OT3bIB opuuHaIbHOTO ONNOHEHTA
HA JHCCePTALMIO HA CONCKAHUE YUEHOI CTeNeHN KAHAH1AaTa XHMHYECKH HAYK
Croit Ceroiist Ha Temy: «Li-npooasimuil KepaMH4eCKHiH 3IEKTPOJIHT €O
crpykTypoii NASICON 115 TBepA0TEAbHBIX AKKYMYJIATOPOBY,
no cnennaabHocTH 1.4.15. Xumus TBepaoro rejia

Jlnccepranmonnas  pabora Cioit Celoifs MOCBSIIEHAa BONPOCAM CHHTE3a
pasiIMYHBIMH  XUMHYECKUMH  METOJAMHM  BBICOKOJAMCIEPCHBIX  IOPOLIKOBBIX
npeamecTBeHHUKOB  coctaBa Lij+xAlTi2x(POs);, a TakKe H3YyYEHHIO BIMAHHA
XUMMYECKOH MpeIbICTOPHH MOy YeHHS MPEAIIeCTBEHHHKOB Ha MTPOIECChl CIICKaHus 1
CTPYKTYPY TBEPABIX IEKTPOIUTOB, [IPOBEICHUIO MIEKTPOXUMUYECKOIO TE€CTHPOBAHUA
U H3YUCHHMIO TIPOYMX (YHKUMOHA/IBHBLIX H KOHCTPYKIMOHHBIX CBOHCTB TakuX
KepaMHUUeCKUX MarepuanoB. Kpome Toro. cyniecTBeHHas 4acTb paboOThl MOCBSAIIEHA
YHCIIEHHOMY MOJIC/IMPOBAHHIO METO10M (DAa30BOTO [10:15 [IpOLlecca 3apoikKIAEHH U pocTa
JEHIPUTHBIX CTPYKTYP METa/UIMYeCKOr0 JIMTHS TIpU  3apsje aKKyMyJsaTopa.
BeibpanHoe HampasieHue paboTbl 0e3 COMHEHMs SABIAETCA KpaiHe aKTyalbHBIM,
BOCTPeOOBAHHBIM W BO3MOJKHO OJHHM M3 CAMbIX KOHKYPEHTHBIX B COBPEMEHHOM
00LIEeMUPOBOH HAYKE M MHIKEHEPHH.

[lens aucceprauuoHHOH paboThl 3akmodaiach B paspaboTKE  HOBBIX
3O GEKTHBHBIX NOAXOA0B 10 MOIYUYEHHIO KepaMHYECKUX VIEKTPOJMTOB HA OCHOBE
¢dasbi  cocraBa  Lij«xAlTi2x(PO4); ¢ 3amaHHbIMH  QyHKIHOHAJIBHBIMH
XapakTepUCTHKAMHU U HOMHOCTBIO TBEPAO(A3HBIX BTOPUYHBIX HMCTOYHHMKOB TOKA.
Ot™medy, 4o BeIOpaHHasH 1eIb paboTHI ABJISETCS BeChMa TPYILOEMKOi, noTpeboBaBIei
OT COMCKaTesIs MpoBeacHUus oOMMpPHBIX uceaeoBanuil. Ocoboe BHMMaHue B pabote
VAEICHO COMOCTABICHUIO MOIYYAEMBIX Pe3y/bTaTOB C TEKYILIMM MHMPOBBIM YPOBHEM.
Turanopochar AUTHA-UTIOMHUHMS SBISETCS MEPCHEKTHBHBIM 3IE€KTPOTEXHHYECKHUM
MaTepuasoM B CHIY CBO€Hl BBICOKOH (9J1EKTPO)XMMHUYECKOH M TEPMHUYECKON
CTaOMIBHOCTH, TPHEMJIEMBIMH  MEXAHHYEeCKMMH  XapaKTepUCTHKAMH, HH3KOH
TOKCHYHOCTBIO, OTHOCHUTEIbHOHN JICIEBH3HE W JOCTYTHOCTBIO HCXOAHOIO ChIpbs. B
paboTe u3yuaeTcs npeuMyullecTBeHHO coctaB X=0,3 BBHJly €ro BBICOKOH HOHHOM
HPOBOAMMOCTBIO YK€ 1P KOMHATHOM TemiepaType.

Bricokasi mpaxkTuueckasi 3Ha4YMMOCTbL pabOThl 3aKIIOYAETCS B BO3MOMKHOCTH
HCII0JIb30BAHUSL Pe3y/IbTaTOB aBTOpa NUCCEPTALHH I pa3spadOTKU M MPOM3BOJCTBA
BBICOKOI((EKTUBHBIX JUTHH-NPOBOISIIMX TBEPAbIX JI€KTPOJUTOB JUISl BTOPHYHBIX
UCTOYHUKOB TOkKAa. B HacTHOCTH, SICHO NPOJAEMOHCTPHUPOBAHO, YTO COBOKYNHOCTb
METOMUYECKUX pa3paboTOK aBTOpa M €ro KO/UIEr MO3BOJISET MOMYYHTh KepaMHYeCKHi
TBepAblid  snekrponut cocraa Lij3AlgaTii7(PO4)3 ¢ BBICOKOH OTHOCHTEILHOM
IITOTHOCTBIO 10 96%. BbLAAIONIEHCS HOHHOH MPOBOAMMOCTBIO 10 ~8x107 Cwm/em,
moayrem ynpyrocta 1o 125 I'Tla u Beicokoit TBepaocTi. OTA€AbHO CTOUT BbIAE/IHTD,
410 B padore pazpaboTaH MEeTO/l IUIEHOYHOIO JIHThS [103BOJIMIOLIMA OJYYHTh MOCTe
TEPMHUYECKOH 00pabOTKH TOHKYIO KepamMH4ecKyto MeMOpaHy TOIMHOR 10 60 MKM.
Kpome Toro, obmagaer HOBM3HOH M OPMIMHAIBLHOCTBIO [PEIIOKEHHE COMCKATENs
HCIT0JIb30BaTh amMopHoi (crex1000pa3Hoit) ¢asbl LATP B KauecTBe criekaroulei
A00aBKH U1 NOTY4YEHHS KepaMUKH BLICOKOH MIIOTHOCTH.



Beicokast 10OCTOBEPHOCTL pPe3y/IbTATOB M CAETAHHBIX BBIBOJAOB HE BBI3HIBAET
coMHeHHsA. J[OCTOBEPHOCTH MOIYYEHHBIX OJKCIEPUMEHTAIBHBIX U TCOPETHYECKHX
pesy/bTaToB oOecreyeHa 3a CYeT NPUMEHEHHs COBPEMEHHBIX W  aleKBaTHBIX
MHCTPYMEHTAJBHBIX U (PU3UKO-XUMHYECKUX METO10B, TAKUX KaK TEPMHUYECKUI aHAJIN3,
BBICOKOTEMIIEpATY pHas JAMIATOMETPHS. 371€KTPOHHAs MHUKPOCKOIHS,
peHTreHo(a3oBblil  aHalM3,  CHEKTPOCKONMs  KOMOMHALMOHHOIO  paccesHus,
HAHOMH/ICHTHPOBAHUE, METO/Ibl MEKTPOXMMHUYECKOTO TECTHPOBAHUA, KOPPEKTHBIM H
CTPOrMM HCMO/Jb30BAHHEM METO0B YHCIEHHOTO MOJEIUPOBAHMS, KPHTHYECKHM
aHaJM30M I10JTyYEHHBIX PE3YJIBTATOB U IIp.

Ha moii B3ru1s/1, BCE OCHOBHBIE HAyYHBIE Pe3y/IbTaThI IUCCEPTALIMH B IOTHON Mepe
U3JI0KEHBl B 5 ONyOIHKOBaHHBIX HAyYHBIX CTAThAX B BEAYLIMX MEKIYHapOIHBIX
pelleH3upyeMbIX KypHaax. Pesynsrarel paboTel ObUTH TakKe NpeacTaBlIeHbl Ha 4
npo(uIbHBEIX HAYYHBIX KOH(epeHuuax (Bpemennoit oxsar 2022-2023 rr.).

Kanaunarckas guccepranis COCTOMT M3 KDAarkoro BBeJeHHs, OOLIMPHOrO M
KPUTHYECKOIO JIMTEPAaTypHOro o03opa, noapoOHON U AeTalbHON IKCIIEpUMEHTAIbHOM
YacTH, HEMOCPEACTBEHHO pe3y/bTatoB paborel W MX Drybokoro obcyxaeHus
(anckyccun), BeIBo0B, Oubiuorpaduu, dnarogapHocteit U naty npunoxeHui. Pabota
M3JI0’KEHA OJIHHM TOMOM 00beMoM 234 cTpaHHLL. conepkuT 148 pucyHka, 24 Tabnuu v
210 ccblIOK HA JIMTEPATYPHBIE HCTOYHUKH,

JucceprannonHas pabora u apropedepar Croit Ceroiis HarMcaHbl TPAMOTHBIM H
SICHBIM HAYYHBIM A3bIKOM, [IPAKTHYECKH HE COEPIKAT OIeyaToK, U3/I0)KeHUe MaTepuaa
B ILl€J0M IUIOTHOE M JjanujaapHoe. WimocTpanvoHHBIA Marepuan TIIATEIbHO
npopaboTaH M BechbMa HarisijieH. Apropedepar COUCKaTens B MOTHOH Mepe OTpaxaeT
Co/IepIKaHKe JUCCepTalUu.

OcHOBHBIE Hay4yHble [OJOXKEHHs (BbIBOIBI), cienaHHsle B jauccepraund Croif
Ceroiis ¥ BBIHOCUMBIE Ha 3alIUTY, SBJISIOTCS OPUTMHATBHBIMH, HMEIOT SIBHYIO HOBHU3HY,
060CHOBAaHHOCTD U 3aKIIOYAIOTCS B CIICIYFOILEM:

1. VYcraHoBineHO B XOA€ MOACIHPOBAHMS MeToAOM (hazoBoro mojst o

BH3ya/lM3allHU TIPOLECCOB (OPMUPOBAHUS THTHEBBIX MPOTPY3HH B TBEPAOM
EKTPOJIUTE, 4TO NpH o0med (QUKCMPOBAHHONW MOPHUCTOCTH HaHuUe
O0JIBLIOrO  KOJIMYECTBA [OP MEHBLIETO JHaMeTpa YCKOpSET Mpolecce
paspylI€HUs JIEKTPONUTA B [IPOLIECCe pOCTa JMTHEBBIX [POTPY3UH.
BrisiBIeHO, YTO BBICOKHE BE/TMHMHBI IHEPTUM 3ePHOTPAHUYHOTO pa3pyLIeHus
ITO/1aBJISAIOT PACIIPOCTPAHEHHUE JTUTHEBBIX TTPOTPY3UH B TBEPIOM IEKTPOIIUTE,
a (haktop pasMepa 3epeH BHOCUT MEHbILIMH BKIAI.
Paspaboran  oOpHrHMHaIbHBIA BapMaHT CHHTE3a C  MCIIOJb30BAHHEM
nmoauMepu3oBatHbIXx Marpun vactun Lij3AlesTii7(POs)s co crpyxkrypoii
NASICON. VcranoBiaeHO, 4YTO KOHIIEHTpAlMs pEareHToB, a TakKe
TEMIIEpaTypa npoiecca gB/IsI0TCs OCHOBHBIMH (pakTOpaMH, MO3BOISIOLIIMMH
JN0OUTBCS KOHTPOIUPYEMOTO CPeIHEro pasMepa YacTHull B Hana3oHe oT 25 10
600 wm. Teepnodasublit MeTOx MO3BOMAECT  IMOJYYHTH  YaCTHIIBI
L113Alo;3Ti17(PO4)s co cpeannm pasmepom B auarazore ot 300 mo 2400 um.
Onpenesnenpl ONTHMAIbHBIE YCTOBHS CIIEKAHUS MOJTYYEHHBIX MOPOLIKOB, IPH
800 1 900 °C B TeueHue 6 4, COOTBETCTBEHHO.
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[IponeMoHCTPUPOBAHO, YTO MEPexXo[ OT OXHOMOMAIBHOIO paclpenesieHus
yacturl  L113AlosTi72(POs)s x  OGumomanbHOMy B HOPOMIKOOOGpPa3HOM
npeamectseHHuKe ¢ 10 mace. % "ano (~ 60 HM)- 1 90 mace.% cyOMHKPOHHBIX
yactul (~ 600 HM) MO3BOMISET NOIYUUTh KEPAMUYECKHI TBEPABIH SIEKTPOITUT
C YJIYYLIEHHBIMH 3HAYEHHAMH OTHOCHTENBHOH miaoTHOCTH 96+1%, moHHOH
nposoaumocty (5,9+0,2)x10" Cm/em u Moaynem ynpyroetu 119+9 I'Tla no
CPaBHEHHUIO CO 3HAYEHUAMH OTHOCHTEIBHOH TMIOTHOCTH 94+1%, HOHHOH
nposoaumoctu (4,8+0,5)x10* Cwm/cm n moayiaem ynpyroctu 1149 ITla
KEepPaMHKH H3 MOPOILKOBOIo Mpekypcopa 6e3 100aBOK HAHOYACTHIL.
[TpensiokeHn METOA MOTYyYEHHs KEPaMHYECKOro TBEpAOro AJIEKTPOJIHTA,
HCIIO/B3Y FOILMH KOMITO3HTBI HA OCHOBE KPUCTANIHYECKOH U CTEeK/1000pa3HoH
ba3 Li13AlosTi7(PO4)s. YkazaHHBIA moaxon no3poiser u3bexars npouecca
aHOMaJbHOIO pOCTa 3epeH B MpOLECCE CHNEKaHWd W YIY4IIHTh
(yHKIMOHAIBHBIE CBOHCTBA TBEPJOTO JIEKTPOJINTA, B TOM YHCJIE MOBBICHTE
HOHHYIO mpoBomumocTs 10  (7,840,2)x10* Cm/cM, OTHOCHTEIBHYIO
niaoTHOcTh A0 95,1+0,3% u moxyns ynpyroctu o 120+8 I'Tla. Ontumansroe
MaccoBO€ COOTHOUICHUE KpHCTAIIMYECKOH U cTexinoobpasnoit a3 95%:5%.
Ha ocroBanum jgunaromerpuu pa3paboTaH ABYXCTYNEHUYATHIH PEKHM
cniekanus (570°C, 64; 900°C, 6 4) KOMIO3UTOB, KOTOPbIH MO3BOJISET J0CTHYD
MAaKCUMQJIbHBIX ~ 3Ha4YeHuii  npoBomumoctH  (8+£0.2)x10*  Cwm/em,
OTHOCHUTENBHOR WIOTHOCTH 96,3£0.2% u moayns ynpyroctu 125+£5 ['Tla.
Paspaboran noaxoa k (GOpMOBaHMIO CHHTE3MPOBAHHBIX MOPOIIKOB B BHIE
TOHKMX MeMOpaH ToiumHoi or 60 no 250 mkm. [loaxon ocHoBaH Ha
TOHKOIUIEHOYHOM  JIMTbe  (DOTOOTBEPKAaeMOH  MHOIOKOMITOHEHTHOM
MOJMMEPHOH  CMecH.  cojepxalled  UeneBoi  mopolukooOpasHbli
npemmecTBeHHUK  coctaBa  Lij3AlesTi7(PO4); ¢ nocaeayromed  2x
CTyneH4aroil TepMudeckoil o00pabOTKOH [UIs yHajdeHHs IOJHMEPHBIX
KOMIIOHEHT M KOHCOIMJauuu Kepamuku. [lpeanaraemas KoHUenuus
NO3BOJIET  coOMparh  MPOTOTHIIBI  TBEPHAOTEJIbHBIX  MCTOYHHUKOB C
YAYUIIEHHBIMH XapaKTepUCTUKAMH 3a CHeT CHHIKEHUS TONIIMHBI 3JIEKTPOITATA.
[Tokasano, uTo TBep/ble AMEKTPOIUTEI KaK ¢ OMMOAATIBHBIM pacipeieieHHeM
YacTHUIl, TAK W KepaMHKa, [10JyYeHHas ¢ HCHOJB30BAaHUEM CTEKI000pasHbIX
KOMITOHEHTOB, JEMOHCTPHPYIOT BBICOKYIO CTabUIIBHOCTH NpH
INMEKTPOXMMHUYECKOM  LHUKIMPOBAHHH  CHMMETPHYHBLIX  siyeek  Lil
Li13AlosTi17(PO4)s ||Li. Beauuuna nepeHanpsikeHus KOppelupyeT ¢ HOHHOM
MPOBOJAMMOCTBIO M OTHOCHTE/IBHOH MIOTHOCTBIO U cocTasister 121 MB ans
WIEKTPOJIUTA ¢ OUMOIATBLHBIM paclpee/leHHeM YacTHIl, a IS KepaMHKH C
HCMOIBL30BAHHEM [IPEKYPCOpa Ha OCHOBE CTEKJI000pa3HbIX KOMIIOHEHTOB 10
100 MB. coorsercTBenHo. IIpoToTun akkyMynsTopa ¢ aHo0M Ha ocHoBe Li u
katogom NCMI111 ¢ ucnonb3oBanueM pa3zpabOTaHHOTO JNIEKTPOJIMTA COCTABA
Li13Alo3Tii 7(POs);  npomeMOHCTPHpOBal BBICOKHE — IKCIUTyaTALOHHBIE
XapaKTCPUCTHUKHU: BLICOKYIO LUKINYECKYIO cTabuabHOCTh B X01¢e 100 nuknos
C COXpaHCHHEM YJCIbHON eMKocTH Ha yposHe 79,1% (100,3 MA-4/r) npu
cKkopocTH paspsia/zapana 0,1 MA/cM? B uanazone Hanpsbxenui 3,0-4,2 B.



B kauecTBe 3amedaHuil K 1aHHON paboTe MOKHO OTMETHTh ClIeIyOLIHeE:

l. B oKkcnepuMeHTalbHOM  4acTW COCTAaB M METOJ  NPHUIOTOBJIEHHS

BBICOKOHANOJHEHHBIX (10 50 00.%) ¢oroorBepiiaeMblX [acT s

IPUTOTOBJICHHUS JIMTHEM TOHKMX IUICHOK ONMCaH caMMMHM OOLIMMH CJI0BAMMU,

O4YeHb KpaTKo, 0e3 OIUCcaHus KJI0YEBBIX [10APOOHOCTEMN.

B pabote B HeCKOIBKHX MecTax OTMeYaeTcs MpodaeMa «JIeTy4ecTu» JTUTHs B

X0/Ie TepMo0OPaboTKH ero coemHeHui mpu Temneparypax Gomee 1000 °C u

0COOGHHO B XOZle [UIMTEIbHBIX BBIIEPKEK M CBA3aHHAA C 3THM Mpodiema

oOpasoBanusi BpeIHbIX npuMmecHsIX (az. B Toxke camoe Bpems Ul CHHTE3a
creknodaset  LATP mpu 1450 °C  npeanaraercs — MCHOJb30BaHHE

CTEXMOMETPUYECKUX HABECOK MCX0AHbIX 1TpekypcopoB: Li2CO3, Al,O3, TiO2 u

NH;H>PO4. He nabntoaai ;i1 aBTop B 9TOM Ciyyae 1oTepb JATHs (UM 9TO He

BakHo)? B nenom croxkubiii okena cocraBa LijsAlgTian(PO4)s sBrnsercs

(ha3oit nepeMeHHOro cocTaBa 10 JIUTHIO? _

3. IlpaBuibHO M TNOHS OHIOHEHT, 4To TBEpAOCTE LATP nomepenHas 1o
METOY HaHOMHJAGHTHPORAHHUA M cocTaBuBlas 4.6=1.6 I'Tla ortHOCHTCH
TOJIBKO K TOHKUM IuleHkam? M3yyanace i TBepaocth oObemuoil (bulk)
kepaMuku LATP MHBIMH «KIaCCHYECKUMU» MeToAaMu? B paoe ucmoyHukos,
nanpumep, 6 pabome J. Electrochem. Soc. 165, A1269 (2018) oas naomuou
KePaAMuKku VKa3awo, 0Oau3Koe 3HAYeHue MUKPOMEEPOOCMU No Memooy
Buxxepca npu nazpyske 9.8 N. A 6 pabome Russ J. Electrochem., 57, 953 (2021)
nanomsepoocme cocmasuna 4.5-3.8 ITla ona xepamurku Oonee HU3KOU
naomnocmu. BeposiTHO, cTOMIO ObI CPABHUTH MOy YEHHOE 3HAYEHHE C ITHMH
MJIH UHBIMM POJICTBEHHBIMH paboTamH.

4. OnHaxko u3 npoOieM B IEKTPOTEXHMKE 3TO XMMUYECKas M TePMUYECKas

COBMECTHMOCTh  Pa3IHuHBIX  (QYHKUMOHAILHLIX W KOHCTPYKIHOHHBIX

MaTepUasIOB [Ulsl IPOU3BOACTBA AKKYMYIATOPOB. M3yyanuch jiM 9TH acleKThl

B pabore? Kakue orpanuueHus Haknaabsaet cama npupoaa LATP u Beicokast

AQHU30TPOIUS €TI0 TEPMHUUYECKOro paciuupeHus’”?

B paGOTC OBbIIM MCIIOJIb30BdHbLl TOHKHME ILJICHKH ILJlaTHHbI Ha HOBerHOCTH

LATP mis u3berkaHust KOHTAKTa ¢ MeTalIMYecKuM auTHeM. YeMm o0yciiosiieH

BbIOOP NJIATHHBI B KauecTBe ci10s Ha rpanuue LATP/Li?

6. B pabore ompezenena HOHHAs IPOBOAMMOCTE BCeX 00pa3lioB KEpaMHUECKUX
JIEKTPOJIMTOB, OPH OSTOM HeT HHpopMauud 00 OLEHKE 3UIEKTPOHHOM
npoBogumoct obpasuos LATP. B Toxe Bpems I CHHTE3a HAHOYACTHI
LATP Ob11 HCnob30BaH pacTBOPHBIA METO B IOJIMMEPH30BAaHHON MaTpHIE.
He naGmoman a1 aBTop BIMSHHS OCTATOMHOTO YIAEpOja Ha [OBEPXHOCTH
HAHOYACTHI M €ro BKJaJda B JIEKTPOHHYIO MPOBOAUMOCTb M KaK CIIEICTBHE,
Ha Pe3y IbTaThl AIEKTPOXHMHHYECKOTO TECTHPOBAHHS sHeeK”

VYkazaHHBIE 3aMeYaHisl He SBISI0TCH NPUHLUMITUAIBHBIMY, HE 3aTPAaruBaloT CyTH U

OCHOBHBIX BBIBOJIOB pabOTbl. M HE CHHKAIOT OOLIYIO MOJOKHUTEILHYIO OLEHKY OT

I~J

n

perieH3upyemoit padboTsl.



Jduccepranus «Li-npoBOASsIUMA KePAMUYECKHH NIEKTPOJIHMT CO CTPYKTYpOH
NASICON aJst TBEpAOTENLHBIX aKKyMYISTOPOBY IOJHOCTBIO OTBeYaeT TpeOOoBaHUIM,
YyCTAHOBJIEHHBIM  MOCKOBCKHM  TFOCYapCTBEHHBIM  YHHBEPCHTETOM  HMEHH
M.B. JlomornocoBa k paboram mnomobHoro poaa. CoaepxaHue AHCCEPTAIlHH
coorBeTcTByeT crienuansocTy 1.4.15. Xumusg tBepaoro tena (XuMHyecKue Hayku), a
AMEHHO CIICIYIOIIMAM ee HarpasieHusiM: 1) paspaboTka u co3gaHue METOJO0B CHHTE3a
TBepIOGAZHBIX COCTMHEHNH M MaTepuasoB; 2) YCTAHOBICHHE 3aKOHOMEPHOCTE
«COCTaB — CTPYKTypa — CBOHCTBOY» [Ulst TBepAO(hA3HBIX COSAMHEHHH U MaTepHasos; 3)
W3yuenue BAMSHHMS YCJIOBHH CHHTE3a, XHMHMYECKOro M (azoBoro cocTapa, a TakikKe
TEMIIEPATY Pbl, AaBICHMsL, OOIYUYCHUS U JAPYTUX BHELIHUX BO3AEHCTBHH Ha XUMHUYECKHE
H XUMHKO-(PH3MUYECKHE MHMKPO- M MaKpPOCKONHYECKHe CBOMCTBA TBEpAO(a3zHbIX
COCIMHEHHH W MarepuasoB, a TakKe KpUTepHsiM, ompeaerneHHbiM mm. 2.1-2.5
[TonojxeHuss O MPUCYKIACHUH Y4eHbIX creneneii B MOCKOBCKOM TOCYIapCTBEHHOM
yHuepcutere umenu M.B. JlomonocoBa, a Takke odopmieHa cornacHo TpeOoBaHUAM
[lonoxkenuss 0 coBeTe MO 3alMTe AMCCEPTALlM HAa COMCKAHHME YYEHOH CTeleHH
KaHIuaaTa  HaykK, MOCKOBCKOr0  IOCYIapCTBEHHOI0  YHHBEPCHTETa  HMMEHHM
M.B. Jlomonocoga.

Taxum obpazom, couckaresns Croi Cerol 3acIy)KuBaeT IPHCYKICHUS eMy YUYEHOH
CTENEHM KaHIuJaTa XMMHYECKHX HayK mo creuuanbHoctd 1.4.15. Xumus TBepaoro
Tena.

OdurmanbHbIH ONIIOHEHT,

KaHIU 14T XHMHYECKHX HaVK,

cTapuuii Hay uHbli coTpyAHMK KypuaroBCKOro KoMIriekca XMMHUECKHX UCCIe10BaHui
(MPEA) HauuonaabHbIA ucciesoBatelbekuil neHTp « KypuatoBCKUi HHCTUTY T

Coxonos [lerp Cepreesuu COK( 03.05.2024 r.
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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 ceramic electrolyte with NASICON
structure for solid-state batteries», by specialty 1.4.15, Solid State Chemistry

Ph.D. thesis of Xu Xieyu is devoted to the problem of synthesis of fine powdered
precursors for Lij+xAlxTi2-«(PO4)3 by novel chemical methods, and also analysis of the
influence of the background of obtained precursors on the sintering processes and the
microstructure of Lij+AlxTizx(POs)s solid-state electrolyte samples, to issues of
electrochemical testing and to the study of other functional and structural properties of
such ceramic materials. Besides, a significant part of the work involves the
development of numerical simulations by the phase field method to study the
propagation process of dendritic structures of metallic lithium during battery charging.
Without a doubt, the chosen direction of work is extremely relevant, high-demand and
perhaps one of the most competitive fields in modern global science and engineering.

The goal of the work is the development of efficient approaches for obtaining
ceramic solid-state electrolytes based on Lij+xAliTiz-x(PO4)3 phase composition with
specified functional characteristics for solid-state secondary power supplies. I would
like to note that the chosen goal of the work is a very labor-intensive and required the
applicant to conduct extensive research. Special attention is given to comparing the
results of the work with the current world level. Lithium Aluminum Titanium Phosphate
(LATP) is a promising electrical material due to its high (electro)chemical and thermal
stability, acceptable mechanical characteristics, low toxicity, relative cheapness and
availability of initial (raw) substance. The work mainly studies the composition x = 0.3
due to its high ionic conductivity even at a room temperature.

The high practical significance of this work lies in the possibility of applying the
results obtained by the author of this Ph.D. thesis to the development and production of
highly effective lithium-conductive solid electrolytes for secondary power supplies. In
particular, it has been clearly demonstrated that the combination of methodological
developments by the author and his colleagues make it possible to obtain a ceramic
solid electrolyte of composition Lii 3Alo3Tii 7(PO4); with a high relative density of up
to 96%, outstanding-high ionic conductivity of up to ~8x10™* S/cm, elastic modulus of
up to 125 GPa and a high hardness. One of the highlights is developed of a tape-casting
method that makes it possible to produce a thin ceramic film of up to 60 microns in
thickness after heat treatment. In addition, the applicant’s proposal to use the
amorphous glass phase of LATP as a sintering additive to produce high-density
ceramics is novel and original.

The high reliability of the results and conclusions drawn is beyond doubt. The
reliability of the experimental and theoretical results is ensured by the use of modern
and appropriate instrumental and physicochemical methods, such as thermal analysis,
high-temperature dilatometry, electron microscopy. X-ray phase analysis, Raman



spectroscopy. nanoindentation, electrochemical testing, correct and rigorous use of
numerical simulation, critical analysis of the results obtained, erc.

In my opinion, the main scientific results of the thesis are fully presented in 5
published scientific articles in international peer-reviewed journals. The results of the
research were also shown at 4 specialized scientific conferences in 2022-2023.

The thesis consists of a brief introduction, an extensive and critical literature
review, a detailed experimental part, the results and discussion, conclusions, references,
acknowledgments and five chapters of Supporting information. The work is presented
in a single volume of 234 pages and includes 148 figures, 24 tables, and 210 references.

Xu Xieyu's thesis are written in good scientific language, contain virtually no
typos, the presentation of the material is generally dense and lapidary. The illustrative
material has been carefully designed and is very clear. The content of the abstract fully
corresponds to the thesis.

The main scientific conclusions presented in Xu Xieyu's thesis, which were
submitted for defense, are original, have clear novelty. They are as follows:

1. It was established during modeling by the phase field method and visualization
of the processes of lithium protrusions formation in the solid-state electrolyte
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. It 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.

(9]

An original version method for the synthesis of Lij 3Alo3Tii 7(PO4)s 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 25 to 600 nm. The solid-state method makes it
possible to obtain Lil 3Alo3Tii 7(POs)s particles with a controlled average size
in the range from 300 to 2400 nm. The optimal sintering conditions for the
resulting powders were determined, including sintering at 800 °C and 900 °C
for 6 hours.

It has been demonstrated that the transition from a unimodal distribution of
Lii3Alo3Ti; 7(PO4); particles to 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 electrolyte with improved values of relative density
of 96 = 1 %. 1onic conductivity of (5.9 + 0.2)x10"* S/cm and elastic modulus
of 119 + 9 GPa compared to the values of relative density of 94 + 1 %, ionic
conductivity of (4.8 + 0.5)x10™ S/cm and elastic modulus of 114 = 9 GPa of
ceramics made from the powder precursor without added nanoparticles.

4. A method for the producing of ceramic solid-state electrolyte using composites



based on crystalline and glassy phases of the Lij3Alo3Tii72(PO4)s has been
proposed. This approach makes it possible to avoid the process of abnormal
grain growth during sintering and improve the functional properties of the
solid-state electrolyte including increasing ionic conductivity up to (7.8 +
0.2)x10* S/em, relative density up to 95.1 + 0.3 % and elastic modulus up to
120 + 8 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, 6 h; 900°C, 6 h) of composites based on Lii 3Alo3Tii 7(PO4)3 has
been developed, which allows to achieve maximum ionic conductivity values
of (8 + 0.2)x10™* S/em, relative density of 96.3 = 0.2 % and elastic modulus of
125 + 5 GPa.

. An approach has been developed to forming synthesized powders in the form
of thin membranes with the thickness from 60 to 250 um. The approach is
based on thin film tape casting of a photocurable multicomponent polymer
mixture containing the target powder precursor of Lij3Alo3Tii7(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.

It has been shown that solid state electrolytes with both a bimodal particle
distribution and ceramics obtained using glassy components demonstrate a
high stability during electrochemical cycling of Li||Lii3Alo3Ti17(PO4)3||Li
symmetric cells. The magnitude of the over voltage 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 NCMI111 cathode using the developed Lij3AlosTii7(PO4); solid state
electrolyte demonstrated high performance characteristics: high cyclic
stability over 100 cycles while maintaining a specific capacity of 79.1 %
(100.3 mAh/g) at the discharge/charge rate of 0.1 mA/cm? in the voltage range
of3.0-42 V.



As comments to this work, I note the following:

1. Inthe experimental section, the composition and preparation method of highly
loaded (up to 50 vol.%) photocurable paste(s) for the preparation of thin films
by tape-casting are described briefly, without describing of key details.

2. In several places in the work. author notes the problem of «evaporation of
lithium» during heat treatment of its compounds at temperatures above
1000 °C and the associated problem of the formation of harmful impurity
phases. At the same time, for the synthesis of LATP glass phase at 1450 °C,
stoichiometric amount of the initial precursors Li2COs, Al2Os, TiO: and
NH4H,POy are proposed to be used. Has the author observed lithium losses in
this process (or is this not significant)? In general, is the complex oxide with
the composition Lij+xAlgTi»«(PO4)3 a phase with a variable lithium content?

3. Did the opponent understand correctly that the LATP hardness measured using
the nanoindentation method and amounting to 4.6 + 1.6 GPa applies only to
thin ceramic films? Have other «classicaly methods been used to study the
hardness of bulk LATP ceramics? In several sources, for instance, in J.
Electrochem. Soc. 165, A1269 (2018) for dense ceramics, a similar value of
microhardness is indicated according to the Vickers method at a load of 9.8 N.
In the ref Russ J. Electrochem. 57, 953 (2021) nanohardness was 4.5-5.8 GPa
for LATP ceramics of lower density. It would be beneficial to compare the
author’s results with those or other related refs.

4, However, one of the challenges in electrical engineering is ensuring the
chemical and thermal compatibility of different functional and structural
materials for the production of batteries. Were these aspects explored in the
work? What limitations are imposed by the nature of LATP and the high
anisotropy of its thermal expansion?

wn

In the work, thin layer of platinum was deposed on the table of LATP to avoid
contact with lithium metal. What is the reason for choosing platinum as a layer
at the LATP/Li interface?

6. The work determined the ionic conductivity of all ceramic electrolyte samples,
but there is no information according the electronic conductivity of LATP
samples. At the same time. a polymerized matrices method was used to
synthesize LATP nanoparticles. Did the author observe the influence of
residual carbon on the surface of nanoparticles and its contribution to
electronic conductivity and, as a consequence, to the results of electrochemical
testing of cells?

These comments are not fundamental and do not affect the essence or main

conclusions of the work. They also do not reduce the overall positive evaluation of the
reviewed work.



Ph.D. thesis entitled «Li-conductive ceramic electrolyte with NASICON structure
for solid-state batteries» fully meets the requirements established by the
M.V. Lomonosov Moscow State University for this kind of works. The content of the
dissertation corresponds to specialty 1.4.15. Solid State Chemistry (Chemical Sciences),
namely the following directions:1) development and creation of methods for the
synthesis of solid-phase compounds and materials; 2) establishment of «composition-
structure-property» correlation 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 criteria defined in paragraphs. 2.1-2.5 Regulations on the
awarding of academic degrees at the M.V. Lomonosov Moscow State University, and
also drawn up in accordance with the requirements of the Regulations on the Council
for the Defense of Dissertations for the Doctor of Philosophy (Ph.D) in Chemical
Sciences, M.V. Lomonosov Moscow State University.

Thus, applicant Xu Xieyu deserves to be awarded the academic degree of Doctor
of Philosophy (Ph.D) in Chemical Sciences in specialty 1.4.15. Solid State Chemistry.

Official opponent,

Doctor of Philosophy (Ph.D) in Chemical Sciences,

senior researcher of Kurchatov Chemical Research Complex (IREA) National Research
Centre «Kurchatov institute.

Sokolov Petr Sergeevich @g( 03 May 2024
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