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KAWMBIFBIMABIABIK, KOFPBI

HALYK

CHARITY FOUNDATION

YD «XAJBIK

B 2016 romy ans pa3BUTUS W YAyYIIEHHS KadeCTBa >KU3HU Ka3axCTaHLEB ObLI
CO3JaH YacTHbIM bnarorBoputenbHblid GoHa «Xaiblk». 3a rojbl CBOSH IesITeIbHOCTH
Ha peaju3aluio OJaroTBOPUTENILHBIX NMPOEKTOB B 00JacTAX oOpa3oBaHMS M HAyKH,
COLMAJILHOM 3aIlUTHI, KYJABTYPBI, 31paBooXpaHeHus u cnopra, Ponp Boyaenua Oosee
45 MunnuapaoB TEHre.

Oco6oe BanManue biarorBoputenbHbIH GoHT «XabIK» ynenseT 00pa3oBaTeIbHbIM
IporpaMmam, C4MTas 3TO HaIlpaBJIE€HUE OJHUM M3 KIIIOYEBBIX B CBOEH IEATENBHOCTH.
Oxa3biBasi MOAJIEPKKY OTEUECTBEHHOMY 00pa3oBaHuto, GOHI BHOCHT CBOI OCHIIbHBIN
BKJIaJI B Pa3BUTHE KauecTBEHHOTo oOpa3oBanus B Kazaxcrane. Tem camMbiM ciocoOCTBY S
pOCTy uncIa JItoneH, ClIoCOOHBIX MEHSTh XKU3Hb B CTPaHe K JIy4IlleMy —Ipo(ecCHOHAIOB
B pa3iMyHbIX cdepax, MOTCHUUAIBHBIX JIMACPOB M «BEJIUKUX YMOB». OmHOH u3
3HAUUMBIX HMHUIMATHB (oHJa «Xanblk» B oOpa3oBaresibHOW cdepe cTaim MpoeKT
Ozgeris powered by Halyk Fund — mepBblii B cTpane OuzHec-uHKYOaTop ISl yUaluxcs
9-11 xmaccoB, KOTOpBI MOMOTraeT pa3BUBAaTh HEOOXOOUMBIE B COBPEMEHHOM MUpE
MpeANPUHUMATENILCKUE HaBBIKK. Tak, Ha coOmelCTBHE MajoMy OHM3HECY IMIKOJbHHUKOB
06110 BeIIeneHo Oosee 200 rpanToB. [y moaiep KKy TaJaHTIIMBBIX 1 MOTHBHPOBAaHHBIX
nereit @OoHT HEOAHOKPATHO BBIACISUT TPaHThI HAa 00yueHue B MexXTyHapOJHOH IIKOoJIe
«Mupac» u B Astana IT University, a Taxke MOMOI Ka3aXCTaHCKUM LIKOJbHHKAM
npuHATH yyactue B npectxHoM KoHKypce «USTEM Robotics» B CILIA. ABropckue
pabotel B pamkax npoekra «Tamimrep», koropomy DoHI OKa3an HOAICPHKKY, JICIIIU B
OCHOBY Y4€OHOH MPOrpaMMbl, Y4€OHHKOB U Y4€OHO-METOANYECKUX KHHUT 10 MIPEAMETY
«OCHOBBI TIpeANpUHUMATENLCTBA U Ou3Heca», mpenogaBaemoro B 10-11 kmaccax
Ka3aXCTAaHCKMX ILIKOJ U KOJUIEIKEH.

[TomuMo mnomoIIM MIKOJIBHMKAM, ydallMMcs KoJulepked M cryaeHTaM DoHp
CUMTAET BAXXHBIM BHECTH CBOW BKJIAJ B IMOBBILICHHE KBAIM(HUKAIWU IIE€AaroroB,
COBEpIIEHCTBOBAHNE HMX 3HAHWH U HABBIKOB, IOCKOJIBKY HMEHHO OHHU SIBJISIOTCS
MIPOBOAHMKAMH 3HAaHUM OyoyIIMX MOKOJEHHH KazaxcTaHueB. [Ipu mognepxke Donna
«XanplK» B IOKHOH cTonuie ObUI OpPraHW30BaH €XKEroJHbI TOPOACKOW KOHKYpC
nenaroroB «Almaty Digital Ustaz.

BaxHOll MHHMLMATUBOW CTall pealn3yeMblii MPOEKT MO OOYYEeHHIO OCHOBAM
(uHAHCOBOM TPaMOTHOCTH Tpernoaasareield n3 BochkMH obnactedl Kazaxcrana, urto
JIOJDKHO OKa3aTh CYIIECTBEHHOE BIIMSIHUE Ha BOCIIUTaHWE (PMHAHCOBOW ITPAMOTHOCTH H
MpEeINPUHUMATEIBCKOTO MBIIIIJIEHHS Y HOBOTO TIOKOJIEHUSI TPaXAaH CTPaHBI.

HeoOxonumyro nmomors @oHx «Xaiblk» OKa3blBaeT U TeM, KTO 0COOCHHO OCTPO
B Hell Hyxnaercs. B paMkax counanabHON 3allUThl HACEJIEHHUsS aKTHUBHO NPOBOAUTCS



paboTa 1o TOAJEPKKE NIETeH, OCTABIIMXCS 03 pOIUTENCH, JeTell W B3POCIBIX U3
COLMAJIbHO YA3BUMBIX CJIOE€B HACEJICHHUS, JIFOJEN C OTPAaHUYEHHBIMHA BO3MOKHOCTSIMHU, a
TaKKe 00€CIICUCHUIO HYK/IAIOIIMXCSI COLUATBHBIM KHIIbEM, CTPOUTEILCTBY COIIMATBLHO
BaXHBIX OOBEKTOB, TAKUX KaK JCTCKHE CaJbl, JCTCKHE TUIOIIAIAKU U (PU3KYIBTYpPHO-
03JI0POBUTENIbHBIE KOMIJIEKCHI.

B xommnky no0peix gen @onnma «Xaiablk» MOXKHO JOOAaBUTh OKa3aHUE ITOMOIIH
JICTCKOMY CIIOPTY, Ky/ia OTHOCHTCS TIOJICPKKA B PA3BUTHU JIETCKOTO PyTOOJIA M Kapare
B Hamel crpaHe. JKU3HEHHO BaKHYIO TIOMOIIL biaroTBopuTeNbHBIN QOHI «XaIbIKy»
OKa3all HalllUM COOTeUECTBEHHUKAM BO BpeMsi HeaasHell nangemuu COVID-19. Torga,
B pasrap TsDKenod 0ophObl ¢ KopoHaBUpyCcHOH nHpeknuerd Donx Beiaenui cBbime 11
MUJTMAPJIOB TEHT'e Ha MPHOOpPETeHHE HEOOXOAMMOI0 MEIUIIMHCKOTO O0O0pYIOBaHUS
U JIOPOTOCTOSIIUX MEAMIMHCKUX IPEraparoB, aBTOMOOWIICH CKOPOM MeEIMIIMHCKON
TIOMOIUIH U CPENICTB 3aLIUThI, aAPECHYIO MAaTEPUAIbHYIO IOMOLIb COLIMAIBHO YSI3BUMBIM
CJIOSIM HACEJICHUS U JICHE)KHBIC BBITUIATHI MEIUIIUHCKUM PaOOTHUKAM.

B 2023 romy Hapsamy c IOpYyrMMH TPOCKTaMH, HALCICHHBIMM Ha IMOBBIIICHUE
0JIaroCOCTOSIHUSL Ka3aXCTaHCKUX TpaxkaaH DOHJ penimi yneinuTb 0C000€ BHUMAaHHUE
HayKe, MOCKOJIbKY OHa SBJISICTCS YacThlO0 OOIIECTBEHHOW KYJIBTYPhI, & YPOBCHb €€
pa3BUTHS ONPEIETAET YPOBEHb Pa3BUTHUS TOCY1apCTBA.

[onnepxkka @oHAOM BbIMycKa >XKypHajaoB HamuonanbHOM AkageMuu Hayk
PecriyOnuku KazaxcraH, KOTOpbIe BXOAST B MeEXIyHapoiHble (OHABI Scopus u
Wos ¥ B KOTOPBIX NYOJNUKYHOTCS CTaTbd OTEUECTBEHHBIX YYCHBIX, JIOKTOPAHTOB W
MaruCTPaHTOB, a TaK)Ke HAYYHBIX COTPYJAHHUKOB BBICHIMX YYEOHBIX 3aBEJCHHUN W
HAy4HO-UCCIIEA0BATENIbLCKUX MHCTUTYTOB HALLIEN CTPAHBI SIBJISETCS HE MEHEE 3HAYUMBIM
BKu1ajjoM DOH/Ia B pa3BUTHE Ka3aXCTAaHCKOTO OOIIIeCTBA.

C yBakeHnuem,
baarorsopurebHbiil @®oHA «XaJBIK»



Bac pepaxrop:

JK¥PBIHOB Mypat JKypbIHYJIbI, XUMHS FEUIBIMAAPEIHBIH TOKTOPHI, ipodeccop, KP ¥FA akanemuri,
Kazakcran PecryOnmukacel ¥ ITTBIK FBUTBIM akaieMUsACHIHBIH npe3uaeHTi, AK «J[.B. CokonbCckuii aTbIHIAFbI
OTBIH, KaTaJIN3 JKOHE HJIEKTPOXUMHUSI HHCTUTYTHIHBIHY Oac qupektopsl (Anmarsl, Kasakcran) H = 4

Penaxkmus ankacwl:

9JIEKEHOB Cepra3sl MbIin:kacapyJibl (6ac pefakTOpabIH OPEIHOACAPET), XUMHS FHIIBIMIAPEIHBIH
JIOKTOpHL, mpodeccop, KP ¥FA akagemuri, «PuToxumusy XaablKapaiblK FEUTBIMA-OHAIPICTIK XOIIUHT1HIH
nmupekrtopsl (Kaparannel, Kazakcran) H = 11

ATABEKOB Baamumup EnoxoBmu (0ac pemakTopIblH OpbIHOACAPhI), XUMHS FHUIBIMIAPBIHBIH
JIOKTOpEL, ipodeccop, benapycs ¥FA akamemuri, XKana matepuangap XuMHACH! HHCTUTYTBIHBIH KYPMETTI
nupexrops! (MuHck, benapycs) H =13

CTPHAJ MupocaaB, npodeccop, Uexus FBUIBIM aKaJeMUSCHIHBIH JKCIICPUMEHTTIK OOTaHMKA
WHCTUTYTHIHBIH 3epTXaHa MeHrepymrici (Onomoyn, Yexus) H = 66

BYPKITBAEB Myxam6eTKaJu, XuMust FbUIBIMAAPBIHBIH JOKTOPSL, podeccop, KP ¥YFA axanemuri,
an-®apadu arernars! Kaz¥Y Y-abiH Gipinmi npopextops! (Amvarst, Kasakcran) H = 11

XOXMAHH J[xymut, Ceren ynuBepcureTiHiH DapmaneBTrka ¢(akyasreTiHiH DapMakorHO3Us
kaderpachiHblH MeHrepyuiici, YKapaTbuiblcTaHy FHUIBIMIAPBIHBIH TISHAPAIBIK OPTAJIBIFBIHBIH JAUPEKTOPBI
(Ceren, Benrpus) H =38

POCC Camup, PhD nokropbl, Muccucunu yHUBEPCUTETIHIH OCIMIIK OHIMICPIH FRUIBIMU 3€PTTEY
YITTBIK opTanbirbl, Dapmanust Mektebinin npodeccopst (Oxcdopa, AKII) H =35

XYTOPIHCKWAW Burtammii, pmiocopus mokrops (PhD, dapmariesr), PequHT yHHBEpCHTETIiHIH
npodeccops! (Peaunr, Aurmms) H = 40

TEJTAEB Barnar Bypxan6aiiyiabl, TexHHKa FbUIBIMIAPBIHBIH JOKTOpBI, mpodeccop, KP ¥YFA
xoppecrnionaent-mymreci, Kasakcran PecrmyOmukacer Wupgyctpust skoHe MH(PAKYPBUIBIMABIK —J1aMy
MuHHCTpIITI (AnMarsel, Kazakcran) H = 13

DAPYK Acana Jlap, Xamaap ans-Mamxuaa [LsiFsic MeauIMHa KOJISDKIHIH Tpodeccopbl, Xamaap
yrusepcuretiig LIbreic mequimna akymsreri (Kapaun, [Toxictan) H = 21

DA3BIJIOB Cepik IpaxmeTyJibl, XUMHS FEUTBIMAAPBIHBIH TOKTOPEI, ipodeccop, KP ¥FA akagemuri,
OpraHuKaablK CUHTE3 JKOHE KOMIP XUMUSIChI HHCTUTYTBI AUPEKTOPBIHBIH FBUIBIMH JKYMBICTApP XKOHIH/ET
opsrabacaps! (Kaparannpl, Kazakcran) H =6

KOPOBEKOBA Illapuna Kopo0eKKbI3bl, XHMHS FBUIBIMIAPBIHBIH JOKTOPHL, Tpodeccop,
Keipreiscran ¥FA akagemuri, KP YFA Xumust xoHe XUMUSUIBIK TexHoJorus uHCTUTYTHI (Bimikex,
Keiprescran) H =4

XAJIMKOB [I)xypadaii XaJuKoBHY, XUMHS FEUTBIMAAPBIHBIH JOKTOPHI, Tpodeccop, Toxkikcran FA
axanemuri, B.M. Huxkutun areinnarsr Xumust uHCTUTYTHI ([ymante, Toxikeran) H = 6

DAP3AJIMEB Barng Memknioribl, XUMUS FEUIBIMIAPBIHBIH JOKTOPEL, TIpodeccop, ¥FA akagemuri
(baky, O3ipbaitkan) H =13

T'APEJIMK Xempa, ¢unocodust mokropsl (PhD, xumus), XanblkapaiablK Taza jKoHE KOJIaHOAJbI
XMMUSI OJIaFbIHBIH XHMMHUSI KOHE KOpIiaraH opTa OemiminiH npe3uaeHTi (Jlonaon, Aurmms) H = 15
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I'naBHbII perakTop:

KYPUHOB Mypar JKypunoBHY, JOKTOp XMMHUYECKHX HayK, npodeccop, axagemuk HAH PK,
npe3naeHT HanmonaneHO# akagemun Hayk Pecrryomikn Kazaxcran, reHepanbabiid aupektop AO « MHCTHTYT
TOIUIMBA, KaTanu3a U anekTpoxumun uM. /1.B. Cokonbckoro» (Anmarsel, Kazaxcran) H =4

Penaxkmuonnasi KoJuierus:

AJIEKEHOB Cepra3sl MpIHKacapoBU4 (3aMeCTHTENb IJIABHOTO PEAAKTOPA), TOKTOP XUMHYECKHX
HayK, mpodeccop, akaneMuk HAH PK, mupexrop MexayHapomHOT0O HayYHO-TIPON3BOACTBEHHOTO XOIIWHTA
«Duroxumusa» (Kaparanaa, Kazaxcran) H=11

ATABEKOB B gagumup EHokoBHY (3amMecTHTENb INIABHOTO pPENAKTOpPA), JOKTOP XUMHYECKHX
HayK, poeccop, akagemuk HAH Bbenapycu, mouetHslit tupextop MHCTUTYTa XUMHN HOBBIX MaTepHAaIoOB
(Munck, benapycs) H= 13

CTPHA/I Mupocaas, npodeccop, 3aBeayroiinii labopatopueii HHCTUTYTa DKCICPUMEHTAIBHON
6orannkn Yermickoit akanemun Hayk (Omomoyn, Yexwst) H = 66

BYPKUTBAEB MyxameTkaiaun, TOKTOp XMMHUYECKHX Hayk, mpodeccop, akagemuk HAH PK,
[epssrit mpopektop KasHY nmenn anp-dapadu (Anmarsl, Kazaxcran) H= 11

XOXMAHH [xyaut, 3aBenyrommii kadenpoit dapmakorano3nn dapManeBTHUECKOTO (haKynbTeTa
YauBepcureta Cerena, TUPEKTOp MEKAUCIMIUIMHAPHOTO IIEHTpa ecTecTBeHHBIX Hayk (Ceren, Benrpus)
H=38

POCC Camup, noxrop PhD, mpodeccop Ilkomsr ®Papmanuy HaIMOHAILHOTO IIEHTPA HAyIHBIX
HCCIIeJOBAaHUH PACTUTENBHBIX MPOAYKTOB YHUBepcuTeTa Muccucunu (Oxcdopa, CLHIA) H =35

XYTOPSHCKHUM Burannii, noxrop dunocopun (Ph.D, papmauerr), npodeccop Yuupepcurera
Penunra (Pepuar, Aurms) H = 40

TEJIBTAEB Barnar Bypxanoaiiyibl, JOKTOp TEXHHYECKHX HAYK, MPpodeccop, WiIeH-KOPPECIIOHICHT
HAH PK, MunucrepcrBo Unnycrpun u nnppactpykrypHoro pazsutus Pecriyonuku Kasaxcran (AnamMarsl,
Kazaxcran) H=13

DAPYK Acana [lap, mpodeccop komtemka Bocrounodt memummuel Xamaapna ans-Makuaa,
¢axynsrer Boctounoit Mmennumubl yausepeutera Xamuapna (Kapaun, [Takucran) H =21

DA3bIJIOB Cepuk /IpaxmeToBUY, TOKTOp XHMHUYECKHX Hayk, mpodeccop, akagemuk HAH PK,
3aMeCTHUTENb JUPEKTOpa Mo Hay4yHOH paboTe MHCTUTYTa opranuyeckoro cuuTesa u yrexumuu (Kaparanna,
Kazaxcran) H=6

KOPOBEKOBA Illapuna Kopo0exoBHa, TOKTOp XMMHUIECKUX HayK, Ipodeccop, akanemuk HAH
Keipreserana, MactutyT Xumun u xumudeckoit Texnonornd HAH KP (bumukek, Keipreizeran) H = 4

XAJIMKOB [Ixxypa6aii XaJaumkoBH4Y, JOKTOp XHMHYECKHX HayK, npodeccop, axkagemuk AH
Tamxukucrana, Uactutyt xumun umenu B.M. Hukntira AH PT (dyman6e, Tamkukucran) H = 6

DAP3A/IMEB Barug Memkua oribl, JOKTOp XMMHYECKHX Hayk, mpogeccop, akanemuk HAHA
(Baky, Azep6aiimxan) H=13

TI'APEJIMK Xempaa, noxrop ¢unocopuu (Ph.D, xummus), npesunent Otaena XUMUH U OKpYysKaromieit
cpenbl MexIyHapOIHOTO CO03a YnucTol 1 pukiaaHoi xumun (Jlonmon, Aurmmst) H =15
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Editor in chief:
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Abstract. Introduction. Lithtum-ion batteries have been the dominant energy storage
technology over the past decades, and demand is expected to grow tenfold over the next
decade. To meet the future demand for such batteries, alternative technologies will be
required to provide extended cell life and increase the overall capacity of these batteries.
The development of electrolytic systems with the proper structure and composition
will increase the development of lithium-ion batteries. It is imperative to consider that
electrolytic systems include components, such as additives, solvents, salts, and there
are two types: liquid and solid. They have a very important role in creating electrolytic
systems capable of forming passivation layers. Currently, the most urgent problem
of lithium power sources is safety. The main way to solve the safety problem is to
replace the liquid organic electrolyte with a solid electrolyte, as well as doping liquid
electrolytes with various additives. The purpose of this review is to analyze publications
on electrolytes and their various additives used in lithium-ion batteries. Objects of
research: liquid and solid electrolytes for lithium power sources. Conclusion: research
in the field of electrolytic systems for lithium-ion batteries is promising and relevant.
Modern studies show that doping of both liquid and solid electrolytes with additives,
the use of new salts and solvents make it possible to improve the characteristics of LIB.
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Annoramus. Kipicne. JIUTHH-MOHIBI aKKyMyNATOpIap COHFBl OHXKBUIABIKTA
SHEPTHUsl CaKTayAblH 0achIM TEXHOJOTHSICHI OOJBIN TaObIIaabl KOHE ajlJaFbl yakKbITTa
OCBI KYPBUIFBUIAPFa CYpaHbIC OH ece oce/i Aet KyTinyae. JInTuii Tok ke3aepine donamak
CYPaHBICTBl KaHaFaTTaHIBIPY YLIIH YSAMIBIKTApAbIH KbI3MET €Ty Mep3iMiH y3apTaTbhiH
YKOHE OJIapJIbIH YKaJIbl CHIMBIMIBIIBIFBIH apPTTHIPATHIH OasiaMa TEeXHOJIOTHsIAp KaKeT
Oonanapl. JInTH-MOHABI OaTapesutapAblH TaObICThI AaMYBI JJIEKTPOIUTTIK KyHenepaiH
JaMyblHa TiKeJed OalmaHbICTBl OOJNBIN KeJIedi, ONapAblH KYpPbUIBIMBI MEH KYpaMbl
TaHJAIFaH JIEKTPOATHIK MaTepHalfapFa KaTbICThl OJAapAbIH  TYPaKTBUIBIFBIHA
OalmaHpICTBl aHTapNBIKTall  ©3repyl MYMKiH. JIMTHH-MOHABI aKKyMymnsTOpiapaa
ANEKTPOIINT 3apsI-pa3psa MpoLecTepi Ke3iH e AEKTPOATAP apachIHAa IUTHIH HOHIAPbIH
TachIMaliay YLIIH OpTa peTiHAe KbI3MeT eTedi. by ceGenmeH »IeKTPOIHUTTEP OCHI
KYpPBUIFBUTAPABIH KYMBICHl YIIIH ©T€ MaHBI3ABI OOJBIT TaObUIaAbl. DJIEKTPOIUTTIK
XKyHenepre Kocmajap, epiTKimTep, TY34ap CHAKTHI KOMIIOHEHTTEp KipETiHIH ecKepy
KaXET, JKOHE 63 KE3€TiHJAe JJICKTPOJIUTTEep €Ki TYpii OOJbIN Keledi: CYHWBIK >KoHE
KATTbl. DNEKTPONIMTTEPAiH €Ki TYPiHiH JI¢ apTHIKIBUIBIKTAPhl MEH KeMIILTIKTEpi Oap.
Omnap aTfOMUHHNA TOK KMHAFBIIITAPBIHAA TTACCUBTEYII KaOaTTapAbl KaJlblTacThIPyFa
KaOUIeTTi MEeKTPONUTTIK JKyHenepli Kypyaa eTe MaHbI3ABl pell aTKapaabl. by
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Kabar j»kaHaMa peakUWsUIapAblH Iaiaa OONybIHA JKOHE OChUIAMINA 3JICKTPOITHIH
JerpaganusicbiHa sxoi oepmeiini. Kasipri yakpiTTa IUTHIA KyaT Ke3[epiHe KaTbICThI €H
©3CKTI Macelie Kayirnci3aik 0omibin Tadbuiaapl. Kayinciaik MocelleciH menyIiH Heri3ri
YKOJTbI CYWBIK OPTaHUKAJIBIK AJIEKTPOIUTTEPAl KATTHI SJIEKTPOIUTKE aybICTHIPY, COHBIMEH
KaTap CYWBIK DJIEKTPOJIMTTEPAl SPTYPIi KOcCHalapMeH JIErHpiey OOJbI TaObUIadbL.
Byn makamaHbIH MakcaThl HETI3Ti CYHMBIK JKOHE KATThl DJIEKTPOJUTTEPIIH MaHBI3IbI
TypJepiHe, COHai-aK oJapAblH MOTU(pUKAIMSIIAPBIHA KaH-KAKTHI IOJTY JKacay OOJIbII
TaObLIa/Abl. 3epTTey OOBEKTLIepi: JUTHU-UOH/Bl AKKMYIISATOPJIAPFA apHAJFaH CYHBIK
KOHE KATThl DJIEKTPOIMTTIK KyHenep. KopweIThIHABL: OYTiHTI TaHIa JUTHHA-HOHIBI
aKKyMyJISITOpJIapFa apHajiFaH d3JeKTPOJNUTTIK JKyHeJep calachlHIAFbl 3epTTeyniep
MaHBI3/Ibl J)KOHE ©3€KTi OOJIBIN TaObUIaAbl. 3aMaHayHW 3epTTeyNiep CYMbIK KOHE KaTThI
ANEKTPOJUTTEPAH JKaHa TYPJepiH 3epTTey, OJapAblH MOoAM(UKAIMICH, COHIAW-aK,
JKaHa TY3/1ap MEH epITKIIITEpi Maijanany OChl KYPBUIFbLUIAPBIH 3ICKTPOXUMUSIIBIK
KepCTeKilTepiHe TikeNel acep eTeTiHiH KopceTei.

Tyiin ce3aep: MUTUI-UOHABI aKKyMYyJIATOpIIap, KarTel snekTponntrep, NASIKON
KATTbI JJIEKTPOJIUTTED, TPAHAT THIITI IMEKTPOIUTTEP, NepoBCKUT, LLZO

Kap:xpuianapIpy: OyJ1 3epTTey ChIPTKBI KapKbUIAHABIPY/IBI aJIFaH KOK.

Anevic: asmopnap Kaxcemmi 3epmmeynep AHCypeizeeni Yulin dHepusi JHCUHaKma-
evlumaposl npomomunmey 3epmxanacuvinvly (Pecetl, Mackey obnuicei, /[yona Kanacoet)
KblaMemKepiepine angblcmapvii 0indipeoi.
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AHHOTaIII/Iﬂ. JINTUii-uoHHEIC AKKYMYJISITOPBI SIBJISAOTCS }_IOMI/IHI/IpyIOIJ_Ieﬁ
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YTO CIIPOC HAa HUX BBIPACTCT B ACCATH pa3 B TCUCHUC CICAYIOLICTO ACCATUIICTUS. C
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LETbI0 YIOBJIETBOPEHUSI OyIylIero Crnpoca Ha JAHHBIA THIT HAKONUTEJIEeH JHEPruu
NOTPeOyIOTCsl aJIbTepPHATHBHBIC TEXHOJIOTHH, O0ECHECYMBAIONIME MPOIJICHHE CpOKa
CITY’KOBI 2JIEMEHTOB M yBEJIMYEHHE MX OOLICH eMKOCTH. YCIICIIHOE Pa3BUTUE JTUTHUIi-
MOHHBIX aKKyMYJISITOPOB 3aBHCHUT OT pa3pabOTKH AJICKTPOIUTUYECKUX CHUCTEM,
CTPYKTypa M COCTaB KOTOPBIX MOTYT CYILECTBEHHO Pa3IHyarhCs B 3aBUCUMOCTH OT UX
CTa0WIBHOCTH 10 OTHOLICHHIO K BBIOPAHHBIM JICKTPOAHBIM MaTepuanam. B mutuii-
MOHHBIX aKKyMYJSITOpax O3JICKTPOJIHUT ICHCTBYET KaK cpeda Uil MEepeHoca HOHOB
JUTHUSL MEXKTY 3JICKTPOJaMHU BO BpeMsl POLIECCOB 3apsiaa-paspsaa. [lo atoit nmpuunse
ATOT KOMIIOHEHT He0OXOquM Juisi paboThl ATUX ycTpoiicTB. Heobxomumo 00s3aTenbHO
YUYHUTBIBaTh, YTO DJICKTPOJMTUYSCKHE CHUCTEMbI BKIIIOUAIOT TaKHE KOMIIOHEHTBI, KaK
J00aBKH, PaCTBOPUTEIH, COJIH, A TaK JKe, IEKTPOIUTHI OBIBAIOT JABYX BHIIOB: YKHIKHE
u TBepable. O0a THIA HIEKTPOIMTOB UMEIOT CBOM NMPEUMYILECTBA U HepocTaTku. OHU
UTPAIOT OYCHb BAKHYIO POJb B CO3aHHU 3JICKTPOJIMTHYECKHX CHCTEM, CIIOCOOHBIX
00pa30BbIBaTh MACCUBUPYIOIINE CIOH HAa aJTFOMHHUEBBIX TOKOCHEMHHUKAX. JTOT CIIOW
NPENATCTBYeT BOSHUKHOBEHHUIO MOOOYHBIX PEaKIMil, ¥ TaKUM 00pa3oM, Jerpaaaluu
anekTpona. B Hacrosimiee BpeMsi HamOojee akTyalbHOH TNPOOIEMON JIUTHEBBIX
MCTOYHUKOB MUTAHUS SBIIsiECTCSl Oe30macHOCTh. OCHOBHBIM MyTEM PEIICHHs TIPOOIEMBbI
0e30MacHOCTH SIBJSIETCSI 3aMEHa JKUAKOTO OPraHHMYECKOrO OJIEKTPOJIUTA TBEPABIM
AIIEKTPOIIUTOM, & TAKXKE JICTHPOBAHUE JKUJIKUX AIECKTPOIUTOB PA3TUIHBIMH 100aBKAMH.
L]env NaHHOW CTaThH — 3TO MPEAOCTABUTH BCECTOPOHHHI 0030p HEKOTOPHIX OCHOBHBIX,
a TaKkKe HOBBIX JKUIKUX M TBEPIBIX DJICKTPOIUTOB U HUX Mopupukaimid. OOvexmuol
uccne006anus; SKUJKAE W TBEPHbIC DIICKTPOJIUTUYECKUE CHCTEMBI JUIS JIUTHEBBIX
MCTOYHUKOB MUTaHMsA. 3akiioueHue: Ha CETOIHAIIHUN JeHb UCCIICA0BaHMS B 00IacTu
ANEKTPOIUTUYCCKUX CUCTEM MJIsl JIMTHH-MOHHBIX aKKyMYJIATOPOB MEPCIEKTUBHBI U
akTyanbHbl. COBpEMEHHBIE UCCIICI0BAHMS IOKA3bIBAIOT, YTO JISTMPOBAHHUE KAK JKUJIKUX,
TaK M TBEP/IBIX AIEKTPOIUTOB 10OaBKaMH, UCIIOIb30BaHIE HOBBIX COJICH M pacTBOpUTEICH
MO3BOJISIFOT YAYYILINTh XapaKTEPUCTHKU JIUTUI-UOHHBIX aKKyMYJISITOPOB.

KiroueBble ci10Ba: NUTHI-MOHHBIE aKKYMYJISITOPBI, TBEPAOTEIBHBIC SIEKTPOIUTHI,
TBepaorenbHble anekTponauTsl NASIKON, neposckurt, JIJI30

duHAHCHpPOBAaHHE: JaHHOE WCCIIENOBaHUE HE TIOJyYalo BHEIIHEro (UHAH-
CHPOBAHHUSL.

Bnazooapnocmu: asmopwi  guipadicarom 6010  O1a200apHOCTL  COMPYOHUKAM
nabopamopuu  npomomunupoganuss naxkonumeneu suepeuu (Poccus, Mockosckas
obnacms, 2opoo [{ybHa) 3a nposederue HeoOX0OUMbIX AHATUZ08.

KongumkT nHTEpecoB: KOH(IMKTA HHTEPECOB HET.

Introduction

With the ever-increasing variety of devices from portable to powerful electric
vehicles, the demand for safe and long-lasting energy storage systems is increasing. The
most popular and frequently used storage systems are Lithium-ion batteries (LIB). They
are playing an progressively critical part in our daily lives. Batteries not only power
our portable devices (such as phones, laptops and cameras), but also power vehicles
(such as electric cars and hybrid EVs, and even serve as temporary storage systems
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for excess energy supplied by renewable energy sources such as solar, wind, nuclear
and hydroelectric power. However, as the use of Li-ion batteries increases each year,
the demands on their properties, and their power density, are increasing. Obviously,
improvements in these characteristics depend on technical advances in the main battery
components: positive/negative electrodes and electrolytes.

The electrolyte acts as an important "connecting bridge" in LIBs for the transport of
ions between two opposite electrodes during cycling processes. Electrolytes for lithium
chemical power sources should have the following features (Duan, 2020):

1. Favorable layered structure for rapid transfer of lithium ions.

2. High electrical conductivity (10~ to 107 S*cm™) and electrochemical stability.

3. Low melting point (from -50C) and high boiling point (up to +70C), to provide a
wide operating temperature.

4. The low pressure of emitted vapors is necessary to reduce the fire hazard.

With insufficient reversibility of electrodes and electrical conductivity of lithium
electrolytes (regardless of their nature), there are many factors limiting the elaboration
of chemical current sources with a lithium anode. The reason why this problem is
important is that the value of the current source's internal resistance directly affects its
main performance characteristics, such as power and charge current.

There are two main types of electrolytes, namely liquid-phase and solid state
electrolytes. Liquid electrolytes are used for a long time in commercial chemical energy
storages, as they have key properties, such as, ionic conductivity approximately 10
3-102 cm™! and good electrode interface. Nevertheless, traditional electrolytes have
drawbacks. They are the risk of electrolyte leakage, which leads to burning, another
problem is increase of dendrites, caused by the uneven charging current of porous
separators, especially chemical power sources with a metallic lithium electrode.

This problem also occurs with solid electrolytes. In 2023, was proposed a physical
model of lithium coating and dendritic formation in LIB (Sahu, 2023). A side effect of
fast charging is the formation of lithium metal, which leads to degradation. Model made
of metallic lithium sharpened in the pores of the interfacial phase of a solid electrolyte.
The model was validated by experimental studies and demonstrated the trends being
more prevalent at increased C-rate and/or decreased temperature. To improve the
performance of lithium ion batteries, electrolytes play a significant role in development
of lithium-ion batteries, as well as researches in this area are ongoing at the moment,
and this review is devoted to electrolytes used in modern lithium-ion batteries.

Electrolytes solutions for lithium-ion batteries

Due to recent achievements in solid-state batteries many safety problems with
LIBs were solved, most LIB applications require capabilities. Thus, it rather difficult
to eliminate LEs for commercial applications because they are still more effective at
transporting lithium-ion than their solid-state analogues. There are many factors to
consider when selecting the electrolyte composition. First, it is imperative to consider
the environmental impact reported in a study by Flamme et al. which studied the relative
environmental impact of conventional organic solvents (Flamme, 2017). Requirements
for the electrolyte are ionic conductivity and chemical inertness at the electrode/
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electrolyte interface. Another critical factor is the electrochemical stability window
in which the electrolyte must be stable to a wide range of battery operation (0-5 V)
(Flamme, 2017). Solution of lithium salt, such as LiPF , LiDFOB, LiClO, dissolved
in a mixture of solvents, such as vinylene, carbonate, ethylene carbonate, and e.t.c and
additives is the electrolyte used in the LIB. Layered graphite anodes are widely used
anodes in lithium batteries. In order to introduce/lead lithium ions between multiple
graphite layers, a passive layer called the interfacial solid electrolyte (SEI) is required.
In fact, if there is no SEI on the graphite surface, peeling processes occur, leading to
degradation of the material itself and then the battery. The SEI layer consists mainly of
electrolytes, which means that it has a significant impact on the charging characteristics
of the electrolyte. In addition, the secondary reactions resulting from rapid charging
can also decrease the stability of the electrolyte. Even worse, the generation of internal
heat or growth of lithium dendrites will degrade the conductivity of the electrolyte,
causing an exothermic reaction. In some cases, the high concentration of lithium ions
produced at high current densities can limit battery capacity. Therefore, the use of a safe
electrolyte is of high importance.

Solvents. Traditionally, liquid organic solvents are used in electrolytes for
LIBs. Solvents must satisfy following criteria: to have high chemical, thermal and
electrochemical stability towards to two electrodes in the working range of potentials;
the ability to dissolve electrolytic salts and non-electrolytes; high conductivity in a wide
temperature range. High dielectric permittivity provides lithium salt dissociation, while
low rates provide ionic pair formation. Solvents with a high dielectric constant dissolve
a large amount of electrolyte salts.

Low viscosity advances ion mobility. This negates the previous requirement since
high-dielectric permittivity solvents are too as a high-viscosity solvents. This contrarily
influences the transport of ions inside the electrolyte, specifically its ionic conductivity.
As arule, well-balanced mixtures with high dielectric constant and low viscosity solvent
are preferred for such applications.

Last, the solvent must provide suitable interfacial properties, i.e., promote the
formation of a stable, electron-insulating but highly ionic conductive SEI at both
electrodes, especially at the anode.

The mixture of cyclic carbonates and linear carbonates are usually used as electrolyte
solvents, such as ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMC), ethyl methyl carbonate (EMC). Since all solvents have different
electrochemical and chemical properties, for optimal performance of LIB, their mixture
is used, they compensate each other. Solvents with low viscosity promote suitable
ionic conductivity by reducing the general viscosity of the mixture. Since EC and PC
solvents have a high viscosity, the electrolyte based on them (1:1) demonstrates low
conductivity at any temperature. The lower the temperature, the conductivity decreases
due to thickening of the binary solvent. Electrolyte with composition EC-DMC (1:1)
shows better conductivity.

Many LIBs use the fluorinated solvent N,N-dimethyltrifluoroacetamide (DTA)
(Moller, 2001). Due to its high boiling temperature, flash point and low viscosity, DTA
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is able to replace low viscosity solvents such as dimethyl carbonate, diethyl carbonate.
Due to its film-forming properties, it is possible to use DTA with PC in an amount of 10
%, as these solvents have a freezing point below -40°C, their mixture is used as a low
temperature electrolyte.

The massive demand for lithium-ion batteries is drawing particular attention to
their safety, the main reason is the flammable component - liquid electrolyte. In this
paper (Gebert, 2023) represented promising non-flammable liquid electrolytes - based
on phosphate derivatives and fluorinated hydrocarbons - are chosen from the literature
and tested in industrial high-voltage connections under conditions. The studies were
carried out on LiNij Mn_ ,Co,O,|graphite cells and on inert electrodes, as a result,
electrochemical determinations of electrolytes were obtained. Each electrolyte was
evaluated using long-term cycling and rate testing experiments, and cell resistance was
monitored during aging. It has been determined that electrolytes containing phosphate
and phosphonate based solvents generally perform very poorly compared to non-
phosphorus fluorinated solvents; the latter resulted in an average of doubling capacity
retention after 500 cycles of the former. A strong correlation was observed between
long-term cycling performance, speed properties and cell resistance.

Researchers proved that many non-flammable liquid electrolytes have improved
speed and cyclic stability compared to conventional flammable liquid electrolytes.

Table 1 - Some properties of electrolyte solvents for LIBs

Properties EC PC DMC DEC EMC
Structure o 3 N,
OJLO e ° <:' (D
(- >~ o= o= o=(
o <3
/ < /
Chemical formula (CH,0),CO | CH,C,H,0,CO | OC(OCH,), |(C,H,0),CO |CHO,
Dielectric constant high high low low low
Viscosity high high low low low
Contribution to SEI high low low low low
Anodic stability high high medium medium medium

According to table 1, it is shown that EC is suitable compound for LIB, as well as it
is able to form film.

Salts. Inorganic lithium salts, such as LiPF,, LiAsPF,, LiBF,, LiCIO,, LiNO,,
Li,SO, and LiOH are the most used lithium salts in electrolytes for LIB.

During the development of LIB, various salts were used until a compromise was
found in the form of LiPF,. There are many kinds of organic salts to choose from.
However, only a few have been tested for LIB applications. The most traditional among
them is LiPF, but the most successful one is LiTFSI. Viscosity and conductivity of salts
LiTFSI- and LiPF - in EC/DMC (1/1, v/v) were compared at different temperatures from
20°C to 80°C. The authors used Waldenrul's method. The authors showed that LiTFSI
1 M in EC/DMC is more ionic than LiPF, 1 M in the identical binary solvent. Based
on physicochemical and electrochemical measurements, data were obtained that the
specific capacity of activated carbon improved with increasing ionicity of the LiTFSI
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salt in binary EC/DMC. LiTFSI can also be used in aqueous solutions, which makes it
even more promising (Xiao, 2022).

Any salt used in the LIB should promote the formation of a passivating surface film
that is inert to the current collector and thermally stable.

Additives. Existing electrolyte systems for lithium-ion batteries have disadvantages,
such as non-reversible capacity, thermal limitations, safety concerns. One method of
minimizing these problems is to incorporate small quantities of other components into
the system to modify the certain properties of the electrolyte while maintaining its bulk
properties. Many of the problems associated with surface phenomena can be solved
by the applying of additives in electrolytes. This method is the most economical and
effective. Additives in lithium-ion systems improve not only the properties of the
interfacial layer on the electrode surface, but also safety and the ionic conductivity.
Additives ought to diminish irreversible capacitance and outgassing, make strides the
thermal stability of the lithium salts against organic electrolyte solvents, and protect the
positive electrode material from dissolution and overcharge. Thus, improving battery
performance by stabilizing the SEI is the main focus of research devoted to additives.
These additives include unsaturated organic compounds (double or triple bonds, cyclic
structures, phenyl, etc.), organic phosphorus/nitrides/fluoride/sulfide, new type lithium
salts, etc. (Figure 1).

Several types of electrolyte additives, nitrogen-containing, fluorine-containing,
phosphorus-containing additives are presented in this review.

Phosphorus-containing organic compounds are widely known and find practical
application as flammability-suppressing materials of liquid electrolytes. The first
additives investigated are trimethylphosphate and triethylphosphate with high
phosphorus content. Their instability to the low reducing potential on the anode surface
was solved by replacing the alkyl groups with aryl (phenyl) groups. This approach
improved the reductive and thermal instability. Fluorine-containing additives are also
attractive due to property to form strong and protective layers at the electrode boundary.

Nitrogen-containing additives mainly include nitriles which have a 7 V (Li" /Li)
electrochemical stability window. This type of additives can suppress the risk of fire due
to the strong interaction between the functional group of the nitrile (-CN) and transition
metal ions of the cathode material. Nitrogen-containing heterocyclic compounds can
also be applied as additives. They can prevent overcharge. Heterocyclic compounds
polymerize at high voltages and form an insulating polymer layer sufficient for
protection.

Fluoroethylene carbonate (FEC) has been used as an additive to the electrolyte in a
large number of studies. Like other additives, fluoride-containing additives are capable
of forming a negative electrode film and also inhibit side reactions.

When fluorine-containing additives are used in the electrolyte, FEC molecules can
bond another fluorine-containing chemical bond to the base of the EC molecules, and
quantum-chemical calculations have shown that FEC in the electrolyte is reduced so
much that a SEI layer with good characteristics can be formed on the negative electrode
surface. Not only FEC, but also other fluorine-containing 1,2-divofluoroethylene
carbonate (DiFEC) is involved in film formation at the negative electrode surface.
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Figure 1 — Chemical composition of some electrolyte additives

As an additive in the electrolyte Bis(di-tert-butyl)-4-dimethylaminophenylphosphine
(Bis-4TMPA) is used. In work (Zhuang, 2023) Bis-4TMPA was added to improve the
performance of cathode material LiNi ,Co, Mn  O,. The phosphine group in this
molecule can react with the oxygen species released from the cathode surface, which
protects electrolytes from oxidative decomposition.

For advanced lithium-ion bateries, pyrazole-based additives are used, namely
1-methyl-3,5-bis(trifluoromethyl)-1H-pyrazole (MBTFMP). It was first synthesized
and characterized in work (Aspern, 2020). To compare the characteristics, the functional
additive 3,5-bis(trifluoromethyl)-1H-pyrazole (BTFMP) was chosen and various studies
were carried out, such as constant current cycling, cyclic voltammetry, etc. As a result of
the research, the reductive and oxidative abilities of MBTFMP and BTFMP functional
molecules and reactivity with a surface cathode were revealed. Both the reduction and
oxidation of BTFMP molecules were accompanied by intermolecular H-transfer, which
narrowed the electrochemical stability window of the electrolyte containing BTFMP,
compared with the functional additive MBTFMP. Functional groups in molecule of
additives can significantly affect the important physicochemical properties of LIB.

Solid State Electrolytes

Key useful properties of SSEs utilized in solid state lithium batteries (SSLBs) ought
to incorporate:

* high overall bulk and grain boundary conductivities of Li" ions in a wide range of
temperature about (10* S-cm™),

* a wide electrochemical window for bonding with lithium metal anode and high
voltage cathode,

* chemically and mechanically consistent anode and cathode interfaces,

* chemically steady within the environment,

* low interfacial resistance to protection electrodes,

* Low cost.
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Inorganic solid electrolytes are more suitable for high temperatures or aggressive
environments, and a wide range of inorganic electrolytes have been developed, due to
their amorphous and crystalline structures.

Although solid state electrolytes have numerous appealing properties, particularly
from a safety point of view, a customized SSE with comprehensive functions has not
yet been developed. Various solid electrolytes face various problems that ruin their
practical application. First, most solid electrolytes, counting those based on oxides and
solid polymer electrolytes (SPEs), have moderately low ionic conductivity compared
to their liquid analog at room temperature. For example, a polyethylene oxide-based
solid polymer electrolyte (eg, a complex of polyethylene oxide with a lithium salt) has
an conductivity of about 107 - 10-° S/cm at 25°C. Solid electrolytes such as NASICON
(e.g. Li, Al Ti2 x(PO,), (LATP)) and Li, Al Ge, x(PO,), (LAGP)), lithium-filled garnet
material (LiLa,Zr20 , (LLZO)) and perovskite (Lista(m) xTiO,, (LLTO) (Kwon,
2017) have an ionic conductivity of about 10 -10° S/cm, electrodes also limits their
practical application.

The popular oxide-based SSEs for SSLIB are: NASICON, perovskite, and garnet-
type electrolytes, owing to their high ionic conductivity and stability. Classified
according to different structures, solid electrolytes based on oxides have various ionic
conductivity and chemical properties and occur with contacts when exposed to LIB.
Typical examples are shown below in this review.

NASICON - type electrolytes. The name of solid state electrolyte NASICON was
originally given to the sodium superionic conductor with formula NaM,(PO,), (where,
M might be Ge, Ti, Zr Crystalline NASICON framework (symmetry group R-3c, a =
8.804 A, ¢ =22.758 A), composed of BO, tetrahedra connected at vertices with AO,-
octahedra. The basis of the structure is three-dimensional macromolecular structure
of discrete AO, — octahedrons and single BO,-tetrahedra. In combining polyhedra
of different types into a single structural motif involved all oxygen atoms, i.e. each
octahedra is connected to six tetrahedra, and each tetrahedron has four octahedra. M*
ions occupy 2 positions: the M(1) ions are located in distorted MO, (M = Ge, Ti, Zr)
octahedra, and the M(2) ions are in framework voids formed by 10 oxygen atoms. Na*
ions, which in interstices are transported around the axis (Kumar, 2009). The NASICON
solid electrolyte becomes a conductor of Li* ions without changes in the NASICON
crystal structure when Na* ions are replaced by Li* ions.

To date, are Li, Al Ti, (PO,), (LATP) and Li, Al Ge, (PO,), (LAGP) are the
most popular NASICON solid electrolytes, they are formed by partial substitution of
Al with Ge in LiGe,(PO,), or for Ti in LiTi(PO,),. 10°~107 S/cm is considered the
highest ionic conductivity of NASICON solid electrolyte at room temperature (Kumar,
2009), which is not inferior to liquid electrolytes. However, the harsh nature of the
NASICON electrolyte makes it difficult to achieve good contact with the electrodes.
Another problem is that Ti-containing LATP can attack lithium metal and polysulfides,
which greatly limits its practical application.

The garnet-type electrolytes. The garnet-type solid state electrolyte has the general
chemical formula A,B(XO,),, (A = Ca, Mg, Y, La, etc. B = Al, Fe, Ga, Ge, Mn, Ni, or
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V; X = 8Si, Ge, Al). A, B, and X may have 8§, 6, 4 oxygen-coordinated cation sites in
the crystal face-central-cubic structure. Studies of this type of solid electrolyte include
studies of Li,-type Li,Ln,Te,O , (Where Ln mightbe Y,Nd, Sm-Lu), Li-type Li.La,M.O,,
(where M might be Nb, Ta), Li-type Li, ALa,M,O,, (A= Mg, Ca, Sr, Ba) and Li_-type
LiLa,X,0,, (X =Zr, Sn, Ta) (Kwon, 2017). The first three garnet-type electrolytes have
arelatively low ionic conductivity at room temperature (~10° S/cm), while Li,La,Zr,0,,
(LLZO) has a relatively high ionic conductivity (10“-10° S/cm), especially high
conductivity at the grain boundary. In the LLZO structure, ZrO, octahedra and LaO,
dodecahedra are combined into a structure, while Li" ions and Li vacancies are located
in the invasive position of tetrahedral and octahedral regions. The Li* ions are in the
tetrahedral position 24d, and the other is in the octahedral position 96d. For this reason,
modern studies are mainly devoted to LLZO and its derivatives with various elemental
additives (Rettenwander, 2016). Garnet-type SESs have a wide electrochemical window
and they are chemically resistant to lithium metal compared to NASICON oxide-based
SSEs such as LATP (Li, Al ,Ti .(PO,), and LAGP (Li, (Al .Ge, (PO,),). For example,
LAGP has an ionic conductivity comparable to LLZO SEs but exhibits mechanical/
thermal failures as a result of chemical reaction with lithium metal. As a result, garnet
LLZO SEs were found to be the most suitable SEs for SSLIBs, as a solid state cell with
LLZO can use Li metal as an anode. Thus, they have achieved high energy densities.

The LLZO exists as two polymorphic phases: a cubic phase (c-LL.ZO) and a tetragonal
phase (t-LLZO). At room temperature, the cubic phase has 100 times higher ionic
conductivity (~ 10* S/cm) than the tetrahedral phase (~ 10 S/cm), this is explained by
the uniform movement of Li* ions in the x, y and z, while t-LL.ZO has low conductivity,
since Li" ions move only in the x and y directions (Chen, 2018).

Also, problems such as poor wettability of lithium and poor ionic conductivity can
be caused by the formation of Li,CO, on the surface of LLZO, due to the exchange of
Li*/H" ions under the influence of moisture. Although LLZO has high ionic conductivity
and is resistant to lithium metal anodes, the problem of lithium dendrites (Porz, 2017)
and the problem of interfacial mismatch due to hard properties remain difficult for
garnet-pod solid state batteries.

The ionic conductivity of garnet-type SEs can be increased in several ways: by
doping and by increasing the density of the granules. The increase in ionic conductivity
in LLZO SEs is to increase the grain density through the use of sintering agents, they
reduce the sintering temperature and the number of grain boundaries. For example, Shin
et al. In order to increase the conductivity of LLZOs, LI,BO, (LBO) was considered as
a sintering agent at a lower temperature than the typical sintering temperature of LLZO
SEs, 1100-1250°C. When LLZO SEs are sintered below the sintering temperature, they
acquire a high porosity or tetrahedral phase, as well as low grain density, and low Li ionic
conductivity. However, when LLZO is sintered with LBO above the melting temperature
of LBO (~850°C) but below the sintering temperature of LLZO, liquid-phase sintering
occurs and therefore LLZO can achieve high grain density, resulting in high ionic
conductivity. Low temperature sintering of LLZO helps suppress Li evaporation and
reduce chemical reactivity between SEs and active materials in composite electrodes.
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Perovskite-type electrolytes. Solid electrolytes in the form of perovskite-type with
the structure ABO, (A = Ca, Sr, La; B = Al, Ti) were first described as a conductor of
oxygen ions (Shin, 2016).

Naguma et al. (Naguma, 1993) were the first to present perovskite-type solid
electrolytes Li, La,, TiO, (LLTO), which showed a bulk ionic conductivity of 1x10°
> S/cm and a total ionic conductivity above 2x10° S/cm at room temperature for
Li, PR g (])Ti02l94(2). Unfortunately, high grain boundary resistance, high interfacial
resistance, and poor compatibility of Ti*" with lithium metal anode limit their wide
application. In general, SSEs based on oxides have a relatively high ionic conductivity
and chemical stability in the environment. Oxide-based SSEs have the highest Young's
modulus among all types of SSEs. The Young's moduli for LATP, LLZO, garnet-type
and perovskite-type SSEs are 115 GPa, 150 GPa and 203 GPa, respectively. This harsh
property can be useful for suppressing lithium dendrites if designed correctly, but
leads to the problem of electrode mismatch. There is a mismatch problem between the
NASICON type electrolyte and the electrodes when there is a large gap at the interface.

An interfacial problem has been reported due to side reactions or diffusion of
elements at the interface between the oxide-based SSE and the cathode (Shell, 2017).
At the LiCoO,/LLZO interface, interdiffusion of Co with Zr and La occurs, forming an
interface with low ionic conductivity (i.e., high interfacial resistance). Another common
problem is the incompatibility of the lithium anode and the SSE based on titanium oxide.
Ti*" in LATP or LLTO can be easily reduced with a lithium metal anode, resulting in a
SSE phase change that reduces ionic conductivity but increases electronic conductivity.
This type of interphase with high electronic conductivity is especially prone to enhanced
growth of lithium dendrites (Song, 2019). Thus, interfacial mismatch and side reactions
between oxide based SSE and electrodes are key issues in the application of oxide based
SSE and more research is required. The interfacial issues include:

» solidifying lithium in a melting state on the SSE to ensure close contact,

* co-sintering active materials and SSE with a sintering agent,

» creating an SSE with a porous structure to increase the area of contact between the
electrode materials and the SSE,

* use of a cover layer to prevent side reactions.

It is believed that the development of a high ionic conductivity soft layer interface
between the SSE and the electrodes may be a good strategy to address the issues
associated with SSLB with oxide-based SSE.

Sulfide-based electrolytes. SSEs are classified as amorphous, crystalline, and glass-
ceramic sulfide SSCs. Typical solid electrolytes based on amorphous sulfides include
xLi,S:(1-x)P,S, and xLi,S:(1-x)SiS, systems. Both systems have an ionic conductivity
at room temperature above 10 S cm™. Crystalline sulfide based solid electrolyte Li,PS,
was first described by Tachez et al. Later, Kanno's group reported a thio-LISICON
type SSE obtained by replacing O* of the LISICON family [Li ,Zn(GeO,),] with S*
(Kanno,2000). The substitution results in higher ionic conductivity at RT because S*
has a larger ionic radius, higher polarizability, and lower electronegativity than O*.
The replacement of O* by S* reduces the binding of Li* in the crystal framework and
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expands the ion transport channel, thereby increasing the ionic conductivity. Most of
the known SSEs based on crystalline sulfides have an ionic conductivity more than 10
“ S/cm at RT. Glass-ceramic ESE are obtained by crystallization of glassy SSEs. Glass-
ceramic SSCs based on xLi,S-(1-x)P,S, have attracted great attention from researchers,
especially after the discovery of the Li, GeP,S, ) (LGPS) families and their derivatives,
suchas Li,,Si P .S Cl ., bothof which exhibit ionic conductivity greater than 10
S/cm at room temperature (Kato, 2016).

As solid electrolytes, amorphous systems based on glasses with increased lithium
conductivity are used. Among amorphous electrolytes, electrolytes based on lithium
metaphosphate, as well as glasses formed in systems Li,0-B,0,-P,O,, Li,0,-P,O,-

Ta,O,, Li,0-P,0,-Mo0O,. In the form of thin films, amorphous lithium conductors of
the composition LiPO,-Li,N (LIPON) and LiNbO, with ionic conductivityb above 10
S/cm at 25°C.

Moreover, the highest lithium conductivity at 25°C is exhibited by sulfide glasses
Li,S-SiS,, Li S-Lil-SiS, and Li,S-Lil-SiS,-P,S, obtained by quenching from the melt
or by mechanical activation of the initial components. Amorphous systems have a
number of advantages: the complete absence of grain boundaries, high density and
impermeability of the material for gas or liquid phases. The common disadvantages of
amorphous electrolytes include their thermodynamic instability, as well as the difficulty
of obtaining a reliable interfacial contact at the electrolyte verge with an electrode that
changes volume during charge-discharge processes.

Due to the high ionic conductivity and the relative physical and mechanical
characteristics of SSEs based on sulfides, they are used in solid states lithium ion batteries.
Such batteries can be fabricated by cold pressing without high temperature exchange
sintering manufactured. However, sulfide-based SSEs exhibit sensitivity to lithium
metal anode sensitivity and significant cathode material, which may be due to their
practical application in SSLB. The behavior of side reactions between electrodes and
SSE based on sulfides attracts a lot of attention. The electrochemical stability window of
various types of sulfide-based SSEs has been evaluated through theoretical calculations
and experimental characterizations, where they measure that sulfide-based SSEs have a
narrow electrochemical stability window. In work (Aki, 2019) was described obtaining
solid electrolyte based on LGPS, having a certain crystal structure containing Li, P and
S. The method for obtaining solid electrolyte based on LGPS is characterized by the
presence of a stage at which a mixture of Li,PS, crystals having a peak on the Raman
spectrum at 420£10 cm™ and Li,MS, crystals (M is selected from a group consisting
of Ge, Si and Sn) is subjected to heat treatment at 300-700°C; the presence of a stage
at which Li PS, crystals having a peak on the Raman spectrum at 420+10 cm”, Li,S
crystals and sulfide crystals represented by the MS, structure (M is selected from the
group consisting of Ge, Si and Sn) are mixed, while preserving crystals and synthesizing
a precursor; and a stage at which the precursor is subjected to heat treatment at 300-
700°C. Technical results are high performance, stable characteristics and reduction in
the formation of by-products.

The use of'solid electrolytes based on sulfides is not widespread due to electrochemical
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and chemical instability and the formation of a space charge layer (SCL) at the interface
between the solid electrolyte and the electrode. An instability problem was identified by
transmission electron microscopy at the interface of a solid electrolyte based on sulfides
and a positive electrode based on LiCoO,, this is the formation of by-products Li,S,
CoS, and Co(PO,),. As aresult of the difference in chemical potentials, a SCL is formed
at the electrolyte/electrode interface, which reduces performance of SSLIB. Usually,
SCR is formed at the interface between sulfide-based SSEs and electrode based LiCoO,
due to the difference in chemical potentials between them (Wang, 2018).

Conclusion

As aresult research, the development of electrolytic systems for lithium-ion batteries
has made a great progress. Liquid electrolytes with different compositions and additives
affect the stability and structure of the electrodes during the cycling process, as well
as affect the overall electrochemical performance of lithium-ion batteries. All liquid
and solid state electrolytes have various advantages and disadvantages. Solid polymer
electrolytes are famous for their flexibility and softness, due to their low interfacial
resistance towards to electrodes, especially oxide-based SSEs towards to lithium metal
anode, however their practical application is limited. This is explained by the low ionic
conductivity at room temperature and the relatively narrow window of electrochemical
stability, furthermore, contact with electrodes is very difficult due to their rigid structure.
Sensible combinations of liquid electrolytes with additives, solid electrolyte doping
are promising methodologies to maximize the benefits of each component, thereby
increasing the electrochemical performance of lithium-ion batteries.
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