AHOTALIA
Kocsauxin € M. CTpykTypa eJeKTpoXiMiuHUX 1HTepdelciB, BUBHAUYCHA 3 JaHUX
HEHUTPOHHOI Ta PEHTTeHIBChKO1 pedexkromeTpii — KBamidikaiina HaykoBa mnpaus Ha

paBax pyKOIUCY.

Jlucepmayis na 3000ymmsi HAYK0B8020 cmyneHs 0okmopa @inoco@ii y eanysi
npupooHudux Hayk 3a cneyianvricmio 104 «gizuxka ma acmponominy — Kuiscokuii

HayionanvHut ynieepcumem imeni Tapaca Lllesuenka, Kuis, 2023.

Jucepranisi CKIAgaeTbcsi 31 BCTYNY, YOTHUPbOX OpPHUIIHAJIBHUX PO3JLIIB,

BI/ICHOBKiB, CIIMCKY BUKOPUCTAHUX JLKCPCII Ta JOAATKY.

Y BCTymi BHCBITIICHO aKTyaJbHICTh BHOpaHOi TEMH JOCHIIKCHHS Ta
copMyIBbOBAaHO Memy OucepmayiinHoi pobomu — BUBYEHHS HAHOPO3MIPHOTO
MIPUIIOBEPXHEBOTO APy HA TPAHMIIN MOILTY PIIUHHA CUCTEMA — TBEPJAE TJIO 1 HOTO
napaMmeTpiB (TOBIIMHA, TYCTUHA JIOBXXWUHU PO3CISSHHA HEUTPOHIB, HIOPCTKICTD,
MOPUCTICTh), HAa MNPUKIAAl JOCTIKEHHS CTPYKTYpU MIX(a3HOTO TBEPJAOIrO IIapy
€JICKTPOJIITY Ha TPAHUIIl TBEPIOTO EIEKTPOAY 3 PIIAKUM €JIEKTPOIITOM Y JITiH — I0HHUX
akymyJssitopax. Q6 ’ekmom 0ocniodcenns € nmapaMmeTpu (TOBIIMHA, TYCTUHA JIOBKUHU
PO3CISIHHS HEUTPOHIB, MOPCTKICTh, MOPUCTICTH) HAHOPO3MIPHOTO MPUITOBEPXHEBOTO
MDK(}A3HOTO TBEPAOrO IMIAPYy EJNEKTPONITY Ha TIOBEPXHI KOHTAaKTy METaJIeBOrO
eNIEKTPOly 3 PIAKUM €JIEKTPOJIITOM Ta TMpOIeC iX EBONIONII Wi Yac 3apsay
aKyMyJsiToOpa, a TaKoX IiJ BIJIMBOM JOMIIIOK TETpalyTHUIIAMOHIIONEPXJIOpaTy A0
PIIKOTO €NEKTPOIITY. [Ipedmemom 0ocaioxiceHHs € HAHOPO3MIPHUM MPUTTOBEPXHEBUN

HIap Ha TPaHuUIll KOHTAKTYy TBEPJOT0 METAJIIEBOTO €JIEKTPOAY 3 PIAKUM €JIEKTPOJIITOM.

CTpyKTypHI mapaMeTpH MPUIIOBEPXHEBUX IIAPIB PIAUHHUX CHCTEM CTAHOBIISTH
3HAYHUN 1HTEpEC MPH JOCIIKEHHI MPOIIECiB, K1 BiIOYBAIOTHCS HA TPAHUIl MOALTY
PIIKOTO CEepelIOBUINA 3 TBEPAUM a00 ra30moAiOHUM cepenoBuiieM. Tak, HAaPUKIIA/,
CTPYKTypa AOCHIIKYBAaHOTO y POOOTI HAaHOPO3MIPHOTO TMPUIIOBEPXHEBOTO IIAPy
MDXK(a3HOTO TBEPAOTO €IEKTPOIIITY MA€ 3HAYHUMN BIUIMB HA OCHOBHI XapaKTEPUCTUKU

JITIH — I0HHUX aKyMYJISITOPIB (IUTOMA €EMHICTb, HAJIMHICTh, O€3MEYHICTh, IIBUIKICTD



3apsiay). BuBueHHs mporeciB, SKi € OCHOBOIO (OPMYBaHHS Ta EBOJIOLIT
MPUIMOBEPXHEBOTO MIXK(Aa3HOTO TBEPJOTO IAPy EJNEeKTPOdITYy i Yac podoTu
aKyMyJIsiTOpa € OJIHIEI0 3 3ajlad MOJICKYJSIpHOT (DI3UKH, a MPUKIAJIHUM acleKTOM

OTpUMaHoi1 1H(popMallii € BAOCKOHAJIEHHS JITIH — I0HHUX aKyMYJISATOPIB.

JlocnipKeHHsT CTPYKTYPHUX XapaKTEPUCTUK IPUIIOBEPXHEBOr0 Mix(a3HOro
TBEPJIOTO IIAPYy EJIEKTPOTITY Y MOJEIbHIN eJIEKTPOXIMIUHIM KOMIpIl 3 MIiJHUM
eJIEKTPOJIOM Ta JEUTEPOBAHUM PiJKUM EJIEKTPOJIITOM MPOBOIMIOCS 32 JOTIOMOTOIO

HEHUTPOHHOI PePIIEKTOMETPII, KA € YHIKAIBHOIO /Il BUPIIEHHS TaKUX 3a/]a4.

Bnepmie Oyno 3ampomoHOBaHO Ta MPOBEACHO TNPOLEAYPY ONTHMI3aIlii
napaMmeTpiB €KCIEPUMEHTAIbHOI KOMIPKHU (Ha MPUKIIAAl €IEKTPOXIMIYHOT KOMIPKHU:
ONTUMI3allisd apaMeTpiB METaJeBOr0 €JIEKTPOIY Ta PIIKOTO €JIEKTPOJIITy) 3 METOIO
MIJBUILIEHHS. YYyTJIMBOCTI METOJY HEHWTPOHHOI pedIeKTOMETpii JO CHOCTEPEKEHHS
Tonkux (nopsaxy 20 A) mpunosepxuesux mapis. Ha 0ocHOBI pe3ynbTatiB onTuMizarii
pO3pO0JIEHO Ta CTBOPEHO EKCIEPUMEHTAIBbHY EJIEeKTPOXIMIYHY MOJEIBbHY KOMIPKY
JITIN — 10HHUX aKyMYJISITOPIB 3 METaJIEBUM €JIEKTPOJIOM Ta PIIKUM eleKTpoiiitoM. B
KOMIpI peaji3oBaHO METOJ Bapiallii HEUTPOHHOTO KOHTPACTY 3a PaxXyHOK 3MIHH
130TOMTHOTO ~ CKJQay PIAKOTO  EJIEeKTPONITY. 3ampOnOHOBAaHO  BHKOPUCTAHHS
OararomapoBux cucreM Ti/NiMo sSK KOMIIOHEHTIB MiAKIAJAKU, IO JIO3BOJISIE B
OJTHOP1THOMY HAOJIMKEHH1 KBa3iHENIEPEPBHO BapitOBATH T'yCTHHY JOBXKUHU PO3CISTHHS

HEHUTPOHIB TBEPJIOTO EIEKTPOTY.

ExcrieppuMeHTanbHO  BCTAaHOBJICEHO MOMIIMBICTH  JIOCTIDKEHHI  CTPYKTYpH
TIPUNOBEPXHEBOro Mix(a3HOro TBEPAOro INapy eIeKTPOJiTy TOBHIMHOK Bim 10 A.
ExcriepuMeHTanbHO BU3HAUYEHI TTapaMeTpu MixK(azHOTO TBEPAOTO Mapy eIEKTPOJIITY,
SKU YTBOPIOETHCS HA MIHOMY €JEKTPOJI MOAETHHOI KOMIPKH TpU MPUKIIaJaHHI
notexiany +10 mB BigHocHO Li/Li+ KOHTPOJIBHOTO €EKTPOAY IPOTATrOoM 15 XBUIIHH.
Hocnimxeno BIIMB  MoAudikaiii JeHTEpOBAHOTO  EJIEKTPOJITY JIO0JaBaHHSM
TeTpaOyTUIaMOHIEMIIEPXJIOpaTy Ha MapaMeTpu MDK(a3HOTO TBEPAOro IIapy

€JICKTPOJIITY Ta MITpallito 10H1B JIITIF0 B MOJIEIBHIN KOMIPIII.



[lepmmii po3All NPUCBAYEHUN OTJISAY SAAEPHO-(DI3UYHUX METOMAIB JTOCHIIKEHHS
pIIUH Ta PIIMHHUX CHCTEM y 00’eMHiN (a3l Ta Ha rpanuil nomuty ¢da3. HactymHi
HOIAPO3AUIM  OMHUCYIOTh  TEOPETUYHI  OCHOBM  B3a€EMOJIIi  HEUTPOHHOrO  Ta
PEHTT€HIBCHKOI'O BUIIPOMIHIOBAaHHS 3 PEYOBMHOIO, @ TAKOK METOJM HEUTPOHHOI Ta
PEHTTEHIBChKOI pedeKkToMeTpli, sKi aKTMBHO BUKOPUCTOBYIOTHCSI JJii BUBUYECHHS
CTPYKTYpH Ta JIWHAMIKM HAHOPO3MIPHUX MPUIIOBEpXHEBUX IapiB. HaBoauThcs
TEOpETUYHE OOIPYHTYBAaHHA METOIB Ta TMPHUKIAL MOXIUBOTO BHUKOPUCTAHHS
KOMIUIEMEHTapHUX OJIMH JI0 OJJHOIO €KCIEPHUMEHTIB 3 HEUTPOHHOI Ta PEHTTE€HIBChKOI
pedaexkToMeTpii Il BUBYEHHSA CTPYKTYpU NPHUIIOBEPXHEBUX MIAPIB Yy pPIZHUX

CHUCTCMaAX.

Y apyromy po3aiigi  OOTpyHTOBYETHCS BHKOPHCTAHHS HAHOPO3MIPHOTO

MIPUTIOBEPXHEBOr0 IIAPy EJEKTPOJITY HAa TpaHULl MOJLTY EJIEKTPOA-CICKTPOJIT Y
TTIR-I0HHUX aKyMyJsTopax sIK TpPeAMeT JOCHIDKEHHS JUisi BUBYEHHS HOTO
BJIACTUBOCTEH Ta JHWHAMIKH, a TaKOXX BIUIMBY XIMIYHHX JOMIIIOK JO PIIKOTO
eJIEKTPOJIITY Ha MTapaMeTPH MPUIIOBEPXHEBOTO Mapy. Y 3B’S3KY 3 IUM, BUCBITIIIOETHCS
CTaH PO3BUTKY CYYAaCHHX XIMIYHUX JDKEpelT CTPyMy, 30KpeMa, JiTiH—10HHUX
akymyJsaTopiB. [lopsi 3 BUKITaICHHSIM OCHOBHHUX TOHATH 1 TIOJIOKECHB PO OYJIOBY Ta
€JIEKTPOXIMIYHI TPOLECH, SIKI € OCHOBOIO (POPMYBaHHS MPHUIIOBEPXHEBOrO IIAPY
CJIEKTPOJITY Ta POOOTH JITIH—10HHUX aKyMYJISTOPIB, Y PO3ALII TaKOXX HABOISATHCA
npoOiemMu, sKI MiJKPECTIOITh HEOOXIAHICTh BUBYEHHS MPOIECY YTBOPEHHS,
CTPYKTYpH Ta €BOJIIOIi MPUMOBEPXHEBUX HAHOPO3MIPHUX IMIApiB HA TPaAHUII

CJIEKTPOI-CIICKTPOITIT.

Tperiii  po3ain  OpUCBAYEHUM  Mpoleaypi  ONTUMI3alli  MapaMeTpiB

eKCIIEPUMEHTATBHOI KOMIPKH 3 METOIO MiJBUIICHHS YyTIMBOCTI METOAY HEUTPOHHOT
pedaexkToMeTpii 10 CHOCTEPEKEHHSI TOHKUX MPHUIIOBEPXHEBUX IMIApiB (HA MPUKIAII
IPUIIOBEPXHEBOTO ILIApYy TBEPJIOTO €JIEKTPOJITY). 3a AONOMOIOI0 3alpONOHOBAHOTO
aIropuTMy OyJIO OTPUMAHO MapamMeTpu (IYCTUHY JOKMHH PO3CISIHHS HEUTPOHIB Ta
TOBIIKMHY) METaJEBOr0 €JIEKTPOJly Ta PIAKOTO EJIEeKTPONITY, MNpPU SKUX METOJ]

HEHUTPOHHOI pedieKTOMETpli € HAMOUIbII YyTTEBUM JIs AOCHIHKEHHS CTPYKTYpH



HAaHOPO3MIPHUX MPUIIOBEPXHEBUX INapiB MDK(A3HOTO TBEPAOTO EJIEKTPOIITY.
3anponoHOBaHO, TaKOX, BUKOpUCTaHHsA OararomrapoBux cucrem Ti1/NiMo sk
KOMITOHEHTIB MiJIKJIa/IKM €KCIIEPUMEHTaIbHOT KOMIPKH, 1110 JJO3BOJISIE B OAHOPITHOMY
HAOJIMKEHHI KBa31HENIEPEPBHO BapilOBaTH I'yCTUHY JOBXUHH PO3CISIHHSA HEUTPOHIB. 32
pe3yJibTaTaMu ONTHUMI3allii po3poOJICHO MOJIETIbHY EJIeKTPOXIMIYHY KOMIPKY, 3
MO>KJIMBICTIO 3aMIHU PIAKOTO €JIEKTPOITY JJIs pealti3allii METOly Bapiallii KOHTPacCTy,
JUTSI TIPOBEJICHHSI €KCTIIEPUMEHTIB 3 HEHTPOHHOI pediekToMeTpii mpu JOCTIIKEHHI
CTPYKTYpHU Ta JAMHAMIKHM HAaHOPO3MIPHOTO HPUIIOBEPXHEBOIO APy EJIEKTPOJIITY Ha

IpaHUlIl MOAUTY CEPEIOBHUIL TBEPAUM €NEKTPOJ - PIAKUN €IeKTPOJIIT.

Y dYeTBEepTOMY pPO3AUII ONHCAHI PE3YyJbTAaTH EKCHEPUMEHTAIbHOI POOOTH IO

BUBUCHHIO MapaMeTpiB HAHOPO3MIPHOTO MPHUIIOBEPXHEBOTO MDX(A3HOTO TBEPAOTO
mapy €JEKTPOJITY 3a JONOMOTOK METOAy HEWTPOHHOI pedieKkToMeTpii.
ExcrniepuMeHTaIbHO BCTAHOBIICHA MOJKIIMBICTB JOCIIDKEHHS MiX(Ga3HOTO TBEPAOTO
mapy eneKkTponiTy ToBummHO0 Bin 10 A. BcraHOBIEHO CTPYKTYpy Mik(asHOro
TBEPJOrO APy eNEKTPOJIITY 3 TOBIMHOW 50 A, axuil popMyeThcs Ha FpaHULI TOALTY
MIJTHOTO €JIEKTPOy 3 TPOTOHOBAHUM a00 JEHTEPOBAHUM €JIEKTPOIITOM. JlocimimKkeHo
MOJIAJBIIIy €BOJIOIII0 CTPYKTYPHUX MapameTpiB IHapy MpH TMOAAIBIIOMY 3apsiii
aKyMyJIaTopa (10 3HaYEeHHs TOBIIMHM IpUrosepxHesoro mapy 500 A, mo crniBnanae
3 TOBIIMHOIO TMPUIIOBEPXHEBOTO IIApy y PEATbHUX JITIH-IOHHUX aKyMyJAaTopax).
[IpoananizoBaHo BIIUB MOAM(DIKALII JEUTEPOBAHOTO PIIKOrO EJIEKTPOJITYy Ha
MPUTMIOBEPXHEBUN AP Ta MITPAIlil0 10HIB JITIFO BCEPEAWHI aKyMyJIATOpa, ILISTXOM

JT0JIaBHAHHSIM JI0 PIAKOTO €JIEKTPOIITY TeTpadyTUIaMOHIIOTIEpXJIOpaTy.

Ku104oBi cjioBa: npunoBepXHEBl mapu, MbK(pa3HUl TBEPIUH IIap €NEKTPOIITY,
PIOKI €JEeKTPOJITH, JITIH — I10HHI aKyMyJATOPH, €JEKTPOXIMiuHI 1HTepdeicH,

HEHUTPOHHA PedIICKTOMETPIsl, PEHTTCHIBChKA peIeKTOMETPIs.



SUMMARY

Kosiachkin Ye. M. The structure of electrochemical interfaces, determined by

neutron and X-ray reflectometry.— Manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 104 "Physics and
Astronomy". — Taras Shevchenko National University of Kyiv, Kyiv, 2023.

The dissertation consists of an introduction, four original chapters, conclusions, a
list of used sources, and an appendix. The introduction highlights the relevance of the
chosen research topic and formulates the aim of the dissertation - studying the
nanoscale interfacial layer at the interface of a liquid system - solid body and its
parameters (thickness, neutron scattering length density, roughness, porosity). This is
exemplified by investigating the structure of the solid electrolyte interface layer on the
interface of a solid electrode with a liquid electrolyte in lithium-ion batteries. The
research object is the parameters (thickness, neutron scattering length density,
roughness, porosity) of the nanoscale solid electrolyte interface layer on the contact
surface of a metal electrode with a liquid electrolyte, and the evolution of these
parameters during the battery charging process and under the influence of tetra-
butylammonium perchlorate impurities in the liquid electrolyte. The subject of the
research is the nanoscale interfacial layer at the contact interface of a solid metal

electrode with a liquid electrolyte.

Structural parameters of interfacial layers in liquid systems are of significant
interest in studying processes occurring at the interface between a liquid medium and
a solid or gaseous medium. For example, the structure of the investigated nanoscale
interfacial layer of the solid electrolyte in this work significantly influences the key
characteristics of lithium-ion batteries (specific capacity, reliability, safety, charging
speed). Investigating the processes that underlie the formation and evolution of the
solid electrolyte interface layer during the battery operation is one of the tasks of
molecular physics, and the applied aspect of the obtained information is the

improvement of lithium-ion batteries.
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The research on the structural characteristics of the solid electrolyte interface layer
in a model electrochemical cell with a copper electrode and deuterated liquid
electrolyte was conducted using neutron reflectometry, a unique method for solving

such problems.

For the first time, a procedure for optimizing the parameters of the experimental
cell (in the case of an electrochemical cell: optimization of the parameters of the metal
electrode and liquid electrolyte) was proposed and implemented to increase the
sensitivity of neutron reflectometry to observe thin (on the order of 20 A) interfacial
layers. Based on the optimization results, an experimental electrochemical model cell
for lithium-ion batteries with a metal electrode and liquid electrolyte was developed
and created. The cell implements a method of varying neutron contrast by changing the
isotopic composition of the liquid electrolyte. The use of Ti/NiMo multilayer systems
as components of the substrate is proposed, allowing quasi-continuous variation of the

neutron scattering length density of the solid electrode.

It was experimentally established that it is possible to study the structure of the
solid electrolyte interface layer with a thickness of 10 A. The parameters of the solid
electrolyte interface layer formed on the copper electrode of the model cell when
applying a potential of +10 mV relative to the Li/Li+ reference electrode for 15 minutes
were experimentally determined. The influence of the modification of the deuterated
electrolyte by adding tetra-butylammonium perchlorate on the parameters of the solid
electrolyte interface layer and the migration of lithium ions in the model cell was

investigated.

The first chapter is dedicated to an overview of nuclear-physical methods for
studying liquids and liquid systems in the bulk phase and at the phase boundary. The
subsequent subsections describe the theoretical foundations of the interaction of
neutron and X-ray radiation with matter, as well as neutron and X-ray reflectometry
methods actively used to investigate the structure and dynamics of nanoscale interfacial

layers. The theoretical justification of these methods and an example of possible
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complementary experiments using neutron and X-ray reflectometry to study the

structure of interfacial layers in different systems are provided.

In the second chapter, the use of the nanoscale solid electrolyte interface layer at
the electrode-electrolyte interface in lithium-ion batteries is justified as the subject of
research to study its properties, dynamics, and the influence of chemical impurities in
the liquid electrolyte on the parameters of the interfacial layer. In this context, the
development of modern power sources, particularly lithium-ion batteries, is
highlighted. Alongside presenting fundamental concepts and principles of the structure
and electrochemical processes underlying the formation of the interfacial electrolyte
layer and the operation of lithium-ion batteries, the chapter also addresses issues
emphasizing the necessity of studying the process of formation, structure, and

evolution of nanoscale interfacial layers at the electrode-electrolyte interface.

The third chapter focuses on the optimization procedure of experimental cell
parameters to increase the sensitivity of the neutron reflectometry method to observe
thin interfacial layers (using the example of the solid electrolyte interface layer). Using
the proposed algorithm, parameters (neutron scattering length density and thickness)
of the metal electrode and liquid electrolyte were obtained, at which the neutron
reflectometry method is most sensitive to the investigation of the structure of nanoscale
interfacial layers of the solid electrolyte interface. The use of Ti/NiMo multilayer
systems as components of the experimental cell substrate is also proposed, allowing
quasi-continuous variation of the neutron scattering length density of the solid
electrode. Based on optimization results, a model electrochemical cell was developed,
with the possibility of replacing the liquid electrolyte to implement the contrast
variation method for conducting neutron reflectometry experiments when studying the
structure and dynamics of the nanoscale interfacial layer of the electrolyte at the

boundary of the solid electrode-liquid electrolyte system.

The fourth chapter describes the results of experimental work on studying the
parameters of the nanoscale solid electrolyte interface layer using the neutron

reflectometry method. The possibility of investigating the solid electrolyte interface
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layer with a thickness of 10 A was experimentally established. The structure of the 50
A solid electrolyte interface layer formed at the interface of the copper electrode with
protonated or deuterated electrolyte was determined. The further evolution of the
structural parameters of the layer during further battery charging (up to a thickness of
the interfacial layer of 500 A, coinciding with the thickness of the interfacial layer in
real lithium-ion batteries) was investigated. The impact of the modification of the
deuterated liquid electrolyte on the interfacial layer and the migration of lithium ions
within the battery, achieved by adding tetra-butylammonium perchlorate to the liquid

electrolyte, was analyzed.

Key words: interfacial layers, solid electrolyte interface, liquid electrolytes,
lithium - ion batteries, electrochemical interfaces, neutron reflectometry, X-Ray

reflectometry.



