OT3bIB opuumaasuoro onnonenta
HA AHCCCPTANMIO HA COHCKNHHE YIenoil CTencHn KANMMIATR XEMITECKHY HAYVK
Crwidi Cerofin wa Temy: «Li-upoomumuii KepaMimaeexnmii V1ek1 posnT co
CIpYRTYpofi NASICON 1215 TBepPAOTEALHBIX AKKYMYARTOPORY, 110
enenHanbHocTH 1.4.15 = Xumus 18epioro reaa

Haywwwie #ecneosanss 00 paspaGoTRe FOBHIX MATEPHAIOE A8 BIOPHUHLI
HCTOYHHKOB TOKd ARTSIOTCH AKIVAIBHBIMH H NDAKTHYECKH ZHASHMBMH. OIunm 1
NEPCHEKTHRALIX KOMMEPYCCKH AOCTYIHEIX HCTOUNHKOB JHEPrHH ABAMKTCA AHTHI-
HOHHBIC ARKYMYASTOPI (JTHA) Grarosaps HX BLICOKHM BENHYNHAN YCTBHOR SHEPIHH
(240-270 Br-w'kr) w mommoctn (200-500 Br/kr), umTeasnoMy cpoky cuvikOm o
CraOWIBHOCTH NPH IMETNPORAAWA. B 10 Xe BpeMs, Pal KPHTHIECKH RAaAKHEIX
NPOMBLIUICHHEN,  TPAHCUOPTHEX,  MCANINACKAX.,  TCICKOMMYHHKAIHORHLX,
MHPOPMATHOMHAIX H HHKEHEPHO - TCXHHUECKHX NPRIGKCHIH TPebyeT A0CTIRCHNT
ele GoUiee BBICOKMX XapPaKTepHCTHK, BOSMOKHOCTIE HX CYIIECTRENHOTD VAVHUICHHY, 4
TaKKe CHHACHHR crommocTd JIMA ceronms cmispiBaior ¢ paspaborxoif HOBBIX
WICKTPOAHBIX NATCPHANOB, 2 TAOKE HCTOTH30BAHHEM HOBLUX [TOXONEHHI MATCPHAIOB
H& OCHOBC T1BEPILIX WIEKTPOMAHTOB, TOZBOLLOIMMH JOOHTHCE CVINECTREHHOIM
BBEIHTPRITIA B VICTRHON JHEPIUM, MOIHOCTH H 6&30nacHocTH yerpoicrn.

Qaspl cemeiicrsa LingALTiza(POs): (LATP) co crpyxrypoii  NASICON
cOaasaor BuICOKOI HOHEOA npoBoamMocTsio (a0 107 Ca/ew ans MOROKPHCTALIOE)
UPH KOMHATHOH TCMLEPAType, RWIKOH CTOMMOCTBIO HBMIY OTCYTCTRMS PCIKAX W
PACCeANHEX OSNEMCHIOB B COCTADE, XHMISCCKOH CTabHABHOCTBIO HA BOAAYXE,
HHPOKNM  OKHOM palounx norenmsanor (2,848 B oms. Li'/Li), seicowo
MEXAHMYCCROH NMPOUHOCTERY  (voayas yopyrocth ao 150 I'lla). orcvicraues
TOKCHYHOCTH, BHCOKOE TepMOCTAOWIRHOCTSIO smuo1e 10 - 1300°C. Crnocodw
HOIYHCHIA THEPALIX IMCKIPOINTOB Ha ocxone LATP OCHOBAMLL HE MEI0EX XHMHH
TECPAOIV  T€I3, KPHCTAIIHZAUMH CICKON, (MATKON XEMHH» H  XUMHYCCKOH
rovMoreHHzUMK. Kepamudeckie obpasubl ofuaaaior Soee #u3KOl IIPOBOAHMOCTEIO
00 HOHAM [IHTHR 0 CPARHEHAW ¢ MOHOKPHCTR/IAMH 33 CHCT HCIArHBHOIO BRIANA
TPaiiu ICPeH 1t HaJin s e(eKToB THIIA TPCIHE # 00p. BO/Iee TOro, HeKOTOPRE THITRI
Ae(peKTOR B KEPAMHYSCKOM WIBKTPOIHTE ABANIOTCH HCTOMHHKAMN MeXaHTHeCKux
MHKPOHANPARSHHH, 9T0 MOKCT HPUBOANTL K (POPMIPOBIHII0 [THTHEBLIX NPOTPY I B
MPONECES. JCKIPOXHAIECKOTO [HKIMPUBAHNA AKKYMYTATODE H PUCKY KOPOTKOTO
3AMBLIKAHHS H3-380 MCXAHHIECKOMD PAIPYTITCHHA JICKIPO/IHTA.

AKTYATEHOCTS padoTi Camana ¢ pe3paborkoll HOBLIX MOKOTEANH MaTCpHAIOB
A auTRiT - HORALIX  AKKYMYJATOPOB  ©  TECPAORASHLIME  MIEKTPOIHTAMH,
OTTHSAOUBIXCH  NOBBINEHHEIMH  IKCIUIYATAUHOAHLIMH  XBPAKTCPHCTHKAMH R
Sesomackoctsio. LeaecooGpasnocTs paspaborkn Taicux Marepraior NOITBEPIERASTCR
yxkasou [lpesuacara o6 yupemaenwn Tocyvaapersennofi nmporpavmsr  Poccaiickot
Denepann «PEIBHIHE SHEPICTHRIY H COOTECICTBYCT NPHOPHTETHOMY HaliPag/IeH 10
PAIBHTAA  HAYKH. IeXHOJAOIHA W texmmxks 8 Pocewiickoii  ®enepanmu:
FueproafiperTrRIOCTS, SHeProchepesente, SICpHLn IHCPreTHXA.

B pamkax anccepranmonnoll pabore Cioft Cerofin CHETEIHpOBANnH obpalta Li-




MOABOMACT COONPATH ACHCTRYIONIHE TPOTOTHIIN TREPIOTEIRHBIX HCTOYHHKOE
TOKA C ynmy9INeHHBIMI YACHLARIMA XOPAKTCPHCTHKAMH 34 CHeT CHHKCnms
TONHIHHE! TBCPAOLO NIEKTPOIHTA.

loxa3axo, uTO TBEPIBIE AMEKTPOMHTH KaK ¢ GUMOALIBIEIM PACTPeIeTRIHCM
SACTHIL, TaK H KepaMuka, NOAYICHHAR ¢ HCTIONE3ORAHMEM CTEKI000PAIHBIX
KOMIOHEHTOB,  JICMOHCTPEPYIOT  BHICOKYIO  CTalMIALHOCTRE  1IpH
WICKTPOXHMHYECKOM  [IMKIHPOEAHHMM  CHUMMETpHunmX  sueek  Li|l
Li1 3AloaTii 5(P0s)s |Li. Benuanua nepenanpsaenns xoppeTnpyer ¢ HOHOI
MPOBOAKMOCTEI) H OTHOCHTENBHON IWIOTHOCTRIO M cocTannaer 121 MB s
MEKTPOTHTA ¢ OEMOJAILHBIN PACTIPEJICTICHHEM YECTHI, @ /Ui KEPAMAKH ©
HCHOTL30RAHAEM IPEKYPCOPd HA OCHOBE CTEKIOOOPAIHMX KOMIOHCHTOE JI0
100 mB, cootsercraenno. [poToTHn akkyMyATOPA ¢ AHOIOM Ha octone Li #
karogom NCMI11 ¢ menons3osanues paspaGoTanioro WIEKTPOTHTA cocTasa
Li3AlosTin (POs)s  mpomeMOKCTDHPOBAT  BRICOKHE  SKCITYATAIMOHHEIC
XAPAKTEPHCTHION: PRICOKYEO LEKAHICCKYIO cTadmibnocets n xoae 100 wasios
C coxpascamen ynenbHON eMKoctd Ha yposue 79,1% (1003 MAwT) mpu
CXOpocTH paspasa/sapsaa 0,1 MA/eM® B ranasose manpsaeHui 3,0-4,.2 B,

Huccepranuonnas padora Cioit Cerofis HANMCAHA XOPOIIIM HAYMMLIM H3LIKOM,
XApaKTepHIYeICR TOCTeOBATCABHOCTEIO, TONHOTON M ACHOCTRIO M3IOMCHHE M
npeactaseT oGO 3aKoRveHroe, yOOKDE Heeeopamue. B xasecTae 2mdeannl K
AQHION NCCCPIALME OTMEYY CACTYIONHE:

B paGore Ciofi Celos npeacTaBieisl MIOTOMHCACHREHWE PE3yABTATH
THCACHHOID MOACIHPOBAHEA. [TORTHANM TH Pe3VIIBTATAL MOJC/IHPOBAHKS HA
HOCTAHOBKY 3anay NoCACAyIOICH IKCIepHMEHTANhRoH paboTs?

B pabote caenan axaent wa 1oM, 410 OTHOCHTENLHAS TUIOTHOCTS TBEPAOTD
MEKTPOIHTE AODKHA OHITH MAKCMNMIBHO BLICOKDH, HO HaIMYHe 1Op B
TREPAOM MATCPHANE MOKET MOMOYE CHHINTS KOHUCH IPALMIO MEXaHHUECKHX
HANPSKEHWH B MaTepiate W OCTAHOBHTH pacupocTpasenwe rpenpy. Kak
HAIAYHE [OP B TAKOM  KONTEXCTC MNORTHACT H&  PC3VIBTAIL
AICKIPOXHMHYCCKOTO  TECTUPOBAHKMA? DBEIO  TH  9T0  HCCACAOBAHO
IXCHCPHUMCHTAILHO HITH METOIOM YHCICHHOIO MOACTHpOBaHHSa?

Moker mm  ycramonnennas ABTOPOM  MATEMATHYCCKAR MOJelL  OmITL
puMeneHa K JIpYruM  CUCHADHAM [PHMEHEHHS, TAKHM KaK [OPOLICe
YCTAI0CTHOTO PA3PYICHHS KCPAMMUCCKIX MATePHANOE MPH JHHAMHHCCKMX
HAIPYIKAX WITH PACTPECKHEAHHE ¥ PAIPYINIERHe KEPAMHYCCKHX METCPHAOE,
BLMBAHHOC KOPPOIHER no rpannuam scpen?

Yia3aiHbie HeXOCTAIKH He ANTAIOTCH IPHEUKIHATLIEIMG W He 3aTParnBazoT CyTn
B OCHOBHBIX Bhisomoe. paGorut. [lo mareprasam muccepranuu onyGmwkorano 3
HAYUHLIX pafor asropa. Pesynnrarel  paSors  OaM  OpSACTARIENE Ha 4
MCRAYHAPOAHEX B BCCPOCCHHCKHX KOoH(pepenmmax. Coaepkanue asropedepara
TOJHOCTHIO COOTBETCTRYET jMcceprauy. B nemom mucceprannonnas pabora Cioit
Cetoiia, NpesicTaRiesHas Ha CONCKARNE yUCHOI CTETISHH KAl HIaTa XIHECCKIX HAYX,
AIHCTCA JAKOIMEHHOH Hay tHo-knannduKaiuosHoR paGoToi,

Jlucceprauma  oTECHACT  TpeGOBANMAM,  VCTAHOBICHHBM  MOCKOBCKHNM



=

CONBINOIO  KOJIMYCCTEA [OP MCHBIICTO AHAMCTPA YCKOPHET  (IPOLECT
PAIDYILCHHS WIEKTPOTHTE B [POLIECCe POCTa JHTHEBEX MPOTPYIHi.
Bruasaeno, 9T0 BHICOKHC BOIMMIHE JHCPIHN SCPHOTPAHHTIONO PAspyIISHa
DOAABIAFOT PACIIPOCTPAREHHE THTHERKIX NPOTPY2HE B TEEPRUOM NICKTPOJIATE,
a GaKTop pasmMepa 3cpcH BHOCHT MEHBIINE BRI

PaspaGotan  opMrusaiLHLE  BApHANT CHETE3a ©  HCHOUB30BAHHEM
NOJHMCPHIOBAHHLX NMAIpHu wacTrn Liy 3Aly3Th (POs)s co crpykrypoi
NASICON. VYeraHopieHO, 970 KONUEHTPAIAA PCAICHIOB, 8  TAKAS
TEMIIEPATYPA MPONECCA SRIMIOTCH OCHOBHLIME (hakTopavs, MOIRONISIONAMH
A061TECH KOHTPOAHPYEMOTO CPCRCID PASMEDE YACTHIL B Ananasone o1 23 10
600 BM. Teepuodassnii  MeTOn  NOBOUAET  NONYUHTL  UACTHLIM
LipsAlgsTi o(POsh ¢ 3anannsiv cpeamm pasMepos B mmanazose or 300 a0
2400 mM. OnpeseicHbl ONTHMANLHEIC YCTOBHA CTCXAHHS TONYUCHHEIX
NOPOIIKOR, BKAKG@omue cnekanne npd 800 u 900°C B Teucame Ou.
COOTBETCTHENHO,

[IpoaeMOoICTPHPOBANO, 410 NEPEXOd 0T OIUOMOJATLIIOND pPacTpeneIenis
wactil LisAlogTia(POs)3 X GHMOS@WILHONY B NOPOMKOOGPAIHOM
npeauccrsesinke ¢ 10 mace, % rano (~ 60 #M)- 1 90 Mace. % cyOMHUKPOHHBIX
gactTin (~ 600 un) no3soasET NOTYWHTE KepamuUuecKiil T8epaLiil SneKTPOIL
C YAYWILCHHEME FHAICHHAMH OTHOCHTEILEON IIOTHOCUTH 96=1%, HOHHOMH
nposoumocts (3,9+0.2)< 107 Cw/em 1 Mozvaenm ynpyrocrw 11949 ['Tla no
CPABHEHHIO €O IHAYCHMAMH OTHOCHTEILHON nnotiocTh 94+1%., wonrwnofi
nposomMocTH (4,8£0,5)%10% Cwfcw w1 moayaem yupyroctn 11449 TTla
KePaMHKKR H3 HIOPOITROBOrO npekypcopa 0e3 A00as0K HAaHOYaCTHIL.
lpennoker Meron noayuenHs KePaMMuECKOTO TRCPAOTO ICKTPOIHTA,
HETIOME3YIOTHEH KOMIOHTLI 1A 0CHOBE KPHCTANNMYECKOR 1 cTexnoobpasnoi
a3z cocrasa Lis3Al3Ti(POs). Yiasanmuit moaxon NoIBANSET MGeKaTh
IIPOLIECCa AHOMATBHOIO POCTA 3¢PEH B NMPOLCCCE CMeKaHMd U VIAYHITHTL
(PYHEIHOHATBHEIE CROACTRA TREP/IOTO WCKTPOIHTA, B TOM HHCIE HOBHICHIS
HOHHYIO npoeoaMmMocTE Ao (7,8+0.2)x10%  Cwmicn,  orsHOCHICHBHYIO
noTHoCTS Ae 95,140,3% n stomyas ynpyroetd 10 120+8 ['la. Onmumanshoce
MACCOBOS  COOTHOINEGHME XPHCTWUIMYMECKDH W crexnoobpasnoll  da
cocrasanet 95%:5%. Ha ocHOBAHMN JaHHLIX AdnaromMerpun  paspaboran
JBYXCTYUCHYR LI pewrmy criexadms (570°C, 6:; 900°C, 61) KOMIOIHTIOB Ha
ocuoee Lii3Aln3 11 (POy)s, K0TOPLIT MOARONEET MOCTHYL MAKCHMA/IbEBIX
1Haqenui nporomamocty (840.2)x10% Cw/em, otnocHTensHOl NI0THOCTH
96,310,2% n monyas ynpyrocrd 12525 I'Ma.

Pazpaboran noxxon x GoOpMOBAHFIO CHETCIHPOBAHHAIX (OPOLIKOS B BHJE
TOHKHX MemOpan Tomumoil or 60 a0 250 mioe. TTogxon ocHoBar Ha
TOHKOIUICHOMHOM  JHIbe  QOIOOIBCPKAEEMON  MHOFOKOMIOHEHTHOH
HOTHMEPHOR  cMccH,  cogepmamed  nesesoll  mopowkooOpaszHbii
npemecrrennik  cocrasa  LiizAlosTi(POsk ¢ nocremyromedi  2x
CTYHCHYaTON  TepMu4eckoli  ofpaloTxoll 18  yIANeHMA  mOTMMEpPHEIX
KOMOOHEHT MW KOHCOJMHUAHHM Kepamukd. [Ipeanaraemas  KOHIENTHA



OPOROMALUENO  KepaMHYecxkoro wacktpoiuuta  cocrasa  LipxAlTixdPOs)s  co
cTpykrypoii NASICON, uccrenonanst ux crpykrypa u cBolictea. Kammmnarckas
AMCCCPTAUKS COCTOHT M3 BBC/ICHEA, 0030Pa JIMTEPATYPH, IKCIEPAMEHTANLIOI wacTn,
OBCYRACHNR PE3YIBTATOR, MK OYCHHA, BHIBOAOB, CIHCKA THTEPATY P M NPHIOKCHAS.
Pabora npeAcTamicHa Ha 234 cTpanunay, coxepaut 148 pucyvaka, 24 tadmmn ¥ 210
CCHIIOK HA IHTEPATYPHEIS HCTOTHHKA.

ARTOpoM cobpan GoLLLON TMTEPATYPHKIH MAICPHAL [10 PACCMATPHBACMOH TeMe
H TIPEACTARICH Cr0 CHCTEMATHHeCKuil asamus. Peaynblarkl BunoaHeH#st paboTu
UMEIOT DOMBIIOE UPAKTHYECKOE IHAuEHWe Jad  paspaboTKN {  BHCADCHMR
OPHIMHA/ILHEX. LOJXOI0B 110 NOMYHCHIIO BHICOKOIPPEKTHBHRX IuTHii-npoBOAIHX
HMICKTPOIHTOB 1% BIOPHTHBIX HCTOSHEKOB 10XKd, B 4aCTHOCTH, DPOACMOECTPHpPOBao,
4T MEPEXO2 K OHMOAANLHOMY PACTIPEACICHHK) 3 AHCAMOIE ~ 600 1A CYRMIRPONTRIX
uacTHi Li aAlyTi A(POs)s ¢ dpaxmreii 10 mMace,% sanosactin (~ 60 my) mo3ponser
HONYSHTH  KCPaMMYCCKMH  TBEPALIA WICKTPOIAMT C YAVUIDEHHLIMH 3HAYCHHAMH
OTHOCHTENRHOH WIoTHOCTH 962 1%, wonsol nporommoctr (5,.9+0.2)x107* Ca/em n
momyieM yupyroctd 11949 ITla. Tlpennowen Meroa noayucaMs KeDaMH'UCCKOID
TBCPAOIO JCKTPOANTA, MCHO/IB3YIOWME MHOTOKOMITOHCHTHRIC TTPCAINCCTBEHHHKH Ha
OCHOEC KpHCTammnueckol H crexmooGpazuol $az coctara LiysAlsTi 2(POg)s.
Henoasayembilt momxon nozsomier w36eiKarh NPpoONecca AHOMATEHOrO POCTa 3CPeH R
IpOTIeCee CNCKAHNA M KAK CACACTBHE, Yy s s YHKUHOHAILHGE CBONCTEA TREPIOr)
JICKTPONIATA. B TOM UHCHE, NOBEICHTH WOHHYO nposoguMocts 20 (7,8+0.2)x10%
Cwm/om, OTHOCHTENBHYIO IIOTHOCTS 110 95,1£0.3% o Moy ynpyrocrs 1o 120+8 [ 1la.
B xouge uccjqenopaimna GEUIO YCTANOBTEHO ONTHMATHHOC MACCOBOC COOTHOLICHHC
KpHCTammieckol # crekioodpasHol Qaz kak 95:5. Ha ocCHOBaFEMM JaHHEIX
Anraromerpas Owint paspaboTan gsyxeTyucHuATLii peswmuM cnexawns (370°C, 6w;
900°C, 6%) romnoarTon Ha ocrone LiiaAlyyTii (PO:)s, KOTOPLIF MO3BOAKET TOCTHYIL
MAKCHMATLILIX  3HAUCHWE nposoguMocTH  (8+02)x10° CwmitM, oOTHOCHTEABIOR
naoTHOCTH 96.3+0.2% H Mogyna ynpyroctd 1255 T'Tla, PaipsGoTann moaxoust x
GOPMOBAHIIO CHHICIMPOBINHEX NOPOMWIKOB B BHIE MeNOPaNE! TONIHHEON ROIAOTE 10
60 My, wro wossommno cobpars  aciictByiomue APOTOTHRLI  THEPAOTCIBHRIX
HCTOUHHKOB TOKA € BLICOKHMH SKCTUTYAT AUHOHHEMK XaPAKTCPHCTHREAMH,

AoCToBepHOCTS NOMYIEHHEIX KCTEPHMCHTAIBHBIX PEIVIBTAIOR ObeCrHeuena a
CHET IPUMEHCHHA KOMTLIEXCHOTO [IOIX0AA ¢ NENOALIORAHHEM BIAHMON0 IO/ HAKLIHX
(DHIMKO-XIMHMCCKIX METO/IOB, BOCITPOMSBOANMOCTBIO TIOMYYEHHEIX PEyTETATOR, &
TAKAC HX COTTACOBAHHCM C AATEPATYPHBIME JMaHHbIMM, [l1s onpesenenns dazosono
COCTEBA W KPHCTANIHYIECKOR CTPYXTYPM ObUL HCHOAL3OBAR perTrenadalonnii anaTas
(POA), mophosornn - pactponas ek ponHas MUKpOCKONHA (POM), MEXaHIYeCKAX
CROHCTS - HAROWHICHTHPOBAHUE H TPANCTIOPTHAIX XAPAKTCPHCTHK = CIIEKTPOCKOTHA
FMICIaHCA CHITESHPOBAHHEIX MATEPHATOR.

OchoBHbiC pesynbTaTss, nodyvuenusie n aecepramm Crol Cewodin. ABmuOTCE
OPHIHHATBHBIME 1 COUIOAT B CISMYIONIEM:

. YeranoBleHo B X04¢ MOTETHPOBAHHE MCTOHOM (pazonoro  NoIx W

BHIFAIHIALNN [POLECCOn GOPMHPOBAHI JUTHEBLIX NPOTPYIHK b THEpAOM
HMCKTpONHTE, HI0 upH O0meH QAKCHPOBAHHOR HOPHCTOCTH HANHYHE



TOCYAApCTBennBM yHHBepeuTeToM venn M.B.lomosdocosa K paboraym nonodnoro
poaa. Coacpmanuc AHCCEPTAMH COOTBLICTEVEl cneunatniocTd 1.4.15 — «Xmvnn
THEPAOTO Tenas (XuMHYUECKHE HAYKH), @ HMEHHO CASAYIONIIM ee Hanpasiennam: 1)
PaspadoTra ¥ CONIEHHE METOMOB CHNTE3a TREPIAIHBIX COCTRHEHHI 1@ MATEPHATOD;
2) YCTAHORICHME 3EKOHOMEPHOCTCH «COCTAB — CIPYKTVPA — CROMCTBO® UIN
TBEPAOPATHRIX coeMHenuil 1 Marepranos; 3) Hayuenue panaas yenonmii cmrresa,
XHMEYCCKOTD 1 $a3080I0 COCTARA, @ TAKIKC TeMICPalyphl, JABICHUS, 0OTYICHHS U
APYIHX BHCIINHN BOVICHCTEHI Ha XHMWYCCKHC W XHMHKO-QHIMYCCKHE MHKPO- M
MAKPOCKONHYCCEUE CBOMACTRA TBEPAOHAIHMX COSTHHENN 1 MaTepHalOs, & TAKKS
kpuTepnasm, onpeiesennnv nr. 2.1-25 [loaoxcans O TNPHCYKACHHH  YHCHBIX
crenenedt 8 MOCKOBCKOM FOCY/IAPCTBOHHOM YHHECPCHTETE uMenn M.B. Joxonocosa, a
1aioke odopaiesa comacno TpebosammmM IlonoKeHHs © cosete Mo 3ammHTe
JccepranMil Ha  COMCKaHME YueHOH cTencEw Kamjumuara nayk, Mockosckoro
FOCYARPCIBEHHOTO YHEBEPCHTCIa uvenn M.B. JloMorocosa,

Taxuv ofipazom, comckarens Ciofi Ceroff 3acaykusacT nPHCYAICHAS Yenof
CTCNCHH KANIANATA XAMHYSCKEX HayK no cnemmarsrocre 1.4.15 — Xumun teepaoro
Tena.

Oduusansasi onnonesr,

JOKTOP (PE3MKO-MATEMATHYCCKHX HAYK, AOTEHT,

3apeAyIoUMiA aboparopuelt UQPOBOID NATEPHATOREICHTS

DesiepailbHOE 1OCYIAPCTREHHOE ABTOIOMHEOE OOPA3OBATCTBHOC YUPCHICHIE BRICIIEIO
cOpasosaniy «aunoransumil Mee/ ICI0BATSILCKHA TEXHONOIINCCKHiT YHHEBSPCHTET

aMHCHCp _ ——
Copokun ITasen Bopycorny Q_j‘ a .__.2024r
Konraktasie gannne: M

padouni Tenedor: 8-495-638-43-60; E-mail: pbsorokin@misis.ru

CucunanbiocTh, 10 KOTOPol OfMIHATLHIM ONLOHEITOM 3ANTHIISHA JCCepPTalsE:
01.04.07 — Du3nKa KOHICHCHPORAHHOID COCTOSHHA
Azpee Mecra paborer: 119049, Mocwkna, Jlernsckuii np-xT, 1. 4, erp. |
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REVIEW of official opponent
for the dissertation for the Doctor of Philosophy (Ph.D) in Chemical Sciences of
Xu Xieyu on the topic: «Li-conductive cerumic electrolyte with NASICON
structure for solid-state batteries», by specialty 1.4.15. Solid State Chemistry

Scientific rescarch on the development of new materials for secondary power
supplies is relevant and practically significant. One of the promising commercially
available energy sources is lithium-ion batterics (LIB) due to their high specific eneray
density (240-270 Whikg) and power density (200-300 W/kg). long service life and
stability during cycling. At the same time, a number of critical industrial, transportation.
medical, telecommunications, information and engincering applications require
achieving even higher performance. The possibility of significantly improving the main
specific charactesistics, as well as reducing costs. associated with the development of
new electrode materials, as well as the use of new generations of materials based on
solid-state electrolytes, which make it possible to achieve significant gains and
improverents in specific energy, power and safety of devices today.

LAl Ti(POu )3 phase family solid-state electrolyte with NASICON structure
has high jonic conductivity (up to 10* S/cm for monocrystal) at room temperature, low
cost due to the absence of rare and trace ¢lements in the compound, chemical stability
in air, a wide window of operating voltage (2.8-4.8V relative to Li'/Li), high
mechanical strength (elastic modulus ~ 150 GPa), no toxic, high thermal stability up to
~ 1300°C. Methods for obtaining solid-state electrolytes based on LATP are divided
into methods using solid state chemistry method, glass crystallization method, “soft
chemistry™ and chemical homogenization. Solid-state electrolyte ceramic samples have
lower lithium-ion conductivity compared to the single crystal due to the negative
contribution of grain boundaries and the presence of defects such as cracks and pores.
Morcaver, some types of defects in the ceramic electrolvte are sources of mechanical
microstresses, which can lead to the formation of lithium protrusions during the
clectrochemical eyeling of the battery and the risk of short circnit due to mechanical
destruction of the electrolyre,

The relevance of the work is related to the development of new generations of
malerials for lithium-ion batteries with solid-state electrolytes, characterized by
improved performance characteristics and safety, The feasibility of developing such
materials is confirmed by the Decree of the President of Russia on the establishment of
the State Program of the Russian Federation “Energy Development™ and corresponds
to the priority direction of the development of science. technology and engineering in
the Russian Federation: Encrgy elliciency, energy saving, nuclear encrgy.

As part of Xu Xieyu's disscrtation work, samples of Li<conducting ceramic
electrolyte Lii-xAl Tiz-«(PO¢): with the NASICON structure were synthesized. and their
structure and propertics were studied. The PhD thesis consists of an abstract, literature
review. experimental part, results and their discussion, conclusion. list of references and
supporling information. The work is presented on 234 pages. contains 148 figures, 24
tables and 210 references to literary sources,

The results of the work are of great practical importance for the development and



implementation of original epproaches to obtain highly eflicient lithium-conductive
solid-state electrolyte for secondary power supplies. In particular, it has been
demonstrated that the transition to a bimodal size distribution in an ensemble of ~ 600
nm submicron Li; 3Aly 311, 7(POs)s particles with a fraction of 10 wt.% nano particles
(- 60 nm) makes it possible to obtain the ceramic solid-state electrolyte with improved
values of relative density 96£1%, ionic conductivity (5.9400.2)%10™* S/em and elastic
modulus 11949 GPa. A method for preparing the ceramic solid-state clectrolyte using
multi-component precursors based on crystal phase and the glass phase powders of
Liy 3Alo3Tii 2(POs): has been proposed. The approach used makes it possible to avoid
the process of abnormal grain growth during sintering process and, as a result, ©
improve the functional properties of the solid-state electrolyte, including increasing the
ionic conductivity up to (7.8+0.2)x10* S/cm, relative density up to 93.1+0.3% and
elastic modulus up to 12048 GPa. The optimal weight ratio of the crystalline and glass
phascs was established as 95:5 in the frame of this study. Based on dilatometry data, a
two-step sintering mode (570°C, 6h; 900°C. 6#h) of composites based on
Li: sAlosTii 2(POg)s was developed, which allows achicving maximum ionic
conductivity values (8=0.2)10™* S/cm, relative density 96.320.2% and elastic modulus
125+5 GPa. Approaches have been developed to molding synthesized powders in the
form of the solid-state electrolyte membrane with thickness down to 60 pm thick, which
made it possible to assemble working prototypes of solid-state power supply with high
performance characteristics,

Reliability of experimental results is confirmed by using an integrated approach
depend on complementary physic-chemical methods, the reproducibility of the resulis
obtained, as well as their agreement with literature data. To determine the phase
composition and erystal structure - X-ray phase analysis (XRD), morphology - scanning
electron microscopy (SEM), mechanical properties - nanoindentation and transport
charecieristics - impedance spectroscopy of the synthesized materials were used.

The main results obtained in Xu Xieyu's dissertation work are original and are as
follows:

1. It was established during modeling by the phase field method and visualization
ol the processes of lithium protrusions formation in the solid-state clectrolyte
that, with an overall fixed porosity, the presence of a large number of smaller
diameter pores accelerates the process of electrolyte destruction during the
growth of lithium protrusions. [t was revealed that high values of grain
boundary destruction energy suppress the propagation of lithium protrusions
in the solid-state electrolyte, while the grain size factor makes a smaller
contribution.

An original version method for the svnthesis of Lij3AlaiTii(PO4); particles
with the NASICON structure using polymerized matrices has been developed.
It has been established that the concentration of reagents, as well as the process
temperature are the main factors allowing to achieve a controlled average
particle size in the range from 235 to 600 nm. The solid-state method makes it
possible to obtain Lij 3Al11 311 #(PO4)s particles with a controlled average size
in the range from 300 to 2400 nm. The optimal sintcring conditions for the
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resulting powders were determined, including sintering at 800°C and 900°C
for 6 hours, respectively.

3. It bas been demonstrated that the transition from a unimodal distribution of
Li13Alo 710 3(PO4)s particles 1o a bimodal distribution with 10 wt.% nano (~
60 nm) and 90 wt.% submicron particles (~ 600 nm) makes it possible to obtain
a ceramic solid-state clectrolyte with improved values of relative density of
96:+1%, ionic conductivity of (5.940.2)<10" S/em and elastic modulus of
119+9 GPa compared to the values of relative density of 94+1%, ionic
conductivity of (4.8:0.5)%10* S/em and elastic modulus of 114+9 GPa of
ceramics made from the powder precursor without added nanoparticles.

4. Amethod for the producing of ceramic solid-state electrolyte using composites
hased on crystalline and glassy phases of the Lij:AloaTii #(POq): has been
proposed, This approach muakes it possible o avoid the process of abnormal
grain growth during sintering and improve the functional propesties of the
solid-state electrolyte, intluding increasing ionic conductivity up to
(7.8+0.2)%10* S/cm, relative density up to 95.1=0.3% and elastic modulus up
to 1208 GPa. The optimal mass ratio of the crystalline and glassy phases was
established as 95%:5%. Based on the dilatometry data, a 2-steps sintering
mode (570°C, 6h: 900°C, 6h) of composites based on Li; sAlosTiy {POy)s has
been developed, which allows to achicve maximum ionic conductivity valucs
of (8+0.2)x10™ Sfem. relative density of 96.3£0.2% and clastic modulus of
125+5 GPa.

5. An approach has been developed to forming synthesized powders in the form
of thin membranes with the thickness from 60 to 250 pm. The approach is
based on thin-film tape casting of a photocurable multicomponent polymer
mixture containing the target powder precursor of LijiAlysTii 72(PO4)s
followed by 2x stage heat treatment to remove polymer components and
consolidate the ceramics. The proposed concept allows to assemble working
prototypes of solid-state power supplies with improved specific characteristics
by reducing the thickness of the solid-state electrolyte,

6. It has been shown that solid-statc clectrolytes with both a bimodal particle
distribution and ceramics obtained using glassy components demonstrate high
stability during electrochemical cycling of Lil[LiysAlosTi o POyl |Li
symmetric cells. The magnitude of the overvoltage correlates with the ionic
conductivity and relative density and is 121 mV for the solid-state electrolyte
with bimodal particle distribution, and down to 100 mV for the ceramics based
on glassy components, respectively. The prototype battery with Li metal anode
and NCMI1] cathode using the developed LijsAlgaTi 2(POs) solid-state
electrolyte demonstrated high performance characteristics: high cyclic
stability over 100 cycles while maintaining a specific capacity of 79.1% (1003
mAh/g) at the discharge/charge rate of 0.1 mA/em? in the voltage range of 3.0-
42 V.

Xu Xieyu's dissertation work is written in good scientific language, is

characterized by consistency, completeness and clarity of presentation and represents a



completed, focused study. As comments to this dissertation, | note the following:

1. Inoticed that Xu Xieyu did a lot of numerical simulations, and I would like to
know whether the simulation results played a guiding role in the subsequent
experimental work, or is it just a theoretical suggestion?

2. Inoticed that Xu Xieyu emphasizes that the relative density of the solid-state
electrolyte should be as high as possible. but the appropriate porosity in the
solid material can help relieve the stress concentration in the material and delay
the propagation of cracks. Or can solid-state electrolytes with appropriate
porosity also perform well? Has the author investigated this by experiment or
oumerical simulation?

3. Can the mathematical model established by Xu Xieyu be applied to other
application scenarios, such as the fatigue fracture process of ceramic materials
under dynamic loads or the cracking and failure of ceramic materials caused
by grain boundary corrosion??

These shortcomings are not fundamental and do not affect the essence and main
conclusions of the work. Based on the disscrtation results, 5 scientific works of the
author have been published. The results of the work were presented at 4 international
and Russian conferences. The content of the abstract fully corresponds to the
dissertation. In general, Xu Xieyu's dissertation work, submitted for the degree of
candidate of chemical scicnccs, is a completed scientific qualification work.

The dissertation meets the requirements established by the M.V. Lomonosov
Moscow State University for this kind of works. The content of the dissertation
correspornds to specialty 1.4.15 - “Solid State Chemisiry”, namely the [ollowing
directions: 1) development and creation of methods for the synthesis of solid-phase
compounds and materials; 2) establishment of *composition-structure-property”
corrclation for solid-phase compounds and materials; 3) study of the influence of
synthesis conditions, chemical and phase composition, as well as temperature, pressure,
irradiation and other external influences on the chemical and chemical-physical micro-
and macroscopic properties of solid-phase compounds and materials, as well as the
critetia defined in paragraphs. 2.1-2.5 Regulations on the awarding of academic degrees
at the M.V, Lomenosov Moscow State University, and also drawn up in 2ccordance
with the requirements of the Regulations on the Council for the Defense of Dissertations
for the Scientific Degree of Candidate of Sciences, M.V. Lomonosoy Moscow State
University.

Thus, applicant Xu Xieyu deserves to be awarded the academic degree of
Candidate of Chemical Sciences in specialty 1.4.15 - Solid State Chemistry.
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