O0Js1ikoBa KapTKa aucepTaii

I. 3arasibHi BimOMOCTI

Jep>kaBHHH 00J1iIKOBHI HOMep: 0824U002261
Oco006J1uBi TO3HAYKH: BinKpura

JaTa peecrtpauii: 17-06-2024

Craryc: 3axumeHa

PexBi3utu Hakasy MOH / Haka3y 3aKjazy:

I1. BizomocrTi nipo 3700yBaya

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. JlicoBcbkuii IBan BasepifioBuy

2. Lisovskyi Ivan V.

KBasmigikamis:

InenTudikarop ORCID ID: He 3acrocosyerbcs
Bupg, pucepranii: nokrop dinocodii
AcnipaHTypa/JIOKTOpPaHTypa: Tak

IIndp HayKoBOi ceniaJabHOCTI: 102

Ha3Ba HayKOBOIi CIIeNiaJIbHOCTI: Ximis

FaJIy3b / ra.nysi 3HaHb. NpUPOIHUYI HAYKN

OCBiTHbo-HayKOBa mporpama 3i CreniaJibHOCTI: Heopraniyna i KoopauHanifina ximis, isnyna ximis,

€JIEKTPOXiMig

Jara 3axHCTy: 14-09-2023

CrneniaJbHICTh 3a OCBITOIO: XimMiuHi TexHosIOTIi Ta iHXeHepis

Micue po6oTu 3400yBayva:
Kopg 3a €IPIIOY:
Micue3Haxoa KeHHS:
®opma ByracHOCTI:

Cdepa ynpasiriHHS:

InenTudgikarop ROR: He zacrocosyerscs



I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT
Iudp cnenianizoBaHoi BY€HOi pagHy (pa30Boi creniajai3oBaHOil BYEHOI paju). ID 1870

IloBHe HaiMeHYBaHHSI IOPHUAHUYHOI OCOOHM: [HCTUTYT 3arasbHOI Ta HEOPraHivHoi XiMii im. B. 1.

Bepnagcbkoro HanioHanbHOi akageMii HayK YKpaiHu

Kopg 3a €IPIIOY: 05417383

Micuesnaxo,zm(eﬂnﬂz nmpocnekT akanemika [lannanina, 6ya. 32 /34, Kuis, 03142, Ykpaina
dopma ByracHOCTI: Jlepxasna

Cdepa ynpaBiiHHS: Haujonanbna akaziemist Hayk Ykpainu

InenTudikarop ROR:

IV. BizomocTi nipo nmiznpueMcTBO, yCTaHOBY, OpraHisalliio, B sIKii 0yJ10
BUKOHaHO JHUCEPTALil0

IloBHe HaliMEeHYBaHHSI IOPHUAHUYHOI OCOOH: [HCTUTYT 3arabHOI Ta HEOPraHivHOi XiMii im. B. 1.
Bepnazcekoro HanjoHanbHOI akageMii HayK YKpainu

Kopg 3a €IPIIOY: 05417383

Micue3HaxoaKeHHS: IIpOCIIeKT akajemika [annazina, oyz. 32 /34, Kuis, 03142, YkpaiHa

dopma ByacHOCTI: [lepxkasna

Cdepa ynpaBiriHHS: HaujonasnbHa akajiemis HayK YKpaiHu

InmenTudikarop ROR:

V. BimomocTi npo gucepraniio
MoBga guceprTaiiii: Vkpaincoka
Koau TeMaTHYHHUX py6puK: 31.15.33.05, 31.15, 31.15.19, 31.15.33, 31.17.15

Tema guceprauii:
1. CuHTE3 i mOCHiIKEHHS MaTepiasliB 1711 CTBOPEHHS TBEPIOTIILHUX JITIEBUX aKyMYJISITOPIiB

2. Synthesis and investigation of materials for solid-state lithium batteries

Pedepar:

1. Y puceprauii 6yJ10 feTasbHO OCTiIXEHO (PA30Bi IepeTBOPEHHS, SKi BifiOyBalOThCS Mif] YaC CUHTE3y OKCUIHUX
JiTiA-NIPOBIAHUX MaTepiaiB 3i cTpykTypamu rneposcbkiTy, NASICON Ta rpaHaTy MeToiamu TBEpAO(a3HUX peakliil
Ta 30JIb-T€JIb METOAOM. BCTaHOBIIEHO, 11O NPY 3aCTOCYBaHHI METOLly TBEPIO(DA3ZHUX PEAKLiN YTBOPEHHS
KPUCTIIYHUX CTPYKTYP BCiX BUIIE3a3HAYEHUX CKJIAIHUX OKCUIIB € 6araToCTaIiliHUMU IIPOLIECAMY, 1110
BiZIOYBaIOThCS Yepe3 Pi3HY KiJIbKiCTh IPOMIKHUX (Pa3 IIPU Pi3HUX TeMIepaTypax Ta 4aci TepMOOOPOOKHU.
BcraHoBseHo, mo as ogep>kanHs ogHodasHoro Li0.35La0.55Ti0O3 3i CTPYKTYpOIO IEPOBCHKITY HEOOXiTHO
IIPOBOJIATH TEPMOOOPOOKY IIMXTH BIIPOAOBXK 4 ronuH npu remneparypi 1300 °C, gns Lil.3A10.3Til.7(PO4)3 3i
ctpykrypoio NASICON - Bnpogosxk 1 rog npu 850 °C, a g Li6.5La3Zrl.5Nb0.5012 3i cTpyKTypolo rpaHary -
BIpogoBx 12 rox npu 850 °C. Ha BigMiHy Big meTony TBepHoQasHuX peakxiiil, oOpMyBaHHS KPUCTATIYHUX CTPYKTYP

BUIE3a3HAYEHNX MATEPialiB Mifl YyaC CUHTE3Y 30JIb-T€JIb METOJOM € OJHOCTALiiHAM MPOLIECOM, 3aBJISIKA BUCOKIN



XiMiYHI¥ OGHOPIZHOCTI MOJIIMEPHUX IIPEKYPCOPIB, 10 3HAYHO CIIPOIILy€E OTPUMAHHS O4HO(A3HUX LiJIbOBUX
nponykTiB. OpHodaszHumit Li0.35La0.55TiO3 3i CTpyKTypOIo EPOBCHKITY 3i CTyIIeHeM KpUcTaaiyHOCTi 83,92% 6yJio
OJlIEP>KaHO B pe3yJibTaTi TepMoo6podKU npexkypcopy npu Temmeparypi 900 °C, Lil.3A10.3Til.7(PO4)3 3i cTpyKTypoo
NASICON Ta Li6.5La3Zr1.5Nb0.5012 3i cTpyKTypOI0 rpaHaTy, CTyIleHi KpUCTaIiYHOCTI SIKUX CTAHOBUIM 78,72% Ta
81,57% BinnosigHo, — ipu 750 °C. Yac TepM0o06pOOKH BCiX IOCTiIKYBaHUX MaTepiasiB CTaHOBUB 1 TOAUHY.
BukopucTaHHS 3071b-T€JIb METO/y JO3BOJISI€ 3HAYHO 3MEHLINTY TEMIIEPATYPY Ta 4acC KiHI,EBOi TEPMOOOPOOKH, 1110
II03BOJIsIE OTPMMATU MEHIII 3a PO3MIPpOM Ta MEHII arJIOMEPOBAaHi YACTUHKU JIiTiM-TIPOBiIHUX MaTepiais. [Ig
MiABUILEHHS XapaKTEPUCTUK JITi-iOHHUX aKyMyJISITOPiB OyJIO IPOBENEHO NOCIiIKEHHS, CIIPSIMOBAaHI Ha
HiABUILEHHS CTablIbHOCTI XapaKTepUCTHK KaTONHUX MaTepiajliB BIPOJOBX TPUBAJIOTO 3apsiy,/pO3PSIHOrO
LIMKJIyBaHHS LUISIXOM Moaudikallii ToBepxHi KOMepLifHUX KaTogHUX MaTtepiainiB Tuny NMC 3axucHUM MapoM 3
HaHovyacTuHOK Lil.3Al0.3Ti1.7(PO4)3 3a mornomoromo BOX METOZiB: 1) MEXaHiYHOTO 3MilllyBaHHS 3a3/aJ€Tilb
CHMHTE€30BaHMX HaHOYAaCTUHOK Lil.3A10.3Til.7(PO4)3 3 kaTogHUM MaTepiasom Ta 2) BBE€JIEHHS KaTOJHOTO MaTtepiany B
peakliiiny emHicTb nig yac cuHTtesy Lil.3A10.3Ti1.7(PO4)3 30mb-resb MeTonoM. Byso nokasaHo, 110 BBeI€HHS
YaCTMHOK y peakliliHy EMHICTb il 4YaC CUHTE3y OKCUIHOTO JIiTi-IIPOBiTHOTO MaTepiaiy € 6inblll €(peKTUBHUM
METOJOM y BUINAJKy Moaudikalii KaTogHUX MaTepiasiB 3 BMiCTOM Hikeso B Mexxax 0,3 - 0,6 Mosib Ha GOpMyJIbHY
opunuio (NMC 622, NMC 532, NMC 424 ta NMC 111). [llnsxom moaudikauii moBepxHi XX KaTOGHUX MaTepiais
BJIAJIOCS 3MEHIINUTHU NaAiHHA eMHOCTI Ha 80-My LukJli Ha 10-16%, OPIBHAHO 3 BUXiGHUMU KaTOOHUMU
MarepianaMmu. Bysio mpoBeeHO NOCiIKEeHHS!, CIIPSIMOBaHi Ha MOLIYK HOBUX IE€PCIEKTUBHUX aHOJHUX MaTepiaiB
1181 JiTi-IOHHUX aKyMYJISITOPIB, SIKi 6 OHOYACHO XapaKTepU3yBaIKUCsl BUCOKOK €MHICTIO i BACOKMMU
€JIEKTPOHHOIO Ta iOHHOIO MPOBiNHOCTSIMU. ByJio rokasaHo, 1o JiTii-nposigHuit neposchbkiT Li0.5La0.5TiO3 €
IIepCIEeKTUBHUM aHOIHUM MaTepiasiom ISl JiTi-iOHHUX aKyMyJIITOPIB 3aBJsIKU BULiil eMHOCTi (168 MAron /T
nportu 132 MAropi /r) Ta HIbK40My po6odomy norenuiasny (0,6 B npotu 1,6 B BifHOCHO JIiTi€eBOT0O NPOTUENEKTPOLA),
nopiBHsHO 3 Li4Ti5012. 3HnKeHHs po604oro NoTeHIianly aHoJa LO3BOJINATh 301/IbIIUTY BUXITHY HAIIPYTy
aKyMYyJISITOPIB, 10 MiABUIIUTS IX IMTOMI XapaKT€PUCTUKY MIOPIBHSAHO 3 aKyMyJISITOPaMU Ha OCHOBI aHOzA 3
Li4Ti5012. [ins nigBuieHHs piBHS 6€3MeKU JiTill-iOHHUX aKyMYyJISITOPIiB 6yJ10 OCiIPKEHO MOKJIUBICTb CTBOPEHHS
JITIA-IOHHUAX aKyMYJISATOPIB i3 KOMIIO3UTHUM €JIEKTPOJIITOM Ha OCHOBI ITIOPUCTOI KEpaMiYHOi MaTpuLi
Li1.3A10.3Til1.7(PO4)3, 3Mo4yeH0i KoMepLiiHUM esieKTpoJiToM LP71 (IM po3uunom LiPF6 B cyminli po3uMHHUKIB
eTUJIeHKapOoHarT, AieTuiKkapboHaT Ta AUMETUIIKAapOOoHaT y criBBigHOmeHHi 1:1:1). Po3po6eHi ekcriepuMeHTanbHi
3pa3Ky TBEPIOTIIbHUX JIITIN-IOHHUX aKyMYJISATOPIB XapaKTePpU3YIOTbCS BUCOKOIO [TI0YaTKOBOIO PO3PALHOI0 €MHICTIO
(~140 mAropg /T), 0 MalKe He MOCTYIIAeThCS BillIOBIIHOMY 3HAUEHHIO /1711 KOMIPOK IIOJIIMEPHUM CEIIapaToOpOM,
IIPOCOYEHUM 3 PiIKUM esiekTposiiTom (145,6 MAron /r). BcTaHOBJIEHO, 10 €KCIIEPMMEHTAJIbHI 3pa3Ku JiTi-iOHHUX
AKyMYJISITOPIiB 3 KOMIIO3UTHUM €JIEKTPOJIITOM AEMOHCTPYIOTh 3HAYHO BUIILY CTa0/IbHICTh XapaKTEPUCTUKU NIPU
TPUBAJIOMY LIMKJIyBaHHI. B TOI1 ke yac, 3aporoOHOBaHMI KOMIIO3UTHUI €JIEKTPOJIT JO3BOJIsI€ BUPIMINTY IPOOIEMU
JiTi-I0HHUX aKyMYJISITOPIB, 1O MOB'sI3aHi 3 BUTOKOM €JIEKTPOJIITY (PiiKuil eseKTPoJIiT iMMOG6ii30BaHMI BUHSTKOBO
B II0pax Kepamiku) Ta NO>Ke>XKOHEOe3NEeYHICTIO, 32 PaxXyHOK I€PEIIKO)KaHHS IPOHUKHEHHS! IEHIPUTIB JIiTiI0 yepe3
MDKEJIEKTPOIHUM MTPOCTIP.

2. The phase transformations that occur during the synthesis of oxide lithium-conductive materials with
perovskite, NASICON and garnet structures by solid-state reactions method and the sol-gel method were studied
in detail in the dissertation. It was established that the formation of crystal structures of all the above-mentioned
complex oxides are multi-stage processes in the case of using the solid-state reactions method. This occurs due to
the different number of intermediate phases at different temperatures and times of heat treatment. It was
established that in order to obtain single-phase Li0.35La0.55TiO3 with a perovskite structure it is necessary to
heat treat a mixture of starting reagents for 4 hours at a temperature of 1300 °C, for Li1.3A10.3Ti1.7(PO4)3 with a
NASICON structure - for 1 hour at 850 °C, and for Li6.5La3Zr1.5Nb0.5012 with garnet structure - for 12 h at 850 °C.
In contrast to the method of solid-state reactions, the formation of crystal structures of the above-mentioned
materials during the synthesis of the sol-gel method is a one-step process. This is achieved due to the high
chemical homogeneity of polymer precursors, which greatly simplifies the production of single-phase target
products. Single-phase Li0.35La0.55TiO3 with a perovskite structure with a degree of crystallinity of 83.92% was



obtained as a result of heat treatment of the precursor at a temperature of 900 °C, Lil.3A10.3Til.7(PO4)3 with a
NASICON structure and Li6.5La3Zr1.5Nb0.5012 with a garnet structure, the degrees of crystallinity of which were
78.72% and 81.57%, respectively, at 750 °C. The time of heat treatment of all studied materials was 1 hour. Using the
sol-gel method allows to significantly reduce the temperature and time of the final heat treatment, that makes it
possible to obtain smaller and less agglomerated particles of lithium-conductive materials. Research aimed at
increasing the stability of the capacitive characteristics of cathode materials during long charge /discharge cycling
by modifying the surface of commercial cathode materials of the NMC type with a protective layer of
Li1.3A10.3Til1.7(PO4)3 nanoparticles using two methods: 1) mechanical mixing of previously synthesized
Li1.3A10.3Til1.7(PO4)3 nanoparticles with the cathode material and 2) injection of the cathode material into the
reaction vessel during the synthesis of Lil1.3A10.3Ti1.7(PO4)3 by sol-gel method was conducted to improve the
characteristics of lithium-ion batteries. It has been shown that the injection of particles into the reaction vessel
during the synthesis of oxide lithium conductive material is a more effective method in the case of modification of
cathode materials with nickel content in the range of 0.3 0.6 mol per formula unit (NMC 622, NMC 532, NMC 424
and NMC 111). It was possible to reduce the capacity drop at the 80th cycle by 10-16%, compared to the original
cathode materials by modifying the surface of these cathode materials. Research aimed at finding new promising
anode materials for lithium-ion batteries was conducted. The lithium conducting perovskite Li0.5La0.5TiO3 has
been shown to be a promising anode material for Li-ion batteries due to its higher capacity (168 mAh /g vs. 132
mAh /g) and lower operating potential (0.6 V vs. 1.6 V relative to the lithium counter electrode), compared to
Li4Ti5012. Lowering the working potential of the anode will allow to increase the output voltage of the batteries
that will increase their specific characteristics compared to batteries based on Li4Ti5012 anode. The possibility of
creating lithium-ion batteries with a composite electrolyte based on a porous ceramic matrix Lil.3A10.3Til.7(PO4)3,
moistened with a IM solution of LiPF6 in a mixture of ethylene carbonate : diethyl carbonate : dimethyl carbonate
(1:1:1) was investigated to increase the level of safety of lithium-ion batteries. The developed experimental samples
of solid-state lithium-ion batteries are characterized by a high initial discharge capacity (~140 mAh /g) that is not
significantly lower than the corresponding value for cells with a liquid electrolyte (145.6 mAh /g). It was established
that the experimental samples of lithium-ion batteries with a composite electrolyte demonstrate significantly
higher stability of capacity characteristics during long-term cycling. At the same time, the proposed composite
electrolyte allows solving the problems of lithium-ion batteries associated with electrolyte leakage (the liquid
electrolyte is immobilized exclusively in the pores of ceramics) and fire hazard by preventing the formation of
lithium dendrites in the interelectrode space.
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