMU CIIOCOOAMH: TPOCTOTO
CMELIMBAaHUs KOMIIO3UTHOIO KaTrOJa CMEIICHHEM BCEX KOMIIOHEHTOB B IIAPOBOM MEJBHHUIIE,
U3rOTOBJIEHUSI KOMIIO3UTHOro karogHoro wmatepuana ¢ LFP+CNTs c¢ noxpeituem LATP
(LFP+CNTs@LATP) runporepmanbHbiM  MeTomoM U oxgHocinoiHoro (LFP+CNTs@LATP)
OJTHOCTAIUHHBIM THIPOTEPMAILHBIM METOIOM. MaTepuainbl ObUIH 0XapaKTEPU30BAHBI C TTOMOIIHIO
PEHTTEHOBCKON  AU(PAKINKM, CKAHUPYIOLIEH AJIEKTPOHHOW MHMKPOCKONHUH, HH(PPAKpacHOM
CHEKTPOCKOIIUM U PEHTI€HOBCKOM AHEPro-IUCIHEPCUOHHON CIIEKTPOCKONMU. BblIM mccienoBaHbl
cnektpbl umnenanca LATP u LATP, nokpeITeix pa3audabiMu npoBosanmmu areHTamMu (CNTs u
C45). Kommo3utHbie KaToAHble Marepuaibl co cBs3ytomuM PVDF ObuiM MCHONB30BaHbl IS
W3TOTOBJICHHS DJIEKTPOIHBIX JIUCTOB, U COOpaHHBbIC AYEHKU OBLIM MPOTECTUPOBAHBI HA IIMKIIBI
3apsja U paspsija.

Pe3ynbrarhl CHEKTPOB JIIEKTPOXMMHUYECKOTO HMMIIEJAaHCa T[OKa3ald, 4YTO J00aBlIeHUE
YIIEPOAHBIX HAHOTPYOOK B TBEPABINA AJIEKTPOJIUT JAET IEKTPOHHYIO MPOBOJMMOCTb JAXKE IPU
Hamnuuu Bcero 0,5% yrieponHbix HaHOTPYOOK. CKaHMpyOIIas 3JIEKTPOHHAs MHKPOCKOMUS
CNTs@LATP moxkasana, 9To 06U CHOPMUPOBAHBI ITYYKH, COCTOSIIINE U3 MHOYKECTBA YTIIEPOTHBIX
HAaHOTPYOOK, a HekoTopelie yactuubl LATP Bblpocin Ha mnoBepxHOCTH HaHOTPYOOk. SEM-
nzoopaxenus (CNTs+LFP)@LATP moka3piBaloT, 4TO MPH OJHOCTAIUHHOM THAPOTEPMATBHOM
n3MenbueHnn LATP moxer ocaxaarbes Ha noBepxHocTH yactul LFP, oOpa3ys mokpsiTHe, B TO
BpeMs Kak MpHU LIapOBOM H3MEbYEHUH MOKHO yBHAETh Oosee aucnepcHblii LATP. Pe3ynbrarsl
rajlbBAaHOCTATUYECKOTO IIUKIMPOBAHUS MOKA3BIBAIOT, YTO BCE SYCUKU MOTYT CTa0MIBHO paboTaTh B
teyeHue 6osee yeM 100 yacos.

Composite cathode materials for solid-state lithium-ion batteries
based on Li, Al Ti,—(PO4); (LATP) and carbon nanotubes

Wang W.

Supervisor: Doctor of Chemical Sciences, Leading Researcher Yashina L.V., Ph.D.,
Junior Researcher Rulev A.A.

Lithium-ion batteries have been widely used in portable electronic devices and electric
vehicles, but the energy density of conventional lithium-ion batteries based on oxide cathodes with
graphite negative electrodes is getting close to its theoretical upper limit, and the organic electrolyte
is flammable, explosive and prone to leakage which can lead to serious safety accidents. The
development of next-generation batteries with high safety and energy density has become a top
priority in energy storage. All-solid-state batteries offer better high-temperature stability and greater
safety due to the use of a solid electrolyte. Combined with a lithium metal cathode, the energy
density of the battery will also be greatly improved. Therefore, based on the advantages of safety
and energy density, solid-state batteries have become a necessary path for the development of future
lithium batteries.

The cathode active materials in all-solid-state lithium batteries are metal-based oxides.
These oxides have many shortcomings in solid-state batteries: they have a low ionic conductivity
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and need to form a composite material with a large amount of solid electrolyte to achieve
satisfactory ion migration efficiency; oxides are mostly brittle materials and are prone to cracking
during cycling, which affects lithium ion transport and leads to a lower cycle life of the battery. For
these reasons, the main objective of this research work is to prepare composite cathode materials
and design composite cathode material structures to improve the electrochemical performance of
solid-state batteries.

In this work, LiFePO, was used as the active material, Li;3Alp3Ti17(POs)3 as the ion-
conducting phase and CNTs as the conductive additive to obtain a simple mixed composite cathode
by ball milling, a composite cathode material with LFP+LATP-coated CNTs (LFP+CNTsS@LATP)
by hydrothermal method, and a single layer (LFP+CNTs@LATP) by one-step hydrothermal
method. cladding material (LATP cladding on CNTs and LFP - (CNTs+LFP)@LATP). The
materials were characterised using x-ray diffraction, scanning electron microscopy (SEM), infrared
spectroscopy and X-ray energy-dispersive spectroscopy. The impedance spectra of LATP and
LATP coated with different conductive agents (CNTs and C45) were measured. Composite cathode
materials with PVDF binder were used to make electrode sheets and the assembled cells were tested
for charge and discharge cycles.

The results of the electrochemical impedance spectra showed that the addition of carbon
nanotubes to the solid electrolyte produced a mild conductivity effect even when only 0.5% of the
carbon nanotubes were present. scanning electron microscopy images of CNTs@LATP showed that
nanopores consisting of many carbon nanotubes were formed and some LATP particles grew on the
surface of the nanotubes, forming dense attachments. SEM images of (CNTs+LFP)@LATP show
that in single-step hydrothermal grinding, LATP can be deposited on the surface of LFP particles
forming a coating, while in ball milling, more dispersed LATP can be seen. charge and discharge
cycle tests. The results show that all cells can be cycled stably for more than 100 hours.

Kartanusatopsl okucaenuss CO Ha 0CHOBe CJI0KHBIX
HUKEJIbCOJEePKAINX AHTHMOHATOB JIAHTAHA M BUCMYTa

Inyxuu K.P.

PykoBoauTens: A.X.H., TN.H.c. Eropbimesa A. B., k.x.H., nou. Konecuuk 1. B.

N3BectHO, 4TO aHTUMOHATBI LNFeysSb;s0s (Ln=La-Sm) co cTpykrypoit po3uaumrta u
Ln; gFe; ,SbO7; (Ln=Pr-Tb) co cTpykTypoii HHpOXJOpa MpPOSBIAIOT BBICOKHE KaTATUTHUCCKHUE
cBoiictBa B peakuuu okucieHuss CO, yemy CHOCOOCTBYIOT OKHCIHTEIbHO-BOCCTAHOBUTEIHHBIC
MIPOIIECCHI Sb**Sb°>* u Fe?*>Fe*" na nx noBepxHocTU. Karanurnyeckue cBONCTBA aHTUMOHATOB
HUKEJS paHee He paccMaTpHBAIUCh. llenblo JaHHOW paboOThI SBISIETCS CO3JaHWE MATEPHUAJIOB,
MEPCIEKTUBHBIX IS WCIOJB30BaHUS B PEAKIMAX Kartaautudeckoro okucieHuss CO, Ha OCHOBe
CITOKHBIX aHTUMOHATOB cucteM (Bi/La),03-NiO-Sb,0s.

Cucremarnueckuii mouck ¢a3 B cucreme LapO3-NiO-Sh,O5 panee e mpoBoauics. beumm
u3BecTHbl (a3bl LaNiy3Shs0s 1 LasNi,SbOg. [Mosromy mmst paciumpeHust Kpyra OOBEKTOB,
00eCneunBaOIMX MOTHOTY UCCIECOBAaHHS, TPOBe/ieHa TpHaHTyIsus cucteMbl LayO3-NiO-Sh,y0Os.
Haiinensr Tpu HOBbie (daszel: LaNiSbOg, LasShyO1; u LaNiSh,Og. TTockonbky coeauHeHHe co
CTPYKTYpOI MUPOXJIOpa B JAHHOW CHCTeMe He 00pa3yeTcsi, Mbl HCCIEI0BaTH BUCMYTCOIEPKAIITII
mupoxJjiop cocraBa Bij gNigg7Sby 3307.

[lepBuyHOE W3yueHHE KATAJIMTUYCCKHX CBOWCTB OOpa3IOB C Pa3IMYHON CTPYKTYpOH H
COCTaBOM TI0Ka3aJ1o, 4To Hanbosee nepcrnekTuBHbIME Tt okucieHust CO okazamuch LaNiy3Shs30g
u Bij gNigg7Sb1 3307. Pa3pabotanbl METOAMKH MONyUEHHS 3TUX COCAMHECHUIN C MOMOIIBIO METOJIOB
CHHTE3a: I[HUTPATHOTO M COOCaKJICHUSA. [IpOBeJCH aHAM3 3aBUCHMOCTH WX KaTATUTHUYCCKHUX
CBOWCTB M MOpP(}OJIOTHH OT MeTola W yciuoBui cuHTe3a. B ciywae BiggNiggrSbhy 3307 Tarke
MpeIIoYKeHa METOMKA THIPOTEPMAIILHOTO CHHTE3a P MUKPOBOJIHOBOM BO3JICHCTBHM M O€3 HETO.
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Metonamu POA, SEM u EDX ynanocs mpocieauts nocieaoBaTeabHOCTh (ha30BbIX MPEBpALICHUN
B IIpoIiecce ruapoTepMaibHoro cuaresa Big gNigg7Sby 3307.

[Toka3aHo, uTOo HaWOONBIIYy0 aKkTUBHOCTH TposBHIN  LaNiy3Shs;s0p, momyueHHBIH
uuTpatHeIM MetofoM. Temneparypsl 90% kousepcuu CO cocraBuiu 336. [Tokazana BO3MOXKHOCTb
OJTHOCTAJIMHHOTO CHHTE3a B THAPOTEPMAlbHBIX ycioBHix obOpasma BijgNiggrSbi330; ¢
HaHeceHHbIMU HaHokpuctaiiaMu Ni(OH),. Otot obpaser; obecnieunBaer 90% kousepcuto CO mpu
temrneparype 235°C, uyTo mnokazano OecclopHOEe NPEUMYIIECTBO THAPOTEPMAILHOIO METoja
cuHTe3a. [lokazaHa cTaOMIILHOCTh CHHTE3MPOBAHHBIX KATAIU3aTOPOB U OTCYTCTBUE TOTPEOHOCTH B
WX pereHeparum.

Ha npumepe LaNiy3Shs;306, MeTogamu PODC, UK- in situ u O,-TPD u3ydena moBepxXHOCTb
Karajgm3aTtopa 0 W mocie Katanus3a. [lokazano, uro okwucieHue CO MPOUCXOTUT MyTEeM
00pa3oBaHMs TTOBEPXHOCTHBIX KapOOHATHBIX CTPYKTYp. [Ipy 3TOM Ha MOBEPXHOCTH KaTaiu3aTropa
MPOUCXOJSIT  OKHCIUTEIBHO-BOCCTAHOBUTEIIBHBIC — MPOIIECCHI Sh**Shb>* u Ni2+<—>Ni3+, HO
OCHOBHBIM COCTOSHHEM CypbMbI Ha MOBEpXHOCTH siBisiercs Sb>*. Bbul HpeiiokeH BeposTHbII
MEXaHHM3M PEaKIHH C yIaCTHEM aKTHBHBIX KaTAMTHYCCKHX LeHTpoB -[Sh** — Vo-— Ni**]-, rae Vo-
- BaKaHCHUsS KUCJIOPOJa, 3aXBATHUBIIAs AJIEKTPOH. MeXaHM3M COOTBETCTBYEeT Mojiesin Mapca-BaH-
Kpeseinena.
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CO oxidation catalysts based on complex nickel-containing lanthanum
and bismuth antimonates

Plukchi K.R.

Supervisor: Doctor of Chemical Sciences, Principal Researcher Egorysheva A.V.,
Ph.D., Associate Professor Kolesnik 1. V.

Antimonates of the form LnFeysSb;s0s (Ln=La-Sm) with a rosiaite structure and
Ln; gFe;1 2SbO7 (Ln=Pr-Th) with a pyrochlore structure have been shown to exhibit high catalytic
activity in the CO oxidation reaction due to the Sb**—Sb>* and Fe?*—Fe®" redox processes on their
surface. However, the catalytic properties of nickel antimonates have not been previously studied.
The aim of this work is to create materials promising for use in catalytic oxidation reactions of CO,
based on complex antimonates of (Bi/La),03-NiO-Sb,0s5 systems.

A systematic search for phases in the La,O3-NiO-Sh,0Os system has not been previously
conducted. Only the phases LaNiy3Sbs30s and LagNi,SbOg were known. To expand the range of
objects that ensure the completeness of the study, a triangulation of the La,O3-NiO-Sbh,05 system
was performed. Three new phases were discovered: LaNi,SbOg, LaySh,0;1 and La;NiSh,0q. Since
a pyrochlore-structured compound is not formed in this system, a bismuth-containing pyrochlore of
composition Biy gNigg7Sh; 3307 was investigated.

Preliminary studies of samples with different structures and compositions showed that
LaNiy;3Sbs306 and BiygNigg7Sby 3307 were the most promising for CO oxidation. Methods for
obtaining these compounds were developed using citrate and co-precipitation synthesis methods.
An analysis of their catalytic properties and morphology as a function of synthesis method and
conditions was performed. For Bij gNigg7;Sb1 3307, @ method for hydrothermal synthesis with and
without microwave irradiation was also proposed. Using XRD, SEM, and EDX, the phase
transformation sequence during the hydrothermal synthesis of Bij gNig g7Sb1.3307 was traced.

It was shown that LaNiy3Shs30g synthesized by the citrate method exhibited the highest
activity, with 90% CO conversion achieved at 336°C. The possibility of one-step synthesis of
Bi1gNigg7Sh; 3307 sample with deposited Ni(OH), nanocrystals under hydrothermal conditions has
been demonstrated. This sample provides 90% conversion of CO at a temperature of 235°C, which
showed the undeniable advantage of the hydrothermal synthesis method. The stability of the
synthesized catalysts and the absence of the need for regeneration were demonstrated.

The surface of the LaNiy;3Sbs;306 catalyst before and after catalysis was studied using X-ray
photoelectron spectroscopy (XPS), in situ infrared spectroscopy (IR-in situ), and O, temperature-
programmed desorption (O,-TPD). It was shown that CO oxidation occurs through the formation of
surface carbonate structures. In addition, oxidation-reduction processes of Sb**<Sb>* and
Ni?*—-Ni** occur on the catalyst surface, but the main state of antimony on the surface is Sb>*. A
probable reaction mechanism involving active catalytic centers -[Sb** — Vo-— Ni**]-, where Vo- - is
an oxygen vacancy that has captured an electron, was proposed. The mechanism is consistent with
the Mars-van Krevelen model.

Pa3paﬁoTKa HJIaHaprIX TepMOKaTaJII/ITI/I‘IeCKI/IX CeHCOpOB BOI[OpOIla
Kanunun H.A.

PykoBoauTenu: K.X.H., acc. Pocasgkos N.B., k.x.H., no1. Konecauk 1.B.

DKOJIOrMYECKH YHCTOE BOJOPOJHOE TOILTUBO YXKE Ceiuac COCTABIISICT 3HAUUTEIBHYIO JIOJIIO
B DHEPTETUYECKOM CEKTOpPE SKOHOMHUKH. BBICTPO pacTyliee MCIoib30BaHNe BOAOPOIa 00yCIOBICHO
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TaKUMH €r0 BaXKHBIMU XapaKTePUCTUKAaMH, KaK BBICOKAas YyjAelbHAas IUIOTHOCTb JHEPTUH,
JOCTYIMHOCTh, SKOJOTMYHOCTh U MHOT000pa3ue crnocob6oB mpou3BoacTBa. OJHAKO, CYIIECTBEHHBIM
HE/IOCTaTKOM HCIOJIB30BAHUSI BOJOPOJA SIBISIETCS €r0 BBICOKAs B3PHIBO- M IOKAapOOINACHOCTh. B
HACTOfAIIEE BpeMs I aHalM3a COAepXaHus BOJIOpoAa B arMocdepe Haumbojee MHUPOKO
UCTOJIB3YIOT TEPMOKATATMTUIECKUE Ta30BbIe CEHCOPHI MEJTUCTOPHOTO THMa. VX mpuHIUI paboTh
OCHOBaH Ha OECIUIAMEHHOM CrOpaHUU BOJOpPOJAa HA YACTUIAX KaTajau3aTopa M H3MEpPEeHUU
KOJIMYECTBA BBIACTHUBINEHCS MpPH 3TOM TEIUIOTHI, KOTOPOE MPOMOPLUUOHAIBHO KOHIICHTPALUU
BOJOpPOJa B aHAIM3UPYyeMOW Ta30BOi cMecd. AKTyallbHBIMH 3a7auaMu B 00JacTH pa3paboOTKu
TEPMOKATATUTHYECKUX CEHCOPOB SIBJSIOTCS MHHMATIOPU3ALMS W TMEPEXOi OT MEeJTUCTOPHOW K
IJTAHAPHOM TEXHOJIOTHH, MOBBIICHHE YyBCTBUTEILHOCTH U CPOKA CITYKOBI.

Llenpto AaHHOW PaOOTHI SABISETCS CO3JAHHME IUIAHAPHBIX TEPMOKATAIUTHUYECKUX CEHCOPOB
BOJIOpOJIa ¢ arTecTanueil PyHKIMOHAIBHBIX XapaKTEPUCTUK MOMYyYEHHBIX YCTPOMCTB B PA3IMUHBIX
pexuMax paboOThl, a TaKXKe H3yuYeHHEe XUMHUECKMX MpEeBpallleHHi KaTajlu3zaTropa B Ipolecce
paboThI ceHcopa U UX BIMSIHUS Ha CEHCOPHBINA CUTHAI.

UyBCTBUTETBHBI DJIEMEHT TEPMOKATAJUTHYECKHX CEHCOPOB TIPEACTABISIET COOOMU
IUIATUHOBBIM ~ MukpoHarpeBarenb  (tommmuHa 500 HM), chopMHpOBaHHBIH  METOAOM
¢doromuTorpadu ¥ MarHETPOHHOTO HAMBUICHUS HA MOBEPXHOCTH MOPUCTOTO AHOAHOTO OKCHIIA
amomuaus (AOA) (tommuua 30 mxm). B kanamax AOA, KOTOpBI OJHOBPEMEHHO SIBIISIETCS
HOCHUTEIIEM KaTaln3aTropa, METOJOM MPONHUTKH BOJHBIMH PAacTBOpPAMH KOMIUIEKCOB MaJIamusl U
IUIATUHBL B MOJBHOM COOTHOIIEHHMH 3:1 ¢ MOCIEAYIOIUM OTKUTOM IOJIY4YE€Hbl YaCTHUIIBI
KaTaJm3aropa.

Hpetid conmpoTuBieHHs] MOTYYCHHBIX IUIATHHOBBIX MHUKpOHArpeBaresieil He mpeBbIaeT 1
%/Mecst ipu TemrepaTtype aktuBHOUM 30HBI 500 °C, a 3HEepronorpediieHue cocTaBiseT okoyio 60
MBT. [Inanapueie ycTpoiicTBa XapaKTepU3YIOTCS HU3KOM MHEPUHUOHHOCTHIO padboTsl (~ 100 mc) u
MO3BOJISIIOT  JIOCTUYh BBICOKOW OJHOPOAHOCTH HarpeBa KaTamu3aTopa. YyBCTBHTENBHOCTD
pa3paboTaHHBIX CEHCOPOB MpHU paboueit Temneparype 500 °C cocraBuna 76 = 3 mMB/06. % Hp,
npenen oOHapyxkeHus 1o Bojgopoxy 12 muH -, Bpems otkimka okosno 0,4 c¢. Mcmonb3oBanwme
npeularaeMoro B pa0oTe HMIIYJIBCHOTO peXuMa paboThl CeHcopa IMO3BOJSET CHHU3UTh €ro
sHepronorpediienue 10 8§ MBT. YcTaHOBIEHO, YTO BIaXXHOCTh aHAM3UPYEMOW ra30BOM CMECH B
nuarnasoHe oT 6 10 90% He oka3bIBaeT 3aMETHOTO BIMSHHS HAa CEHCOPHBII OTKIIHK.

[Ipy 1IaBHOM YBENMYEHHWH TEMIIEPATYphl KaTaau3aTopa HaOIF0JaeTCsl CKa4yOK CEHCOPHOTO
oTkinka mpu temneparype okono 110 °C ot 0 mo 40 MB/06. % Ha, koTopblii He HaOMIOAETCA Ha
MOCJIEAYIONIEM IHKINYECKOM H3MEHEHUHW TeMIlepaTypbl. MeTogoMm Operando peHTreHOBCKOM
CIEKTPOCKOIMM TIOTJIOIIEHHUSI TOKa3aHO, 4YTO JaHHBIH CKAayOK OOYCJIOBJIEH BOCCTaHOBJIEHHUEM
YaCcTHI[ KaTalln3aTopa, KOTOPBIA HAaXOAWTCS B OKHCICHHOM COCTOSHHH INPH paboOTe CeHcopa Ha
Bo3ayxe. B Bonopon-so3nymHoi atmocdepe mnpu Temneparypax Hmwke 100 °C karamuzatop
BOCCTAHABIIMBACTCS JI0 METAUTUYECKOTO NaUTagus, 4YTO OOYCIaBIMBAET YyKa3aHHBI CKadOK
CEHCOPHOTO OTKJIMKA.

Takum  00pa3oM, [OCTUTHYTBIE B XOJe pa0OTBl  XapaKTEPUCTHUKH  TUIAHAPHBIX
TEPMOKATATMTUYECKUX CEHCOPOB BOJOPOJIA: BBICOKAs UYBCTBUTEIBHOCTH, Majloe BPEMsl OTKJIMKA,
HU3KO€ dHEpromnorpedaeHne U BbICOKAs CTA0OMIBHOCTh PabOThl CBUJIETENBCTBYIOT 00 MX BBICOKOM
KOHKYPEHTOCIIOCOOHOCTH Ha PBIHKE U MEPCIEKTUBAX UX MPAKTHUYECKOTO UCTIOIb30BAHUS.
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Environmentally friendly hydrogen fuel makes up a significant part in the energy sector of

the economy nowadays. Hydrogen important characteristics, including its high specific energy
density, availability, environmental friendliness, and diverse production methods, are responsible
for its swift adoption. However, a significant disadvantage of using hydrogen is its high explosion
and fire hazard. Pellistor-type catalytic gas sensors are currently most widely used for analysing the
hydrogen concentration in the atmosphere. Their operation principle is based on the flameless
combustion of hydrogen on catalyst particles and the measurement of the amount of heat released in
this process, which is proportional to the concentration of hydrogen in the analysed gas mixture.
Miniaturization and transition from pellistor to planar technology, increasing sensitivity and long-
term stability are the actual problems in the development of catalytic sensors.
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The aim of this work is to create planar catalytic hydrogen sensors with a further
examination of the functional characteristics of the obtained devices in various operating modes, as
well as to study the chemical transformations of the catalyst during the operation of the sensors and
their influence on the sensor response.

The sensitive element of catalytic sensors is a platinum microheater (500 nm thickness)
formed by photolithography and magnetron sputtering on the surface of porous anodic aluminium
oxide (AAO) (30 um thickness). Catalyst particles were obtained in the channels of AAO, which is
simultaneously a catalyst carrier, by impregnation with aqueous solutions of palladium and
platinum complexes in a molar ratio of 3:1 followed by annealing.

The resistance drift of the fabricated platinum microheaters does not exceed 1%/month at
the active zone temperature of 500 °C, and the power consumption is about 60 mW. Planar devices
are characterized by short thermal response (~ 100 ms) and make it possible to achieve high
uniformity of catalyst heating. The sensitivity of the developed sensors at an operating temperature
of 500 °C was 76 + 3 mV/vol. % H,, detection limit for hydrogen is 12 ppm, response time is about
0.4 s. The use of the pulsed supply voltage mode of sensor operation proposed in the work allows
reducing its power consumption to 8 mW. It has been studied that the humidity of the analysed gas
mixture in the range from 6 to 90% does not have a noticeable effect on the sensor response.

With a gradual increase in the temperature of the catalyst, a sharp increase in the sensor
response is observed at a temperature of about 110 °C from 0 to 40 mV/vol. % H,, which is not
observed on subsequent temperature cycling. Operando X-ray absorption spectroscopy showed that
this sharp increase is due to the reduction of catalyst particles, which is in the oxidized state when
the sensor is exposed to air. In a hydrogen-air atmosphere at temperatures below 100 °C, the
catalyst is reduced to metallic palladium, which causes the indicated sharp increase in the sensor
response.

Thus, the characteristics of planar catalytic hydrogen sensors achieved during the work: high
sensitivity, short response time, low power consumption and high long-term stability of operation
indicate their high competitiveness in the market and the prospects for their practical application.

HccnenoBanne BJIUSHUS KATHOHOB IIEJIOYHBIX U
IIEJI0YHO-3eMeJTbHBIX 3JIEMEHTOB HA MPOHUIIAEMOCTh ra30B U NMapoB
MeMOpaH Ha OCHOBe OKCcH/IA rpadeHa

Mameeesa A. C.

PykoBoauTens: K.X.H., 1o1. Enucees A. A.

B nocnennee Bpems Ha0M0AaeTCs aKTUBHBINA POCT MHTEpEca K MCIOJIb30BaHUIO MEMOpPaH Ha
ocHoBe okcuga Tpadena (OI). MacconmepeHoC B Takux MeMOpaHax OCYIIECTBISETCS
4yepe3 MEKCI0EBOEe MPOCTPaHCTBO HaHOMUCTOB OI', KOTOpoe MOXET BapbUpOBATHCS B HIMPOKUX
npenenax (ot 0,7 mo 1,2 HM) B 3aBUCHMMOCTH OT BHELIHMX YCJIOBHH M XHMHYECKOTO COCTaBa
HaHONMUCTOB. OnHUM U3 3(PQPEKTUBHBIX CIIOCOOOB YIPaBICHUS BEIMYMHOW MEXKCIOEBOTO
paccrosiHus B Ol sBIsieTCs MHTEpKAIALMS KAaTHOHOB B MEXKCIOEBOE NIPOCTpaHCTBO. CoryiacHO
JUTEpaTypHbIM JaHHBIM, BHEAPEHHE KATHOHOB TPUBOAUT K CYIIECTBEHHOMY HW3MEHEHUIO
MEXIUIOCKOCTHOrO pacctosiHuss B OI'. OnHako B HayyHOM JIMTEpAType OTCYTCTBYIOT JIaHHBIEO
BJIUSIHUM MHTEPKAJSIIIMM KaTHOHOB HA TPAHCIIOPTHBIE CBOMCTBA ra30B U MapOB MEMOpaHHA OCHOBE
Or.

B cBm3u ¢ a3tuM  menplo  paboOThl  CTajlO  YCTAaHOBJIEHHWE  B3aUMOCBSI3U
ra3o- W MapoNpoHHIIAeMOCTH MeMOpaH Ha ocHoBe OI' ¢ TpupomOil KAaTMOHOB, BBEICHHBIX
B MexcioeBoe mpoctpanctBo OI'. JIs JOCTHKEHMsI TMOCTaBIEHHOW Ienu OBLT CHHTE3WPOBAH
OI', wusrotoBieHsl KOMIO3UIMOHHBIE MeMOpanbsl OI/anomnbii okcua amomuHus (AOA),
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UccleIoBaHa copOlMs KAaTHOHOB IIETOYHBIX W IEJIOYHO-3eMENbHBIX MeTalioB mieHkamu OI,
a TaKXKe W3MepeHa INPOHMIIAEMOCTh Ta30B MW mapoB dYepe3 MemOpansl OI/AOA,
MOU(DHUIIMPOBAHHBIE MIETOYHBIMU U MIETOYHO-3eMEIIbHBIMU KaTHOHAMMU.

OI' Obul CcHHTE3UpOBAaH MOAUDHUIMPOBAHHBIM METOJAOM XaMMepca C MAacCOBBIM
cootHomenueMm rpadur : KMnO, = 1:16. MeTogoM ManoyrioBoil TuU(pakuuud B CKOJIB3SIIEM
NMajeHuu ObLJIO YCTAHOBJIEHO, 4YTO copOuus katuoHOB OI' compoBOXkIaercsi CYIIECTBEHHBIM
W3MEHCHHEM MEXKIUIOCKOCTHOTO PACCTOSHUS, HW3MEHSIoNerocs B nuanazoHe ot 1,1 HM
no ~4,0 HM, B 3aBHCHUMOCTH OT HPUPOJbI HHTEPKAIUPYEMBIX HMOHOB W HMX KOHIIEHTPAIIMH.
Copbumonnas emkocth IuieHok OI' Obma  wHccieqoBaHa METOAOM — MacC-CHEKTPOMETPHU
C UHIYKTUBHO-CBA3aHHOW 1ia3Mol. bbuto mokasaHo, uto copOuuoHHas emkoctb O
yBemmumBaercs B psixy Li'<Na'<K'<Mg?*<Ca®*<Rb* cumGaTHO ¢ yMCHBIICHHEM PaIHycOB
rUapaTUPOBaHHbIX KaTHOHOB. Jlist 1 M pactBopoB MeCl, mMakcuManbHasi COPOIIMOHHAS €MKOCTh
cocrauna 2,06 mmons Me"/r OI' (Rb), munmmaneHas — 0,88 mmoms Me™/r O (Li).
[Ipu sTOM cpenHee pacCTOsIHHME MeEXAYy HOHaMu B HHTepKaaupoBanHoMm OI' cormacyercs
C TMaMeTpaMHU THAPATHPOBAHHBIX KATHOHOB.

Komnosumnmonnsie  MemOpanbl  OI'  ObulM  TONy4YeHBI  TOCPEACTBOM  HAaHECEHUS
Ha Bpallalollylocs MOJJIOXKKY BOJHO-MeTaHoJbHOH cycnensuun OI' Ha AOA. VYcraHosiieHo,
YTO MPOHHUIIAEMOCTh KOMIO3UTHBIX MeMOpan OI'VAOA mo nocrostuabiM razam (Hp, He, Ny, SFg)
CYIISCTBCHHO YBEIMYMBACTCS TPU HHTCPKAISIUN OJHO3APSTHBIX KATHOHOB M CYIIECTBEHHO
YMEHBIIAETCS MPU HHTEPKAISAIUM JBYX3apAOHBIX KAaTHOHOB, TOTJa Kak NPOHHUIAEMOCTh
[0 TapaM BOJBI OCTaeTCs NPAKTHYECKH HEU3MEHHOH. VI3MeHeHHe NPOHHMIIAEMOCTH OTHECCHO
K OJIOKMpOBKEe BHYTpHUCIOEBBIX AedexToB OI' nByxX3apsaHbIMU KAaTHOHAMHU M U3MEHEHHUIO CTEIIEHU
ro)pUPOBKH JIMCTOB IpU HHTepKamsiuuu. Hcrmonssosanue O, unTepkammposanHoro Ca’,
[IO3BOJIMIIO YBEIUYUTE CEICKTUBHOCTE pasaencHus HoO/N, 1o 6oiee, yem 9000.

Takum o00pa3oB, wucnonbzoBanne MemOpan O MoaMUIIMPOBAHHBIX ABYX3apsIHBIMH
karrnonamn (Mg®" u Ca?") mo3BonsieT 3HaYUTEIBHO TIOBBICHTH CEICKTHBHOCTD pas3zeneHus cMecei
MapoB BOJBl W WHAMBUAYAIbHBIX Ta30B, M MOXET SBJISATBCS CPEIACTBOM  CO3JaHHUS
BBICOKOA()(DEKTUBHBIX ~MeMOpaH [UIsl OCYIIEHHMs Ta30B M  MEMOpaHHOW  AMCTUIUIALUU
U1 00€CCOJIMBAHUS BOJIBI.

Permeability of Alkali and Alkali-Earth-Loaded
Graphene Oxide Membranes

Matveeva A. S.

Supervisor: Ph.D., Associated Professor Eliseev A. A.

Recently, there has been an active growth of interest in the use of membranes based
on graphene oxide (GO). Mass transfer in such membranes occurs through the interlayer space
of GO nanosheets, which can vary over a wide range (from 0.7 to 1.2 nm) depending
on the external conditions and the chemical composition of the nanosheets. One of the effective
ways to control the interlayer distance (or d-spacing) in GO is the intercalation of cations
into the interlayer space. According to the literature data, the introduction of cations leads
to a significant change in the interplanar spacing in GO. However, there are no data
in the scientific literature on the effect of cation intercalation on the transport properties of gases
and vapors in membranes based on GO.

In this regard, the aim of the work was to establish the relationship between the gas
and vapor permeability of membranes based on GO and the nature of cations introduced
into the interlayer space of GO. To achieve this goal, GO was synthesized, GO/anodic alumina
(AOA) composite membranes were fabricated, the sorption of alkali and alkali-earth metal cations
by GO films was studied, and the permeability of gases and vapors through GO/AOA membranes
modified with alkali and alkali-earth cations.
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GO was synthesized by the modified Hummers method with a mass ratio
of graphite : KMnO, = 1 : 16. Using small-angle grazing incidence diffraction, it was found
that the sorption of GO cations is accompanied by a significant change in the interplanar distance,
varying in the range from 1.1 nm to ~4.0 nm, depending on the nature of intercalated ions and their
concentration. The sorption capacity of GO films was studied by inductively coupled plasma mass
spectrometry. It was shown that the sorption capacity of GO increases
in the series Li*<Na'<K'<Mg**<Ca**<Rb* symbatically with a decrease in the radii
of hydrated cations. For 1 M MeCl, solutions, the maximum sorption capacity
was 2,06 mmol Me""/g GO (Rb), the minimum was 0,88 mmol Me™/g GO (Li). In this case,
the average distance between ions in intercalated GO is consistent with the diameters
of hydrated cations.

Composite GO membranes were obtained by depositing an aqueous methanol suspension of
GO on the AOA onto a rotating substrate. It has been established that the permeability
of GO/AOA composite membranes for permanent gases (Hz, He, N,, SFg) increases significantly
upon intercalation  of singly charged cations and  decreases  significantly
upon intercalation of doubly charged cations, while the permeability remains virtually unchanged
for water vapor. The change in permeability was attributed to the blocking
of intralayer defects in GO by doubly charged cations and the change
in the degree of sheet corrugation during intercalation. The use of GO intercalated with Ca®* made
it possible to increase the H,O/N, separation selectivity to more than 9000.

Thus, the use of GO membranes modified with doubly charged cations (Mg?* and Ca*) can
significantly increase the selectivity of separation of mixtures of water vapor and individual gases,
and can be a means of creating highly efficient membranes for drying gases
and membrane distillation for water desalination.

IHosyyeHne TOHKUX IUVIEHOK TaJOTeHILIIOMOATOB NMYTéM KOHBEPCUM
CBHHEI-COAEPKAIUX NMPEKYPCOPOB MOJIUTAJIOTeHUIAMHU
METHJIAMMOHUA U GOPMAMUIMHUSA B HEMOJAPHBIX PACTBOPHUTEJISAX

Cyoaxos A.A.

PykoBoauTenu: K.x.H., 3aB. 1a0. TapacoB A.b., k.x.H., M.H.C. bennu H.A.

CoJIHEUHBbIC D3JEMEHThI HAa OCHOBE THOPHIHBIX TaJIOTCHHIOB CBHHIA («IIEPOBCKUTHBIC
COJIHEYHBIC DJIEMEHTBI») SABJSIOTCS OJHOW W3 KOHKYPEHTHBIX TEXHOJOTHHA COBPEMEHHOMH
(dboToBOIBTANKK Oarojaps BBICOKMM JOCTUTHYTBIM 3HAYCHUSM J(PPEKTUBHOCTH YCTPOWCTB,
HU3KOH CTOMMOCTH TIPOM3BOJCTBA MATEPUANOB W BO3MOXXHOCTH WX pPabOThI B TaHIEME C
KPEMHHUEBBIMH COJTHEUHBIMU 3jeMeHTamMu. OJIHAKO pacTBOPHBIC METOJbl HAHECEHUS IUIEHOK
THOPHUIHBIX TEPOBCKUTOB, C TIOMOIIBIO KOTOPBIX TIOJIY4alOT YCTPOWCTBA C PEKOPIHBIMHU
sHadeHussMu  KIIJ[, SBIAIOTCS CIOXKHO MacmITaOUPYeMbIMH B CBS3M C OCOOCHHOCTSIMHU
KPUCTAUTH3AIMM  KOHEYHBIX COCJAMHEHHH W WX TMPEKYpPCOPOB W3 MOJISAPHBIX AalpPOTOHHBIX
pactBopuTteneil. JlanHas mpobiieMa 00yCIaBIUBACT aKTyalbHOCTh pa3pabOTKH HOBBIX XUMHUECKUX
MOAXO0B K TOJIYYCHHIO TIICHOK THOPUIHBIX TaIOTEHHUI0B OOJIBIIION TUIOIIA/IH.

[lenbto qaHHO# paOOTHI ABJISIETCS Pa3BUTHE HOBOTO TOX0/1a K MACIITAOUPYEMOMY TOJTYUCHUIO
IUIEHOK CBETOIOIJIONIAIONIETO €0 Ha OCHOBE TMOPHIHBIX TaJOT€HHUIOB CBHUHIA IMOCPEICTBOM
MpeBpaleHsl TOHKAX IUICHOK Pa3JIMYHBIX CBHHEI[-COJACPKAIINX MPEKYpPCOPOB B THOPHIHBIN
MEPOBCKUT MPHU UX MOTPYKEHUH B PACTBOPHI PEAKIIHOHHBIX MOIMHOIUAHBIX paciutaBoB (PIIP) na
ocHoBe noymmuoauaoB Metrwiaammonuss CHsNHsl-nl; (MAI-nl,) u dopmamunuaus CH(NH2),1-ml,
(FAI-mly) B Tomryose ¢ 1o6aBkaMu HOa U U3OMPOIIAHOJIA.
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B pamkax paboThl ObUIM TOCTaBIEHBI W peLICHBI cieayiomme 3anaun: (1) BBISBICHHE
AKCIIEPUMEHTAJIbHBIX YCIOBUH Ui MOMY4eHHUS OJHO(A3HBIX IIEHOK T'MOPHIHOIO MEPOBCKHUTA C
TpeObyemoit Mopdororueii U3 Habopa mpekypcopHbix IEHOK — Pb, Pbly, kpucramioconbBara
Pbl,*DMSO — B 3aBHCHMOCTH OT KOHIIEHTpAIlMii peareHTOB B pacTBOpe; (2) OIEHKa BIIHMSHUS
N00aBKU XJIOpHJIA CBHHIA B IUIEHKY MpEKypcopa Ha cOCTaB U MOP(OJOTHI0 KOHEYHBIX IJICHOK
nepoBckuTa; (3) cOopka TECTOBBIX MEPOBCKUTHBIX COJHEUHBIX 3JIEMEHTOB JUIsl alpoOMpOBaHUs
MOJTyYCHHBIX TUIEHOK B KaY€CTBE CBETOMOIIIONMIAIOIIETO (PYHKIIMOHAIBHOTO MaTepraa.

[Io nmaHHBIM peHTreHO(a30BOr0 aHAIM3a M PACTPOBOM AIIEKTPOHHONM MHMKPOCKONUH ObLIO
BBISIBIICHO, YTO BBLICP)KMBAaHUE IUIEHOK MPEKypcopoB B  pacTtBopax "romyos+0,5-1%
n3omnponanoiya" ¢ cymmapHou konmnentpanueit FAI3 u MAI; 3-6,3 MM u xonnentparuei [, 80-640
MM 1pu temneparype 50°C mo3BoiisieT noyyyarb oaHO(a3HbIe MIEHKH MIEPOBCKUTA MIPU BPEMEHU
KoHBepcuH 6-20 MHHYT B 3aBUCHMOCTH OT MPEABICTOPUHU CUHTe3a npekypcopa. Ilocie momHoi
kouBepcud Pb u Pbl; B mepoBckuT HaONIOMANOCH OTCIAMBAHUE MPOAYKTAa OT TOIJIOXKKH,
MIPEIOJIOKUTEIHHO, N3-3a MEXaHUYECKHUX HANPSDKEHUH, CBA3aHHBIX C CYIIECTBEHHBIM M3MEHEHHUEM
o0béMa TUIEHKHM, YETr0 yAaloCh HM30€KaTh IMPH HWCIOIB30BAHUHU IPEKYypcopa € ONTHMAJIHHBIM
MoJbHBIM 00béMOM (Pbl,*DMSO).

Jns manpHEWmed onTUMH3anud MOPQOIOTHH TUIEHKH M yMEHBIIEHUS KOJHMYECTBa MOp Ha
uHTepdeiice MKy MOMIOKKOW M TUIEHKOW MEPOBCKUTA HCHOJib30Banachk nobaska 0-20 mon.%
PbCl, B pactBOp mpekypcopa cBuHIA. B XoJe KOHBEpCHM M IajbHEHIIEr0 OTXKHIa IUIEHOK C
N00aBKON MPOUCXOAUT PEKPUCTAIUIM3AIMS MaTepuaia ¢ y4acTHEeM JIETKOIUIABKMX OpraHMYeCKHX
XJIOPHJIOB, W, Hampumep, s nepoBckuta MAgsFAgePbl; Habmonaercs yBenudenue cpemHero
pa3mepa 3€pen Ha 160% mo 670+280 HM U yMeHbIIEHHE KOJIMYECTBa MOp Ha MHTepdeiice, 4yTo
npuBOIMT K yBenumueHuto KIIJ[ KOoHeUHbIX yCTpONCTB.

Ha ochoBe tmiénok mepoBckuta MAFAPDI3, monydeHHBIX H3 KpPUCTALIOCOJIbBATA
Pbl;*DMSO  Obutn  cOOpaHbl ~ TECTOBBIC  COJIHEYHBIC  DJIEMEHTBI C  apXUTEKTypOM
FTO/Ti0,/SnOy/IlepoBckut/Spiro-OMeTAD/Au/MoO;/unkancymnsrop co cradunu3upoBanubiM KIT]
no 11%, coxpausrommmces cryctss 800 gacoB HenpepbiBHOM paboTel. 3amerienue 10% iomuma
cuniia Ha PhCl, mo3sommno moxuste KITJT yerpoiicts 10 12%.
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Synthesis of complex lead halides thin films via conversion of lead-
containing precursors by methylammonium
and formamidinium polyhalides in nonpolar solvents
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Solar cells based on hybrid lead halides (“perovskite solar cells™) attracts increasing attention
due to the high achieved values of device efficiency, low cost of production of materials and the
possibility of cooperation with silicon solar cells. However, solution methods for hybrid halides
films deposition, which are currently used to obtain elements with record efficiency values, are
difficult to scale due to the peculiarities of crystallization of final compounds and their precursors
from polar aprotic solvents [2]. This determines the relevance of developing new chemical
approaches for obtaining thin films of hybrid halides on large surfaces.

The aim of this work is developing a new approach to the scalable production of light-
absorbing layer films based on hybrid lead halides by converting thin films of various lead-
containing precursors into hybrid perovskite by immersing them in solutions of reactive polyiodide
melts (RPR) based on methylammonium polyiodides CH3NH;zl-nl, (MAI-nl;) and formamidinium
CH(NH2),1-ml, (FAI-mly) in toluene with additions of iodine and isopropanol.

Following tasks were set and solved: (1) identification of experimental conditions for
obtaining single-phase hybrid perovskite films with the required morphology from a set of
precursor films - Pb, Pbl,, crystal solvate Pbl,*DMSO - depending on the concentrations of
reagents in the solution; (2) investigation into the impact of lead chloride additive to the precursor
film on the composition and morphology of the final perovskite films; (3) assembly of perovskite
solar cells to test the resulting films as a light-absorbing functional material.

According to the XRD and SEM data, it was revealed that immersion of the precursor films
in solutions of "toluene + 0.5-1% isopropanol™ with a total concentration of FAIl; and MAI; 3-6.3
mM and an I, concentration of 80-640 mM at a temperature of 50°C allows to obtain single-phase
perovskite films within a conversion time of 6-20 minutes, depending on the precursor synthesis
history. After the complete conversion of Pb and Pbl, to perovskite, the product delaminates from
the substrate, presumably due to mechanical stresses caused by significant change in the film
volume, which was avoided in the case of a precursor with an optimal molar volume (Pbl,*DMSO).

To further optimize the film morphology and reduce the number of pores at the interface
between the substrate and the perovskite film, 0—-20 mol % PbCI, was added to the lead precursor
solution. During the conversion and further annealing of the films with the additive, the material
recrystallizes with the participation of low-melting organic chlorides, and, for example, for
perovskite MAy 4FAo6Pbls, an increase in the average grain size by 160% to 670 = 280 nm and a
decrease in the number of pores at the interface are observed, which leads to an increase in the
efficiency of end devices.

Solar cells with the FTO/TiO,/SnO,/Perovskite/Spiro-OMeTAD/Au/MoOz/encapsulator
architecture were assembled using MA 4FAq6Pbl; perovskite films obtained from Pbl,*DMSO
crystalline solvate. The devices remained a stabilized efficiency of up to 11% after 800 hours of
continuous work. The replacement of 10% of lead iodide with PbCI, allowed to increase the
efficiency of the solar cells up to 12%.
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DneKTpoHHAasi BEpCHUsi OPOIIIOPHI

Ha o6noocxke npeocmasnen ¢petim penmeenosckozo demexmopa Photon Il ¢ ougpaxyuonnotl
KApMuHoU NOIUAOEPHO20 2UOPOKCOKOMNIEKCA 9pous. Aemop — ebinyckHux macucmpamypor @HM
MTV-IIITH 2023 200a Yaii Xaosan, npoxooswuil éxiroyennoe ooyuenue na PHM MI'Y.

59



SAKYJIbTET
HAYK O
MATEPUAJIAX




