OT3hbIB
OhHUHATBLROIO ONNOHENTA
HA JIHCCEPTANMHIO HA COHCKAHHE YHCHOM CTeNCHH KAHANAATA XHMHYECKH HAYK
Cwii Ceroiis
Ha remy: «Li-npoBoasmnai KepaMHYeCKHi 2IEKTPOJIHT €O CTPYKTYPOil
NASICON aust TBEpAOTEABHBIX AKKYMYASTOPOBY,
no cneunansnocTn 1.4.15 - Xumus Teepaoro resna

Passurie nenoro psja otpacieil NpOMbILLIEHHOCTH HEBO3MOXHO 0e3
PasBHTHA CHCTEM MOJIy4CHHA, XPAHCHHA M TPAHCMIOPTHPOBKM 3Heprun. B ceasm ¢
YeM HCCIeA0BaNMA, HANpapieHHble HA pa3paboTKy HOBLIX MATCPHANOB JUIR ITHX
nesneii H/UIH MeTO/0B [O/TyYeHHS NOAOOHEIX MAaTEPHAIOR, NPEACTABIAIOTCS BECHMa
AKTyallbHbIMH W 3HAYHMbIMH, @ HIMPOKHE NEPCneKTHBhl OBICTPOrO NPHKIAJHOIO
HCTIONB30BaHKA JlenaioT nonodusie paborsl kpaiiHe BocTpebGoBaHHbIMH. He crana
HCKJIIOYEHHEM B 3TOM IU1aHe W npejactapnenHas paboTa, noceAlieHHas CO3JAHHIO
HOBbIX [OKQJICHHH MaTepHaloB JAAA  JHTHA-HOHHBIX AKKYMYJIATOPOB ¢
TBEPAOMAIHBIMH NIEKTPOJIUTAMHA Ha OCHOBE (ha3el cemedcTBa Lij Al Tiz(POy)s co
crpykTypoit NASICON, ominyarommxcs MOBBIMICHHBIMA IKCIUIYATAMOHHBIMH
Xapakrepucrukamu i 6esonacrocTeio. Bubpannpie asropoM Matepuaist obnaaaor
uensiM HabopoMm XapakTepHCTHK, AENaloMX HX MepCneKTHBHBIMH B [UlaHe
NpHKIAIHOro Henmons3oBaHHsa. K TakuM  XapakTepHCTHKAM MOXKHO OTHECTH,
HANpHMEP, TaKHe¢ KaK BBICOKAX MOHHAA TIPOBOAMMOCTb I[IPH  KOMHATHOM
TeMIiepaType, XHMHYECKas CTabDMIBHOCTBE HA BO3JyXe, IIHPOKOE OKHO paboumx
NOTEHUHANOB, BLICOKAS MEXaHW4ecKas MpPOYHOCTb, OTCYTCTBHE TOKCHYHOCTH,
BbICOKaA TepMocTaOHAbHOCTE. HemanosaxubiM  (akToOpoM #ABASETCH M MX
OTHOCHTCABHO HH3Kas CTOMMOCTE.

Onxaxo aKTHBHOE MCTIONLIOBAHNHE PACCMATPHBAEMEIX B paboTe MarepHanos
MOkeT OLITE OrpaHM4YeHO, B CBS3H ¢ TeM, 4YTO [0 CpaBHEHHIO ¢
MOHOKPHCTAIHYECKHM oOpasiiamMi  Kepamudeckne obnamaioT Gonee HHIKHMH
XapakrepuctHkaMu, [lpexzae Bcero H3-3a HaJH4YMA HEraTHMBHOINO BKJAAA I'paHMIl
3ePeH M pasHOro poia AeeKTOB CTPYKTYPhl 3aMETHO YMEHBIUAIOTCH 3HAYeHHA
[POBOAMMOCTH 1o wHonaMm JjauTtHis. B cBasu ¢ atum padora CroiH Ceroiis,

noceiAEHHaA paspaborke 3QPEKTHBHBIX NOAX0M0B K NOJAYHCHHIO KCPAMHYECKMX



anexTponuTos Ha ocHose ¢asbr cocrasa  LipnALTin(PO4); ¢ 3amannbeivm
GyHKUHOHANLHEIME  XAPAKTEPHCTHKAMH  UIA  TBEpAO(Da3sHbIX  BTOPHYHBIX
HCTOYHHKOB TOKA NPE/ICTABIACT SHAYHTENLHBIN HHTEpeC Kak ¢ (ynaMenTaILHolM,
TaK ¥ TNPUKNAJIHONH Toyek 3penus. A paspaboTaHHBIE METOAMKHM Moryr ObiTh
pacnpoCTpaHeHbl H Ha HEKOTOPbIE JPYTrHe KepaMHYEeCKHe MaTepuasl,

Bcé mulenepedyHcrienHoe Jenaer npejcrasienHoe ucchenosanue Cioit
Ceroiis aKTyaJlbHbIM H BKHBIM KaK B I1J1aHe Pa3BUTH (YHIaMEHTAIbHEIX aCTIeKTOB
XHMHH TBEPAOIO TeJla H MATEPHANIOBEACHHA, TAK U C TOYKH 3PEHUSA OTKPHITHS HOBBIX
[ICPCIICKTHBE B PCIICHWH 11EJI0T0 CIICKTPa [NPpHKIAAHBIX 3a1a%, CBA3dHHbLIX C
pa3padoTkoil HOBBLIX TEXHONOrHI XHMHYECKHX HCTOYHHKOB TOKA.

Hayunas HOBH3Ha npecTasieHHoil paboTel onpeenseTcs TeM, YTO aBTOPOM
BMEPBLIC HA OCHOBAHMM aHANM3IA BHIYAIH3ALMH HAYQIBHBIX CTAAHI M NPOLIECCOB
(POpMHUPOBAHHA THTHEBBIX NPOTPY3IHIl B TBEPIOM NEKTPOIHTE B 3aBHCHMOCTH OT
pasmepa 3€peH, X MeXaHW4ecKHX CBOHCTB ¥ MOpPhONIOrHM 1Op, MPOBENEHHON ¢
MCNONB30BaHHeM MeTo1a (pa30Boro noJid, yAaloCk CIIPOrHO3HPOBaTh ONTHMAJIBHBIE
CBOWCTBA KEPAMHMKH JUIl YMEHbIIEHHS HEraTHBHBIX MOCJEJCTBHA pocTa
ACHAPUTHBIX CTPYKTYP METAJUTHYECKOI 0 JIMTHA; IPCUI0KCHA METOANKA MOy YeHHA
L1y 3AlysTi +(PO4); co crpykrypoit NASICON, Sasupyioniasca Ha UcoNs30BaHmuu
MOJIMMEPH3IOBAHHBIX MaTPHLL, @ TAKKE [IpoBe/iera ONTHMH3AIHA YCIIOBHI CHHTE3a,
HTO MO3BOJKIIO MOMYHATh YACTHILEI C 3aJJAHHBIM CPEJHHM pasMepoM B IIHPOKOM
AManaszone 3HadeHHi — ot 25 g0 600 aM; BriepBLie onpeaeaeHsl YCIORHA CNeKaHus
L1jsxAlTip(PO4)s, nospossioniie MAHHMH3HPOBATh BKJAJ AHOMAIBHOMO pOCTa
3€peH M 10CTHYb 3QGEKTHBHOrO YIIOTHEHHA B Npoliecce TepMiydecKoi o0paboTky;
NpelIoKeH TNOAX0A K YAYHIICHHIO KOMIUIeKca (DYHKUMOHANBHBIX CBOHCTB
KepamHkH Ha ocnobe az coctaBa LijoALTi:(PO:s); 3a cuér ucnons3osanus
NpeJAKePaMHYECKHX TOPOIIKOB ¢ OHMOAAQILHBIM pacnpefieieHHEM YacTHL 110
paiMepy, a Takke aMmopdueix (cTekn000pasHBIX) MOPOIIKOBLIX MATEPHAIOE;
YCTaHOBJIEHA B3aHMOCBA3b MEKJY P/IOM MapaMeTpoB TONYHYEHHS KepaMHKH H
ANEKTPOXHMHYCCKHMH XapaKTePHCTHKAMM O0pasloB, YTO MO3BOJAT NOAYYHTh
[POTOTHILI JIHTHH-HOHHBIX BTOPHYHBIX HCTOYHMKOB TOKAa C YAYYIICHHBIMH

XAdpaKTCpHCTHKaMH.



Huccepraunonnas paGora CoCTOMT W3 BBeAcHMA, 0030pa JAMTEpPAaTyphi,
IKCNEPHMEHTANIBHON 4acTn, obcyxaenns pesyabraros (6 I1as), 3aKIOMCHMA,
BbIBO/IOB, criHcKa juTepatypbl (210 ccbulok Ha nuTepaTypHbie HCTOMHHKH) M 6
npunoxenuii. Pabora npeacrasnena na 234 erpannuax, cogepxut 148 pucynxos u
24 rtabamumi. Bo BemeHMHM 4BTOpOM 00OCHOBaHA AKTYANBHOCTH  TeMbI
AHCCEPTALHOHHOIO HCCIeNoBaHHA, COHOPMYIIMPOBAHEl 1€/Th, 3aJa4yd paboThl,
chopMyIHpoBaKel e HayuyHas HOBU3HA W MPAKTHHECKas 3HAYUMOCTH, 0003Ha4YeH
JMYHBIH BKIQ)L aBTOpA B 10BO/ILHO OOIIHPHOE HCCIeloBaHKe, BKIKOYaloNIee B ceds
KaK TEOPETHHECKOIO COCTaBIAIONLYIO, TaK H O0BEMHBIH IKCIIEPHMENT.

OBpamaer Ha cebn BuuManne 0030p AUTEPATYPBI, CACAAHHBIH ABTOPOM M
COCTOAIUMM H3 TpPeX OCHOBHBLIX 4Yacreil. ABTOP 3aTPOHYJI KAk HCTOPHHCCKHE
ACNEKTH PAa3IBUTHA JTHTHI-HOHHLIX AKKYMYJIATOPOB, TAK M Pe3yILTaThl OCHOBHBIX
COBPEMCHHBIX HAMPABIEHHH HCCNEAOBaHU B paccMAaTpHBaeMoil npeamMeTHOI
0D7acTH, AETANbHO [POAHANM3UPOBAHBI PAIMMYHBIE TOAXONBl K CHHTe3y
KEPAMHMYECKHX MAaTepHaloB B KOHTEKCTE TBEPAOTENbHBIX 3/IEKTPONHTOB CO
CTpyKTYpoi NASICON H BO3MOKHBIE IyTH HX onTHMH3aUHH. Twarensubii 0630p
M aHaiM3a pesy/ibTATOB  COBPEMEHHBIX MCCICAOBAHWE TMO3BONIMN  aBTOPY
cHOPMYIIHPOBATE HE/Tb H OCHOBHBIC 3a/1a9H HCCIEN0BAHMIL

B raae noceamennoll  oKCnepHMeHTANBHON YacTH paboThl aBTOpOM
ONMCAHEI METOJIMKH CHHTE3a NpejKepaMHYecKHX [OPOLIKOB H KepaMHYECKHX
MaTepHAIOB, & TAKIKE METOMbI H METOAMKM WX XapakTepH3alHH M aHaiM3a
(YHKUHOHANBHBIX CBOMCTB.

B mectd raasax painena «Pesyneratel M 0OCYKAEHHE» PACCMOTPEHBI
Pe3y/ibTaThl YHCICHHOIO MOIEIHPOBAHHA H OYeHb OOBEMHOTO H MOAPOOHOIO
HCC/ICA0BAHHS [TPOLIECCOB NONY4CHUSA W XapaKTepU3aliuy [IPEKYPCOPOB UIA CHHTE3a
KepaMH4CeCcKuX matepHanos Ha ochose LATP, nogbopa sddexrusubix pexnmos
criekaHus CyOMMKpPOMHLIX wacTHII H paspaboTku SDOEKTHBHBIX METOAHK
MOJTY HeH M BBICOKOTUIOTHBIX KepaMHYeCKHX MaTepHaNoB cocraea
Lo ALTi2(POg)s, nonyuenns kepamuyeckux meMOpad. Onucannl peaynbTaThi
JEKTPOXHMHYECKOIO TECTHPOBAHHE HYEEK C HCIONb30BaHMEM B Ka4decTBe

IEKTPONIHTA NOJYYCHHBIX KepaMHYECKHX MaTepHanos coctaBa LATP,



Hayunbie noaomesns, BHHOCHMBIE ABTOPOM Ha 3AUMTY, OCHOBaHBI Ha
pesy/iLTaTax MpoBeleHHbIX HCC/IeNOBAHHH, YeTKO CPOPMYJIHPOBAHB], OXBATHIBAIOT
KITHOYERbIE MOMCHTBI, OTPAXKEHHBIE B TEKCTE JHCCEPTALMH H MOMHOCTEIO 060CHOBAHb].

Conepxanne apropedepara NOMHOCTLIO COOTRETCTBYET JAHCCEPTALIMH.

JlocToBepHoCTS MpeACTaBICHHBIX peIy/ILTaToB obecneyuBaeTcs
HCNONB30BAHHEM WHPOKOIO ChNEKTpa COBPEMCHHBLIX B3aHMOJIOMOTHAIONINX
METOJIOB M METONHK (H3IHKO-XHMHYECKOr0 AHAMM3a M BOCHPOM3BOAMMOCTHIO
MOJYy4EHHBIX Pe3y/ILTATOB.

OcHOBHBIM NOATBEPAACHUCM HOBH3HDI, JOCTOBEPHOCTH M 3IHAYHMOCTH
NOJNYHEHHBIX AAHHBIX, ABASETCA HUX nybamxaumsa: 5 paGor B peueH3NpyeMbIX
HAYYHBIX HINAHHSX KBapTUaa Q1 cooTBeTCTBYIOMIErO NPODHIIA, HHACKCHPYEMBIX B
onbnnorpadmyecknx Gazax nanusix Web of Science, Scopus, u pexoMeHI0BAHHBIX
JUIS 3310MTBI B JHccepTrantmosHoM cosere MI™Y no criemmansiocetd 1.4.15 — Xumus
TBEpAOro Tesna. Takke pabora MHOrOKpaTHo anpoOupoBaHa Ha 3HAYMHMBIX
BCEPOCCHICKMX M MEIKIAYHAPOHBIX HAYYHBIX MEPOTIPHATHSX.

B uenom, pacemarpuBaemas IHccepTalMonHas paboTa npejicTasiseT coboil
3aBEPIIEHHOE HAYYHOE HCCACA0BAHHE B 061aCTH XHUMHH TBEPAOIO TeJa, BhINOIHEHA
Ha BBICOKOM HAYUHOM YpOEHE, TNOATBEPKIAAIOMHM KBATH(HKaLMIO aBTOpa,
HaNMCcaHa XOpomiMM HayuHeiM s3sikoM. Pabora coorserctsyer crneumansHocTH
14.15 — Xumua TBEpIOrO Tena, a MMEHHO CAEIYIOUWMM e HANpaBIeHUAM: —
pazpaboTKa M CO3jaHHe METONOB CHHTe3a TBepAo(asHBIX COAMHEeHHH W
MATEPHAJIOB; — YCTAHOBICHHE 38KOHOMEPHOCTEH «COCTaB—CTPYKTYpPa-CRONHCTEON
Ans T8epAOda3HLIX COCANHEHHH M MATepHANOB; — W3YYeHHe BIHAHHS YCIOBHIl
CHHTE3a, XHMHYECKOro M (pa3oBoro cocrapa, 8 TakkKe TEMICPATYphbl, JaBICHHS,
ObnydeHHs W APYTHX BHEIIHHX BO3JCHCTBHI HA XHMHYECKHE M (DH3MKO-
XHMHYECKHE, MHKPO- H MAKPOCKONHYECKHE CBOHCTBA TBepaoda3HbIX COCAHHCHMI
H MaTepHANOB.

B kauecTse BONPOCOB M 3aMeyaHuil N0 TEKCTY JIMCCepTaliKi MOXHO
cHOPMYIHPOBATE ClIEAYIOLIHE:
1. ABTOp NPHBOJAMT J0BOJIBHO NM0APOOHYIO XapakTepH3aALMIO NpeAKepaMHIECKHX
MOPOIIKOB AJd NOJYYeHHs MarepHanoB Ha ocHoBe (a3 LijuALTi(POy).

OcoBoe BHMMaHHE yACHACTCA METOAY C HCTIONB30BAHHEM MOJIMMEPHOM MATPHILL],
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NO3BOJIAIOWIEMY MOAYHHTH YACTHLLI ¢ KOHTPOJIHPYEMbIM Pa3sMEPOM B LIMPOKOM
Ananaszone snavenui (25-600 am). B Tom 9HC/IC aBTOP NPHBOAMT PACTIPCACICHHC
HacTHIl 110 pasMepaM, NOJNy4YeHHOe N0 aHanu3ly AAHHBIX JIEeKTPOHHOMH
MHUKPOCKOIHH M METOJIOM JHHaMH4ecKoro ceetopaccesus. M ecaun cpeauuii
pasMep HacTHLL, MOKHO CKa3aTh, YTO COBMANAET, TO XapaKTep pacrnpeaese s 1o
pasMepy OT/IMYaeTCH 3HAYHTENbHO. Bbbiio Obl MHTEPECHO NMPOBECTH aHATH3 H
CPaBHCHHE pacrpeiesiennsi KPUCTA/LIHTOB M0 pasMepaM, OCHOBLIBasChL Ha
aHanuse npoQuIA JIMHHA PEHTICHOBCKON AH(paKILHK,

. lax nonyuenns BLICOKOILUIOTHBIX KEpPAMH4ECKHX MaTepuanoB Ha ocHose LATP B
KauecTBE MNpPe/IKePaMHYECKHX MMOPOIIKOB OblI0 MPEATOKCHO HCNONB30BATh
KOMNOZHUMH ¢ OMMONAILHBIMH  pacnpefiefleHHeM 4YacTHY [0 pa3mepam
(60nm/600nm). U3 Tekcta ocTanock HEMOHATHLIM [OYeMY 4BTOP BHIGpan B
Ka4yecTse HaHO-100aBKH YacTHILl CO cpeHuM pazMepoM 60 um. Bo-nepnbix,
HCNO/E3yeMoe OHMOJANBHOE COOTHOIIEHHE HE COOTBETCTBYET K/IACCHYECKOMY
COOTHOILECHUIO 1A MONYYEHHA IUIOTHOH KepaMHMKH, ONpeensiolmemMycs u3
COOTHOLIEHHA CPE/IHUX pazMepoB Haubonee KpYnHOH (pakuuH pazMepoB mnop
MCHKLY ITHMH YaCTHUAMH npH  MX [UIOTHEHILEH YNakoBKH, KOTOpbIC
sanonnsoTes Gosee menkumu uactHuame. Bo-BTopbix, B ciyuae, xoraa B
pacnops:keHnH apropa paborsl ObUT IWHPOKMIT 10 AHANA30HY CIEKTP pasMepoB
MOMYYAEMbIX YaCTHULl, MOXKHO ObiI0 Obl HCNONL3OBATE CMECh MOPOIIKOB C
ONTHMATBHLIM IS MOJYYCHHA [UIOTHOH  KEPaAMMKH  TPEXMOJIANLHLIM
pacrpeieiecHneM YacTIl 110 pasMepam, B KOTOPOM NPHCYTCTBOBAIH Obl cambie
MEJIKOIMCIICPCHBIE YACTHIIBL A MPH HCMOJIB30BAHUH HaCTHI MEHBILEro pasMepa
MOKHO 0)KHAaTh H Gojlee BHICOKOH CNOCOBHOCTH K CIIEKaHHIO npH GoJiee HH3KOM
TeMIneparype.

-B  Xoge AMCCEPTAUMOHHOrO HCCHEAOBAHHA ABTOPOM [OJYHCHBI TOHKHE
Kepamuueckue naénku  co crpykrypoit  NASICON ¢  wucnonnzosanmem
mnédoynoro nuThs. K cokanenuio, B Tekcte paGoThl HE NpeACTABICHLI
NapaMerpbl NOJMMEPHBIX Macc, HarpHUMep, BA3KOCTh, COOTHOILIEHHWE MCXOMHBIX
BELIECTB M Np., MO3BOJHBLIMX MOJNYYHTE ONMCAHHbIE TIEHKH, 4TO HE Jaér
BO3MOKHOCTH OLCHHTL ONTHMAJILHOCTL HCIIOIB30BAHHEIX aBTOPOM MapaMeTpoB

IVICHOMHOIO JIMThA.



Vkazannele 3aMCYaHHA HC YMaNfiOT 3HAYUMOCTH [MCCEPTALHOHHOTO
ucenenoBanus.  Jluccepraums  orpeuaer  TpeboBaHMAM,  YCTAHOBICHHBIM
MOCKOBCKMM TOCYIapCTBEHHLIM yHuBepcuTeToM MMeHH M.B. Jlomonocosa k
pabotam nonobuoro pona. Cojepkanume  JMCCEPTAIIMH  COOTBETCTBYET
creunanbHocTH 1.4.15 — Xumua Teépaoro Tena (N0 XHMHYECKHM HayKaM), a TakxKe
KpHTEPHAM, onpeaeneHHbM nr. 2.1-2.5 [losokeHHA O NPHCYXKACHUH YHYeHBIX
crenenei B MOCKOBCKOM  rocy/lapCTBEHHOM — YHHBEDCHTETE  HMCHH
M.B. Jlomonocosa. Odopmaecna cornacio tpebosanusm [onoxkenus o coBere mno
3aIIMTe AMCCEPTAlHi Ha COMCKaHMC yY4EHOH CTENeHM KaHangara Hayk, Ha
CoMckaHHe Y4EHOH CTemeHH JIOKTOpPa Hayk MOCKOBCKOMO rocyfapcrseHHOTO
yHusepceurera umenn M.B. Jlomonocosa,

Takum obpazom, conckarens Croit Celoii 3acnyKnBaeT NpHCYKACHUS YUEHO!
CTeNneHn KaHAKHAAaTa XMMHYECKHX HayK no cneuuansiocti 1.4.15 — Xumus
TBEPJOIO TENa.

Odmunanprbiifl onnoxexT:

AOKTOp XHMHYCCKHX HayK, 3ascayionmit kapeapoit dusnueckoi xumun
(heslepanbHOro rocy 1apCTBEHHOT0 ABTOHOMHOIO 06PaJOBATENLHOTO YUPEHICHHS
Beicwiero obpazosanns «Canxr-IletepSyprekuii rocysapersennii

aexTporexinyeckuit yausepeHrer «JIDTH» um. B.MU. Yansnosa (Jlenuna)

Anbmamesa Okcana BranumuposHa Y 4/ 06.05.2024

Konraxrunie aanmbic:

Ten.: 7(921)7970040, e-mail: almjasheva@mail.ru
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02.00.21 — Xumus TEPIOIO TENA
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REVIEW
official opponent
for a dissertation for the degree of candidate of chemical sciences
Xu Xieyu

on the topic: Li-conductive ceramic electrolyte with NASICON structure

for solid-state batteries
by specialty 1.4.15 — Solid State Chemistry

The development of a number of industries is impossible without the development
of systems for obtaining, storing and transporting energy. In this regard, research aimed at
developing new materials for these purposes and/or methods for obtaining such materials
scems to be very relevant and significant, and the broad prospects for rapid applied use
make such work extremely in demand. The presented work, dedicated to the creation of
new generations of materials for lithium-ion batteries with solid-phase electrolytes based
on the phases of the Lij«xAlcTi2.(POs); family with the NASICON structure, characterized
by increased performance characteristics and safety, was no exception in this regard. The
materials chosen by the author have a whole set of characteristics that make them
promising in terms of applied use. Such characteristics include, for example, high ionic
conductivity at room temperature, chemical stability in air, a wide operating potential
window, high mechanical strength, lack of toxicity, and high thermal stability. An
important factor is their relatively low cost.

However, the active use of the materials considered in the work may be limited due
to the fact that, compared to single-crystal samples, ceramic ones have lower
characteristics. First of all, due to the presence of a negative contribution from grain
boundaries and various types of structural defects, the conductivity values for lithium ions
noticeably decrease. In this regard, the work of Xu Xieyu, to the development of effective
approaches to the production of ceramic electrolytes based on the LitxAlLTiz.(PO4); phase
with specified functional characteristics for solid-phase secondary current sources is of
significant interest from both fundamental and applied points of view. And the developed
methods can be extended to some other ceramic materials.

All of the above makes the presented research by Xu Xieyu relevant and important
both in terms of the development of fundamental aspects of solid state chemistry and

materials science, and from the point of view of opening new prospects in solving a whole



range of applied problems related to the development of new technologics for chemical
POWEr SOUrces.

The scientific novelty of the presented work is determined by the fact that the author,
for the first time, based on an analysis of the visualization of the initial stages and processes
of the formation of lithium protrusions in a solid electrolyte depending on the grain size,
their mechanical properties and pore morphology, carried out using the phase field method,
was able to predict the optimal properties of ceramics for reducing the negative
conscquences of the growth of dendritic structures of metal lithium: a method for obtaining
LiisAloaTi #(POy)s with the NASICON structure, based on the use of polymerized
matrices, was proposed, and synthesis conditions were optimized, which made it possible
to obtain particles with a given average size in a wide range of values - from 25 to 600 nm:
For the first time, the sintering conditions of Lijw AL Ti2..(PO4); were determined. allowing
to minimize the contribution of abnormal grain growth and achieve effective compaction
during heat treatment; an approach has been proposed to improve the complex of functional
properties of ceramics based on phases of the composition Lij+xAlTi2.«(PO4); through the
usc of pre-ceramic powders with a bimodal particle size distribution, as well as amorphous
(glassy) powder materials; a relationship has been established between a number of
ceramic production parameters and the electrochemical characteristics of the samples,
which will make it possible to obtain prototypes of lithium-ion secondary current sources
with improved characteristics.

In introdaction the author substantiates the relevance of the dissertation research
topic, formulates the purpose and objectives of the work, formulates its scientific novelty
and practical significance, and outlines the author’s personal contribution to a fairly
extensive study, which includes both a theoretical component and a scale experiment.

Noteworthy is the literature review made by the author and consisting of three main
parts. The author touched upon both the historical aspects of the development of lithium-
ion batteries and the results of the main modern areas of research in the subject area under
consideration; various approaches to the synthesis of ceramic materials in the context of
solid-state electrolytes with the NASICON structure and possible ways 1o optimize them
were analyzed in detail. A thorough review and analysis of the results of modern rescarch

allowed the author to formulate the purpose and main objectives of the research.



In the chapter devoted to the experimental part of the work, the author describes
methods for the synthesis of pre-ceramic powders and ceramic materials, as well as
methods and techniques for their characterization and analysis of functional properties.

The six chapters of the “Results and Discussion™ section examine the results of
numerical modeling and a very voluminous and detailed study of the processes of obtaining
and characterizing precursors for the synthesis of ceramic materials based on LATP, the
sclection of effective sintering modes for submicron particles and the development of
effective methods for obtaining high-density ccramic materials of the composition
L1y ALTi24(PO4)s, obtaining ceramic membranes. The results of electrochemical testing
of cells using the obtained ceramic materials of the LATP composition as an electrolyte
are described.

The scientific provisions submitted by the author for defense are based on the results
of the research, clearly formulated. cover key points reflected in the text of the dissertation
and are fully justified.

The content of the abstract fully corresponds to the dissertation.

The reliability of the presented results is ensured by the use of a wide range of
modern complementary methods and techniques of physicochemical analysis and the
reproducibility of the results obtained.

The main confirmation of the novelty, reliability and significance of the data
obtained is their publication: 5 works in peer-reviewed scientific publications of the Q1
quartile of the relevant profile, indexed in the bibliographic databases Web of Science,
Scopus, and recommended for defense in the dissertation council of Moscow State
University in the specialty 1.4.15 - Solid State Chemistry. The work has also been tested
many times at significant national and international scientific events.

In general, the dissertation work under consideration represents a completed
scientific research in the field of solid state chemistry, completed at a high scientific level.
confirming the author’s qualifications, and written in good scientific language. The work
corresponds to specialty 1.4.15 — Solid State Chemistry, namely its following areas: —
development and creation of methods for the synthesis of solid-phase compounds and
malterials; — establishment of “composition-structurc-property™ laws for solid-phase
compounds and materials; — 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 physicochemical, micro- and macroscopic propertics of
solid-phase compounds and materials.
The following questions and comments on the text of the dissertation can be

formulated:
1. The author provides a fairly detailed characterization of pre-ceramic powders for
the production of materials based on the Lil+xAIxTi2-x(PO4)3 phases, Particular
attention is paid to the method using a polymer matrix, which makes it possible to
obtain particles with controlled sizes over a wide range of values (25-600 nm). In
particular, the author provides the particle size distribution obtained from the analysis
of electron microscopy data and the method of dynamic light scattering. And if the
average particle size can be said to be the same, then the nature of the size distribution
differs significantly. It would be interesting to analyze and compare the crystallite
size distribution based on the analysis of the X-ray diffraction line profile.
2. To obtain high-density ceramic materials based on LATP, it was proposed to use
compositions with a bimodal particle size distribution (60nm/600nm) as pre-ceramic
powders. [t remains unclear from the text why the author chose particles with an
average size of 60 nm as a nano-additive. Firstly, the bimodal ratio used does not
correspond to the classical ratio for obtaining dense ceramics, which is determined
from the ratio of the average sizes of the largest fraction of pore sizes between these
particles when they are densely packed. which are filled with smaller particles.
Secondly, in the case where the author of the work had a wide range of particle sizes
at his disposal, it would be possible to use a mixture of powders with a trimodal
particle size distribution that is optimal for producing dense ceramics, in which the
finest particles would be present. And when using smaller particles, you can expect a
higher sintering ability at lower temperatures.
3. During the dissertation research, the author obtained thin ceramic films with the
NASICON structure using film casting. Unfortunately, the text of the work does not
present the parameters of the polymer masses, for example, viscosity, ratio of starting
substances, etc., which made it possible 10 obtain the films described, which does not
make it possible to assess the optimality of the film casting parameters used by the

author.



These comments do not detract from the significance of the dissertation research.
The dissertation meets the requirements established by the M.V.Lomonosov Moscow State
University to works of this kind. The content of the dissertation corresponds to specialty
1.4.15 — Solid State Chemistry (in chemical sciences), as well as the criteria defined in
paragraphs. 2.1-2.5 Regulations on the awarding of academic degrees at M.V.Lomonosov
Moscow State University. Dissertation prepared in accordance with the requirements of
the Regulations on the Council for the Defense of Dissertations for the degree of Candidate
of Sciences. for the degree of Doctor of Science of M.V.Lomonosov 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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