be3onacHoCTb NMMTUN-NOHHBIX XUT 1
“nopo)xHas kapta” Mpasutenbctsa PO
“CucTtemMbl HaKONNEHUS ANEKTPO3Heprumn”

Nanuun Utkne JTabopaTopms XUMUYECKNX NCTOYHNKOB TOKa

25 sHBaps 2024 depepanbHbii CCNENoBaTENbCKMIA LIEHTP

xumundeckon duankn um. H.H.CemeHoBa




be3onacHoOCTb MUTUN-UOHHBIX XT 1
“nopoxHas kapTa’npasutensctea PP “Crctem HakonneHns aneKTpo3Heprin”

[1lnaH noknaga

o OT METaANIMYECKOro NUTKS K MHTEPKaNSILMOHHLIM aHOAHBIM MaTepuanam:
nctopusi co3nganus JIMA — 3to uctopusi 06 nx NoXxapoonacHoCTH

* JINA cerogHs, B Mupe 11 B Poccuu
o [lopoxHas kapTa lNpasutensctea PO, npoekTsl [K Pocatom n AO MeTanunoH

* Yyactune OUL XD B passutum JIMA n uccnepoaHusi B cchepe 6e30nacHoCTH
JINTUN-NOHHBIX aKKYMYNSATOPOB



[lepBble IMTUEBLIE
aKKYMYJIATOPbI U UX NPO6ieEMbI



JlnTneBbin aneKTpoa,

JACS 1913

[ConTriBUTIONS FROM THE RESEARCH LABORATORY OF PHYSICAL CHEMISTRY OF THE |_| — L|_|_ + e
MassacHUSETTS INSTITUTE OF TeEcHNoLOGY, No. g4.|

THE POTENTIAL OF THE LITHIUM ELECTRODE.
By GiLeert N, LEWIS anD FRED G, KEYVES,
* Hecelved February I‘;'.n::::. Eo - '3-05 V OTH- CBQ

The method used in measuring the electrode potentials of sodium?
and potassium® has, with some modifications, proved applicable to the
determination of the potential of the lithium electrode. Qspec = Na-e / M = 3 830 mAu/r

Owing to the extreme solubility of metallic lithium in ethyl amine,
this solvent could not be employed. Preliminary measurements had
indicated the insolubility of lithium in propyl amine; and, after lithium
iodide was found to be soluble in this solvent, it was chosen for our experi-

Electrode potential Heat of
against the solution® in
calomel electrode, mercury (cals),
At e e v 3.3044 — 1603
Nﬂ..,..... g ey it T : 2,9931 —19760

. 3.2084 —26050



Ob6patumas anekTpoxumuyeckas nHTepkansaums B TiS:

o TiSz - nonymetann

o TiSo nerkum =>
BbICOKas yaenbHas

eMKOCTb
(225 MAY Ha 1 1 LiTiSy)

TiS2 + xLi* + xe- = LixTiS>
M. Stanley Whittingham

U.S. Patent 4009052, 1973
Science 1976, 192, 1126-1127



CELL EMF (wolts)

Li | 2.5 M LiCIOs B anokconate | TiS;

i = const Axkkymynsitop LiAl - TiSo,
» Q=i*t
w0 0 T T T T TS npogemoHcTpupoBaHHbin EXXON Ha
10 mA/em? |

Chicago automotive show, 1977

Chem. Rev. 2004, 104, 4271 - 4302.
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Prog. Solid St. Chem. 1978, 12,4199~ neTponuT - LiB(CH)s B Anokconane



Molicel: Li - MoS>

rnepsBbie nepe3apsaXXaemMblie NIMTUEBbie dKKYMYNIATOPDbI B NPO4dXe

* [lepBble a4erku pasmepa AA, emkocTbto 600 MAY Gbinn co3aatbl B 1986.
onekTponuT - LiAsFe

B 1988 aHeproemkocTb Molicel gocturna 2 Bty (bonee 100 BT-u/kr)

10 aBrycra 1989 roga AnoHCKM COTOBLIN TENEOH 3aropesncs; Bnagenew, K
CYaCTbIO, NOJTYy4YNN HE3HAUNTENbHbIE 0XOTW



JlnTneBble aeHAPUTSI

LiAsFs B MeTunauerare, Tok 5 MA/cm2

 BHyTpeHHee paccnepnosaHie Mol Energy
B 1989 nokasano, 4To NPUYNHON NOXaPOB
CTanu BHYTPEHHNE 3aMbIKaHUS B SYENKaX. -

Q=0 83C/emt

* 3TN 3aMblKaHWS CBSA3aNIN C
00pa30BaHNEM HErnagKnx MTUEBbIX
0Ca[KOB, 3aMeYeHHbIX paHee, B 1977, npu
ANEKTPOOCAXEHNN METANNNYECKOrO
NNTUS.

Efwiency, %
=]
F=
&

Q=8.3 Crem®

Electrochimica Acta 1977, 22(12), 1339-1345



Co3naHue
JINTUA-NOHHbIX aKKYMYNATOPOB



OT1kpbiTHe o6paTumon uHtepkansumm B LiCoO:

* PaHee 1Cnosb30BaHHbIe NHTEPKANALMOHHbIE COEANHEHNS B OCHOBHOM He
copepxanu Li (TiS2, MoSg, NbSes, V205 n gp.)

LiCoO»

______________

XX XTXI XY IR LR

Q0P0PODOIDOD

John B. Goodenough N(e) — N(g) —

LiICoO2 = Li1xCo0» + xLi+ + xe-
0<x<0.55

Mater. Res. Bull. 1980, 15, 783



NHTepKanauma

B XUMNYECKUX UCTOYHUKAX TOKaA
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“YnyweHHbin” rpadut

ANeKTpoxmmuyeckas MHTepKansuus B rpacut morna 6ol 6biTb 06HapyXeHa Ha 20 neT paHblue!

“no visible deposit of lithium was observed”
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Chem. Rev. 2018, 118, 11433-11456
nocTpoeHo no AaHHbIM Rao and Hill, U. S. Army TR no. 2 .
(Contract no. DA-44-009-AMC-1537-T) 1967 Energy Environ. Mater. 2019, 2, 229-233



Auenka LiCs - TiS-

Basu, S. U. S. Patent 4,304,825, 1980

o LiCs nonyyancsa B xoge peaxuum rpadura c
pacnnaBfieHHbIM JINTUEM

o Onektponut - pacnnas LiCl/NaCl, LiCl/KCl

FIG.2 |
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WHTepkanaums B rpacut U3 NONMMEPHOro 3NeKTponuTa

Nt

J. Power Sources 1983, 9, 365-371

e
|L"l|" Wi LI".I.-:l pl.ll"‘e 1 5h;|ge ]v 5|ug¢ “
. Lithium ion 1 q-—gr"ﬂphlh '
b
&} PEO chain stages [V/ee |
stages |1/IV
W Ohiygen 5L @

LiCIO4 - PEO
0 50 100
Q (coulombs)

©




“PoxxgeHne” nuTMn-noHHOro akkymynsitopa

Ziegler- Natta 1981
Catalysis
H H H H H
CH=CH — Ay, A, ly, A, A | LiCoO:

1985 LiClO4 B MK

He(hTSHOM KOKC

yrnesonokHo, seipawerHoe | - LiCoO;

Akira Yoshino 13 ra3oBou (hasbl
JP patent 1989293 (1985)
LiBF4 B [K/TBJ1/9K

1985 ,

Sony LiPFs B MK

1991 - U
B 1987 Asahi Kasei nepefana gansHeuwyto

0.1 kKBT-4/Kr pa3paboTky KoMnaHum Sony

Asahi Kasei/Toshiba, 1992



[Mepexop K rpacduty n pacTtBopam Ha OCHOBE 3TUNEHKapOoHaTa

OK gonroe BpemMsi He NpuBReKan BHAMaHUS. ..
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[Mo6oyHble npoueccol B JINA

o6pasoBaHue SEl - solid-electrolyte interphase

termination

L Je Jor
n\_/n = uﬂ J radical  carbonates

e

good SEI
Yamada, Y.; Yamada, A. // J. Electrochem. Soc. 2015, 162 (14), A2406.




[Mepexop K rpacduty n pacTtBopam Ha OCHOBE 3TUNEHKapOoHaTa

3K + MK (50:50) 3K + gumeTtunkapooHart (50:50)
J.Dahn, Moli Energy J.M.Tarascon
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[lepBoe B Mmupe TecTupoBaHue 6e3onacHoct JINA

B 1986 roay A.Yoshino “poHsin” Tshxenyto xene3Hyto 60/1BaHKy Ha CO3AaHHble NPOTOTUMbI

NUTUN-MeTanNnyeckun
aKKyMynsitop

NUTUNA-NOHHbIN
aKKyMynsitop

Angew. Chem. Int. Ed. 2012, 51, 5798 - 5800



JINTUN-NOHHBIE aKKYMYNATOPbI
cerogHs, B Mupe 1 B Poccum



MHoroo6pa3sue 9XC pna JINA

Li(Ni,Mn,C0)O, u LiNiggC0q 15Al5.050>
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Ce + xLi*+ = LixCe + €

LIMO2 = Li1xMO2 + xLi* + xe
aHon, 3NeKTPOAUT KaTon Li F e P 04

LiMn,O4
A

TUTaHaT NMUTUA

[

.
LiMn,04 = LigsMn,O4 + 0.5Li* + 0.5e hl—-cﬁ 0
3 LiIFePO4 = FePOy + Li* + €

LiaTisO12 + 3Li* = LizTisO12 + 3€



MHoroo6pa3sue 9XC pna JINA

BHEpr“ﬂ = MNoreHynan x EMkoCTb Li(Ni,Mn,CO)OQ n LiNi0.8C00_15A|0_0502
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Ycrpouctso JINA B peanbHOCTH
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aKTVBHbIV MaTepuan

MO O 1R\
ity ™ 00
nonmmep Ay Wl
caxa
1 cenaparop
TokoBbIBOAb! (1%)
\ ANeKTPOmMT
(18%) > .
Cenapatop (3%) T }
2772 KartopHbii matepuan (40%)
) . NMC 190 mAu/r
NONMOXUTEITbHbIN Kopnyc (5%) s

3NeKTPOA
MegHana cponbra
(10%)
oTpULATENbHbIV AnomuHneBan
3NeKTPOA (honbra (4%)

AHogHbIn maTepman (19%)
2 rpacomt 360 MAY/r/g
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KOoHKYypeHTHas cpeaa
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OHeproycTaHoBKa B TPAHCMOPTHbIX CpefcTBax

PbIHOK HOBbIX
- ABTOMOBWNEN B POCCUU PACMPEJENEHUE PbIHKOB
35-60% _ | SN
CTOMMOCTIN Mpoaaxu B ToA: 2,7 TpAH pyGney JITUA-NOHHbIE HakomuTen  TOMNMBHbIE ANEMEHTbI
Mpomaxu B rod: 2 MSH eauHUL
ABTOMOBWIIA P 85% 1 50/0

*O6bwmn napk 60 maH

WCKOMAEMOE TOMINBO

TOMNUBO + NNTUIA-UOH

W e

dopmupyowminca
PbIHOK

MapeHue pbiHKa Huskui Temn
POCTa PbIHKa




TbIC. WLT.

[MporHo3bl noTpedneHns B Poccum

MPOrHO3MPYEMOE YXCI0 SNTEKTPOMOBWEN B P®

® YCKOPEHHbIA @ cOanaHCypOBaHHbIA @ MHEPLMOHHbIN
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A CObITOYHbI 1 MPOrHO3bl?

3asog «MoTtopuHBecT» BbinycTiun oKono 400
anextpomo6unei Evolute

H3BECTHA [




TeKylliee cocTosiHUE

[lponssoauTeny u noctaswuku JINA g PO

+ 06bem pbiHka PO He 6onee 0.3% 0T MUPOBOTO; ||' '

* CTPYKTYpa noTpebrieHns 0TCTaeT 0T MUPOBOU
MUHUMYM Ha 10 ner;

* TEMMbI pocTa notpednexuns 15-25% B rop,
aHanornyHble M1POBbIM

» [lpyrie WHOCTPaHHbIE NOCTABLIMKK » KuTal

*'anHbIe POCCTaTa M @TC HsHan Kopen AnoHWA

s POCCHACKME NREOWIB0AWNTENM

Takum obpasom:

* 0CHOBHbIMU nocTasLwmkamu JIIA B PO gBns0TCS MHOCTPaHHbLIE NPOU3BOAUTEN, B TOM YUCE U
019 N30enni cneuTeXHUKU;

* B HaCTOSILLLEE BPEMS OTCYTCTBYET NPOU3BOACTBO JINTUN-NOHHBIX aKKYMYNSTOPOB C HEOOXO0AMMON
VAENBLHOW 3HEPruen 1 B 4OCTATOYHOM OOBEME;

* B MUPOBOW LIEMOYKE NPOW3BOACTBA JINTUN-NOHHBIX akKyMynsiTopoB Poccun 0TBOAMTCS POsib
NOCTaBLUVKA Cblpbst (HUKENb, Medb, HEPTE).



“IlopoXKHadA KapTa” pa3BuUTUA
BbICOKOTEXHOJ10rM4eCcKoro HanpasJsieHUs
“CMCTEMbI HAaKOMMEHWS SNEeKTPO3HepPrnn’



[opoxxHas KapTa “CucteMbl HAKONNEHUS ANEKTPO3IHeprumn”

 [IBe komnanuu-nupepa: Pocatom u NHanepmxu (koHcopumym KPUMKIT)
 [1Ba HanpaBneHus
* TexHonoruy co3gaHns CUCTEM HaKOMMEHNS SHEPTUK, BKIKOYAs nopTaTueHble (PocaTtom)
* JneKTpoxummuyeckue Hakonutenu aHeprum (KPUMK3IT)
* Mposepenne HUOKP no kntouesbiM HanpaBneHusm (4.8 mnpgd. pyo.):
* OKCWOHbIE KaTOOHbIE MaTepuasbl
* (hocaTHble KaTofHble MaTepuabl
* YINEPOLOHbIE 11 KOMMO3UTHbIE aHOLAHbIE MaTepuabl
* 3NEKTPONNTHI
* NOCT-NINTUA-NOHHbIE CUCTEMDI
* paspabotka, ucnoitaHusa u ceptudmkauus JINA n JINAB
« Co3pgaHue KoMnnekca u3 Tpex onbITHbIX Npon3soacts (18.8 mnpa. pyob.)



TEXHOJIOTMYECKWUN KOHCOPLIMYM (KPUMNK3T)
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Pa3paboTka oTeuecTBEHHOro TeXHONOorM4ecKoro naketa

nogHanpasneHue Ne2 1K “Cuctembl HakonneHust aHeprun’

NMC 622

\

LFP

MpU3MaTYecKom Koprnyce

¥ L
w2 (D | | S -
BbicokomowuHble JINA B sy | B

‘ Mogynw ons
noctpoeHus JINAB

[Mpon3BoacTBO
TAB n CHO

OKTP MpupoLHbIN

(1000 ToHH/rop) rpacouT BbicokoaHepreTuyeckue JINA B

MpU3MaT4ecKom Koprnyce

AnpOTOHHbIE
HUP pacTBOpbI

SJIEKTPOJINTOB

. c )
BA3YIOLLNE
L Yot ) OMbITHbIE MPOM3BOCATBA U cepTUdUKaLMs
( )
Cenapatopbl * KaTtogHble Matepuansl (NMC n LFP)
n J Marepuansl ans TBepaoTenbHbix JINA . .
( ) *  C(HepON30BaHHbIN NPUPOAHbIN rpaduT
KopnycrposaHme
> ! « JINAnJINAB
BazoBble coeavHeHNS 1 Matepuansi ans HHA

. [00aBKI B 3NEKTPOMTHI

J HUP




Npoekt METAJTUOH

METAA@H

OTPacneBoil UHCTUTYT C ONbITHbIM NPOU3BOACTBOM HAaKOMMUTENEN M K/HOYEBbIX MaTepuanoB

* TexHonorun. TEXHONOMMYECKIE NAKETbI U TEXHUKO-
9KOHOMUYECKME MOENN NPON3BOACTBA MaTepnasnos,
aKKyMYnsSITOPOB, aKKYMYNSTOPHbIX BaTapen u CUCTEM
HaKOMNEHUS SHEPT N 1 SHEProobecneyeHnst Ansg co3aaHus
NPOMbILLEHHBIX NPOM3BOACTB MacwTaba ruradabpux.
TexHonornyeckune nakeTbl CPEACTB NPOV3BOACTBA MO Hanbonee
KPUTWUYHBIM NO3ULMAM.

« MaTtepuanbl 1 KOMMOHEHTbI AN NPOM3BOACTBA
aKKyMynATOpPOB, aKKyMYNATOPHbIX 6aTapei u cuctem
HaKOMNNeHWs 3Hepruu u 3HeproodecneyeHus.

* MpoayKTbl ANA HULIEBbLIX NPUMEHEHUIA. AKKYMYNSTOPSI,
aKKyMYNSTOPHbIE 6aTapen, CUCTEMbI HAKOMNEHS SHEPTIN
3HeproobecneyeHusl.

 OTpacnesble cepBuCHI. [1POEKTPOBAHIE PELLIEHNN U
WHXUHUPWHT. CONPOBOXAEHWE Ha XIU3HEHHOM LKIIE.
DopmrpoBaHe KBannhuLMpPoBaHHOMO 3aKaduunka. icnbiraHus u
cepTudmKaLys.

OnbITHO-NPON3BOACTBEHHbIN KOMMNIEKC

MWA + MNAB

[TpounssoacTeeHHble nnowaan 14 000 m2

[MbKOe NPOV3BOACTBO LIMPOKOro psiaa PasnnyHbIX
3NEKTPOXUMUYECKIX CUCTEM, BKITHOYas
NOCT-NNTUN-NOHHbIE-CUCTEMBI, TPAHCNIOPTHbIE,
CTaLVIOHaPHbIE U MMOPUOHbIE SHEPrOYCTAHOBKY
Co3pnaHue nponssoactaa B 2024-2025

OnbITHO-NPON3BOACTBEHHBI KOMNNEKC MO
3NeKTPOAHbIM MaTepranam (C napTHepamu no
KoHcopumnymy - 'K YHuxumrek n Pyctop)

- [NponssopcTteeHHble nnotaan 4 000 m2

OkcuaHble 1 pocthaTHbIE KaToOHbIE MaTepuansl,

| aHOAHble MaTepuanbl Ha OCHOBe rpaduTa
CospaHue nponssoacTea B 2025-2026




AHanornyHble NPoeKTbl ~ Fraunhofer

FFB
* OnbITHBIV 32B0O[, C UCCNEOoBaT ENbCKUM
NHCTUTYTOM ONS KPYMHbIX MHAYCTPUANBHbIX
napTHEpPOB
 Co3paH B MioHcTepe B 2022
FFB Prefab
 [oc.nogpepxka 680 M€

| ctagus: FFB Prefab 200 MBtu/ron

Il ctapus: FFB Fab go 6.8 'Bty/ron

AHanornyHble npoexTsl y CATL (21C Lab) u
ap.

FFB Fab



MpepBapuTenbHas HomeHknatypa JIUA,

KoTopble OyayT 3anyLieHbl B NPon3BoACTBO B anpene 2026

BbicokomowHbin LFP

BbicokoaHepreTuyeckuii LFP

EmKoCTb akkymynATopa Ay 247
Bec bartapeu Kr 50
HanpaxeHue B 3,2
YpensHaa aHepruA BTy Ha kr 170
Pasmepl w/s/T, mm | 149/172/68
Obbem npon3BoLcTBa
(asa 1 M 400
B O,
(asa 2 M 100
BTOL

BbicokoaHepreTnyeckunin NMC622

EmkocTb akkymynATopa Ay 23

Bec batapeu Kr 0,52

HanpaxeHue B 3,2

YoensHaa aHepruA BTty Ha kr 140

Pa3smepbl w/s/T,mm | 150/197/7

Obbem npon3eoacTBa

®aza 1 MBr 5
Brog

®aza 2 MBr 45
Brog

BiicokomoLHblin LCO

EmKocTb akkymynATopa Ay 12

Bec batapeu Kr 0,2

HanpaxeHxue B 3,75

YoensHaa aHepruA Bquf Ha 210

Pa3amepsbl LW/B/T, MM 144/79/7

O6bem npon3soacTBa

®aza 1 MBr 15
Brog

®a3za 2 MBr 135
B rog

EmKoCTb akkymynAaTopa Ay 102

Bec bartapeu Kr 2

HanpaxeHue B 3,7

YpensHaa aHepruA BTy Ha kr 240

Pa3amepsbl w/s/T, mm | 200/100/29

O6bem npon3BoaCcTBa

®asa 1 MBT 15
BTOL

(asa 2 M 135

B rog




NPOEKTUPOBAHME OMbITHOIO 3ABOAA MO NMPOM3BOACTBY
AKKYMYNIATOPOB 1 Ab 10 750 MBT4 / roa

MpoussoacTteerHbie nnowaan 15-20 Tbic. M2 NPOAYKTOBbLIU PAR
*  AKKYMYNSITOPbI 1 MaTepuanbl Ans HuX

*  AKKyMynsSITOpHble GaTapeu
30aHns, COOPYXXEHUS 1 MHXXEHepHoe obecneyeHne *  OHEProycTaHOBKM

CtoumocTb 0bopynosanus 8.9 mnpp pyo.

1.7 vnpg pyo. * CTaunoHapHble CUCTEMbI HAKOMNEHMS
3Hepruy

[16KO€e NPOM3BOACTBO LIMPOKOro psia PasfinyHbIX
ANEKTPOXMMIUYECKIX CUCTEM, BKIKOYAs NOCT-NNTUIA-
NOHHbIE CUCTEMbI, TPAHCTIOPTHbIE, CTALMOHAPHbIE

W rMOPUAHbIE 3HEProyCTaHOBKY

Co3paHue Npov3BoACTBa CraHNPOBaHO

B 2024-2025




Yto cpenaHo 3a 2023 ropn?

B sauBape 2023 roga nognucaHo cornatleHne ¢ npaBuTeNbCTBOM
Poccunckon Geaepaumm 0 CO3AaHNM BbICOKOTEXHOMOMYHON OTPachy

CosgaH uHeTUTyT AnekTpoaskenns MOTW, HauyaTo BbInonHeHne
kntoueBblx OKP Hauan pabotatb LieHTp MHxeHepHbIx Pa3paboTok
MuHnpomTopra 1 LieHtp KomneteHuun HT

[pUHATBI KNKOYEBLIE PELUEHNS O PA3BUTUK OTPaCu

n AO METAJIMOH Ha BcTpeye opraHu3aumi ¢ [pesmaeHtom PO
Bnagummpom [TyTUHBIM Ha TeppUTOPUM HOYCTPUANbHOMO Napka
«PynHéso» 27 anpens 2023

[1naHoBble NOCTYNNEHNs NO BIOMKETHOMY (HMHAHCUPOBAHWIO JOPOXHON
KapTbl JOMKHbI COCTaBUTL HE MeHee 14 mnpa pybnen

ObLiee hmHaHCMPOBaHUE NPOEKTa COCTABUT He MEHEE

POCCHACKOR DELEPALIMH

25 Mnpa py6neit B 2024-2026 ronax 4

B aBrycte 2023 onpeneneH mexaHuam goeegenus geHer 0o AO
MeTarnuoH (mHaHCcMpoBaHKe B pamkax [1oCTaHOBNEHUS
[pasutensctea Ne317)

B nekabpe 2023 noseaeH nepsbiid TpaHLL B 06beM 1.7 mnpa. pyo.

B nekabpe 2023 - auBape 2024 3akntoueHs! JoroBopsl Ha HAOKP ¢
napTHeEpPamm no KOHcopLuymy



be3onacHOCTb IMTUN-UOHHbIX
aKKymynsTopoB



Tesla Model 3 nocne aBapun
MockBa, MKAZ, 2019 rop




MHUMAeHTbI ¢ KpynHbiMKu 6aTtapesavu JIUA

Date/place Type of application Incident summary

April, 201 1f/Hangzhou, China £otyc M300 EV internal short circuit in defective hattery pack due 1o insulation
damage between battery cells and walls of the aluminum container

June, 2011 /Mational highway traffic Chevrolet volt EV fire occurred 3 weeks after a crash test

safety administration (USA)
May, 2012/Shenghen (China)

January 7, 2013 /Japan airlines Bosten's
Logan International Airport

January 16, 2003/All Nippon Alrways
Takamatsu Alrport on Shikoku Island

March 18, 201 3/Mitsubishi motors
Mizushima battery pack assembly plant

March, 2003 Mitsubishi motors Dealership
in Yokohama

October 1, 2013/Kent, Washington (USA)

October 18, 2013/ Merida, Mexico
Movember G, 2013/Interstate 24 near

Murireesboro, Tennessee
February 2014/ Toronto, Canada

Nissan GT-R EV in BYD &6 taxi

aircraft bartery (Boeing 787 Dreamliner)
aircraft battery [ Boeing 87-8 model)
Mitsubishi i-MIEV

Outlander P-HEV Mitsubishi motors

Tesla Mode! 5

Tesla Model §
Tesla Model §

Tesla Model 5

ebectric ares caused by short-circult of high voltage distribution
lines and car body ignited combustible material in the vehicle
Battery overheated and started a smoky fire

error message indicating a barery malfunction, and odd smell
detected in the cockpit and cabin

the lithium-ion battery of an i-MiEV caught fire while connected
to a charge—discharge test equipment

the battery pack of an Outlander P-HEV overheated and melted
some of the battery cells after vehicle had been fully charged
and stood for 1 day

fire In the Model 5 batiery pack caused by the direct impact of
a large metallic object to one of the 16 modules within the pack
crash of a vehicle driven at high speed through a roundabout
the Model § struck a tow hitch on the roadway, causing damage
bengath the vehicle

fire started when the car was parked in garage, not plugged in
and charging

J. Power Sources 2016, 306, 178-192

lonics (2017) 23:1933-1947



MHUMAeHTbI ¢ KpynHbiMKu 6aTtapesavu JIUA

Date/place Type of application Incident summary

April, 2011/Hangzhou, China Zotye M300 EV internal short circuit in defective battery pack due to insulation
damage between battery cells and walls of the aluminum container

June, 2011 /Mational highway traffic Chevrolet volt EV fire occurred 3 weeks after a crash test

safety administration (USA)
May, 2012/Shenghen (China)

January 7, 2013 /Japan airlines Bosten's
Logan International Airport

January 16, 2003/All Nippon Alrways
Takamatsu Alrport on Shikoku Island

March 18, 201 3/Mitsubishi motors

Mizushima battery pack asssmbly plant

Wissan GT-R EV I BYD &6 taxd
afrcraft bartery (Bosing 787 Dreamliner)
aircraft battery [ Boeing 87-8 model)

Mitsubishi i-MIEV

ebectric ares caused by short-circult of high voltage distribution
lines and car body ignited combustible material in the vehicle
Battery overheated and started a smoky fire

error message indicating a barery malfunction, and odd smell
detected in the cockpit and cabin

the lithium-ion battery of an i-MiEV caught fire while connected
to a charge—disc test equipment

March, 2003 Mitsubishi motors Dealership
in Yokohama

Outlander P-HEV Mitsubishi motors

the battery pack of an Outlander P-HEV overheated and melted
some of the battery cells after vehicle had been fully charged
and stood for 1 day

October 1, 2013/Kent, Washington (USA)

October 18, 2013/ Merida, Mexico
Movember G, 2013/Interstate 24 near
Murfreeshora, Tennessee

Tesla Mode! 5

Tesla Model §
Tesla Model 5

fire In the Model 5 batiery pack caused by the direct impact of
a large metallic object to one of the 16 modules within the pack
crash of a vehicle driven at high speed through a roundabout
the Model § struck a tow hitch on the roadway, causing damage
beneath the vehicle

February 2014/ Toronto, Canada

Tesla Model 5

fire started when the car was parked in garage, not plugged in
and charging

J. Power Sources 2016, 306, 178-192

lonics (2017) 23:1933-1947



Tesla Model S Ha napkoBke

LLlaHxau, anpenb 2019




TennoBou pa3roH

-F
k o ext TOMHBO
T T A3 Pa3noxeHue metactadunbHbix KomnoHeHT SEI (>90°C)
T3 / (CH;DCD}_LI)I = Li;CD; + CzH.l T CD; + '[]'501
HepeakLUWOHHas To Ao
T2 cpena Peakuum LiCs (nnm Li) ¢ pacTBoputensimm
peakLWOHHas
'|"1 -|-‘1 cpena 2Li + C;HqO}(EC) =* Li._!_CD] T CIHq
2Li + CH404(PC) — Li,CO; + CyHg
A 2Li + C;H404(DMC) — Li,CO; + C;Hg
Ao Ji¥ MnaBneHune nopucroro nonumepHoro cenaparopa (>130°C)
0 D 0 D
Pa3noxeHune KatogHoOro matepuana
CemeHoB, H. Tennosas Teopus ropeHis 1 B3pbieos, Ycnexu Quandecknx Hayk 1940, Li.CoO, — xLiCoO, + %(1 N I}CO 0, + % ( - I)U
23(3), 251-292. 2 : et :

CU'_J,D'..‘ — 3Co0 4 G.S'Dg
CoO — Co +0.50,

43



Normalized Rate (C/min)

Tepmnyeckasi CTabUNbHOCTb Pa3IMYHbIX KaTOAHbIX MaTepuanoB

5 ; |

r ' .. |

Gen2: LiNiggCog 1sAlg 0507 2 | & i

4 | . . |

- Gend: Liys(NiysCoiaMn13)0402 - Thermal Runaway

L Cathode Chemistry Temperature
3 - . LCO: Lithium Cobalt Oxide 150°¢

{ LiMn;04

- LMO: Lithium Manganese Oxide 250°C
2 1 LiCo0; i MMC: Lithium Nickel Manganese Cobalt Oxide  210°C

LIF eFQ, NCA: Lithium Nickel Cobalt Aluminum Oxide 150°C

1 LFP: Lithium Iron Phosphate 270°
0

0 100 200 300 400

Temperature (C)

E. P. Roth, Effect of Cathode Composition on Abuse Response of 18650 Li-
lon Cells (No. SAND2008-2747C), Sandia National Laboratories (SNL-NM),

2008 1



Tepmuyeckas ctabunbHocte NMC

Tepmmnyeckaa yctonudmBoCTb, °C
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Li[Ni;Co,,Mn,, 10,

TepMUYecKan yCToMYMBOCTb

— i }
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* - - -
‘ Q

Li[Nig sCop ,Mng30; ™

Li[NigsCoy ;Mny,,]0, ./
, '
Y |
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J. Power Sources 2013, 233, 121
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ACS Appl. Mater. Inter. 2014, 6, 22594-22601



HopmupoBKa CKOpOCTU pa3orpeBa Ha eMKOCTb
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YT0 3anyckaeT TennoBou pasroH?

neperpes B BC/IeACTBME Pa3HbIX MPUYMH

* BHelHMN HarpeB akKyMynsaTopoB
* [lepe3apsig (overcharge, #3apsn)
* BHelHMe KOPOTKIE 3aMblKaHWS]
* BHYTPEHHWE KOPOTKIE 3aMbIKaHWS
* BCIIE[ICTBME MEXAHWNYECKUNX MOBPEXAEHNN

Science Advances 2018, 4(6), eaas9820
* BCNnepacTBue pocta “aeHapuToB”

Cathod Anode Battery temperature increases Fires, explosions

Separaior and liquid elecirolyle



Ba)XHOCTb METOA0N0rMU U KNHETUKWA
B MCCNe[0BaHUAX TENI0BOrO pa3roHa

Temperature, °C
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0
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2000 3000 4000
Time, s
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5000

6000

Overpressure, bar



Co3aaHHble aKcnepuMeHTanbHble YCTaHOBKY

B COTPYAHMYeCTBe ¢ Nab. B3pbIBHLIX MPOLECCOB B KOHAeHCUpoBaHHbIX cpegax (I1.B.Komnccapos, C.bacakuHa)

gasivacuum

holder
heatar




Cuctema ans otoopa n aHanu3a ra3oB

rasoBaf CMCTeMa UCMbITAaTeIbHOro CTeHaa Cxema rasoBoro xpomarorpacga
HasepuTens
@ @ E noToKd
O [lgnutens H -
O ParynaTap MOT0KE [leTextop Cucrama
[IABNEHIR . i ciopa
5 i RHHbI
® Do | o

m =
) TepmocTar

Konowka ~,_KONOHKH

WETOMEHE FRIGHOCHTRRA

2

PK
Kamepa
$ $ PK - pacnpenenutensHas razosas kamepa
K — KOMMpeccop

VIK - ncnbiratenibHas repMeTyHas B3pbiBHas

Fesepd .
A BH — BakyymHbI Hacoc
Bumaxxa [l - natyvk 0aBneHns aneKTPOHHbIN
dneHax M - maHOMETP

B — BakyymmeTp

[1- npobooTOOPHMK
50



Tennosow pa3sroH JINA LTO-NMC (14 Av)
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Tennosou pa3roH JINA LTO-NMC (14 Au)
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Tennosown pa3sroH JINA rpadut-NMC (18 Av)
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[[a3oBbigeneHue npu TP

(B coTpyaHuyecTBe ¢ nab. reteporeHHoro karanusa, M.K0.Cunes, FO.A.l'opaneHko)

LTO-NMC rpacut-NMC

T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T i
Mol.sieve 5A / TCD-2 ]
No
0,
) CH, CO
¢ .
i : T T T T T T I T T T I T T T I T T T I T T T I T T T I T T I
] ] . v
) IJ; CO, CyHe | Catl
1044 ¢
E (0] *
] 0
: %\l C H T T T I T T T I T T T I T T T I
5 * l EZHG CsHg  CaHg
3 - * _
10 T T T I T T T I T T T I T T T I T ‘I T I T T T I T T T I T T T I T T T ! ! ! I ! ! ! I ! ! ! I ! ! ! I ! ! ! I ! ! ! I ! ! ! I ! ! ! I ! ! !
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time, min Time, min

Obwwun obbemrazoB 1 -2 nH.y./ Ay



[a3oBblgeneHue npu TP

LTO-NMC graphite-NMC
Component Concentration, % Component Concentration, %
Methane CHa 1,2 Methane CHa 7,1
Ethylene CaHa 0,6 Ethylene CaHs 8,0
Ethane CaoHe 0,4 Ethane CaoHe 1,7
Propylene CsHs 0,1 Propylene CsHs 0,01
Propane CsHs 3,0 Propane CsHs 0,8
Hydrogen Ha 28,7 Hydrogen Ho 29,2
Carbon dioxide CO; 56,2 Carbon dioxide CO: 27,7
Carbon monooxide GO 9,8 Carbon monooxide GO 25,1
Before combustion, % After combustion, % C(Oz) Before combustion, % After combustion, %

21.1 21.5 - 23.6 C(0,) + C(N,) 21.1 9.3



TunnuyHoe cpasHeHue pa3nnyHbIX IXC

LiCoO,

Cost,

Life spani-

NMC

CU‘S‘I:

Life span

Specific energy

(capacity)

Performance
Specific energy
|capacity)

Performance

LMO

Specific power  Cost

‘Safety Life span

NCA

Specific power Cost

Safety Life span

Specific energy

{capacity)

Performance
Specific energy
(capacity)

Perfarmance

55

- Specific power Cost -~ A '
Safety Life span™ Lj Safety

LFP Specific energy
(capacity)

: ]Speciﬂt power

Performance

LTO Specific energy
(capacity)
specificpower  Cost” . Specific power

Safety Life span

Performance



TunnuyHoe cpasHeHue pa3nnyHbIX IXC

LiCo0,

Life span -

Specific energy

LMO Specific energy
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LFP Specific energy
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LTO Specific energy
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Cost . Specific power



CpaBHeHue pa3nnyHbix IXC

3.6

w
No
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°C

Tennosou pa3roH JINA rpacut - LFP
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HaTpuit-moHHble akKymMynsTopbl

Herpadutpyembin yrnepog - NVPF

(~ 1 Ah)
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Tennosou pasrod HAA

Temperature, °C
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T.Zakharchenko, D.Nikiforov, G.Serdyukov // nogroroska k nybavkaim
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[a3oBbigeneHue npu TP HUA
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Ctanpaptbl B oonactv JINA n JINAB

rFOCT P M3K 62660

AKKYMYNIATOPbI TIUTUIN-MOHHBIE A1 SNEKTPUYECKIAX NMC ?
[OPOXXHbIX TPAHCIOPTHbBIX CPEACTB LTO ?

YacTb 1: VicnbiTaHns no onpegenermno paboumnx xapakTeprucTuk HaTpuii-MoHHbIe aKKyMyNSTOpbI ?

YacTb 2: McnbiTaHmsa Ha HageXHOCTb W 3KCnayaTaLmio ¢ T 0
HADYLLGHMEM PEXUMOB BepAOTENbHbIE aKKYMYNSATOPbI ?

YacTb 3: TpebosaHms 6e30nacHOCTH UN ECE R100 Rev2 m6puabl ¢ MNOMT ?

FOCT P M3K 62133-2-2020 FOCT P 59846 — 2021

TPEBOBAHIA BESONACHOCTW NOPTATVBHbIX AKKYMYISITOPbI 11 AKKYMYISITOPHBIE BATAPEN IATUI-
FEPMETVYHbIX AKKYMY/IITOPOB W BATAPEN 113 HUX MPY OHHBIE XENEIOGOCOATHLIE

NMOPTATUBHOM MNMPUMEHEHIWN
(MacTb 2: Cructembl Ha OCHOBE NUTKS)

FOCT P 59196—2020 (UCO 17546:2016)

FOCT PB 6140-003-2015

BATAPEMN JTUTWIA-VNOHHBIE A1 KOCMYECKIX AMMAPATOB

FOCT P M3K 62281-2007

Asuauus 7 BE3OMACHOCTb MNPV TPAHCTIOPTVIPOBAHUM MEPBUYHbIX UN Recommendations
9
(B)AC . CH3? P A ENE O ggwgglsOALl\Jlg PG%FgD%F
TaunoHapHble - W BATAPEI, NIUTUEBKIX AKKYMYNIATOPOB U

AKKYMYNSATOPHbIX BATAPE Section 38.3




[Toaxopabl K MOCTPOEHUIO CTaHAaPTOB

Yuuchmkauma?

* CeroHs YHUMULMPOBaHbI NMLLb
LMNMHOPUYECKIe aKKYMYSTOPb!

*  CyLLecTBYeT HECKOMBbKO NCEBROCTAHLAPTOB
(Hanpumep, “akkymynstop VDA dopmara” unm
“VDA-momynb”)

* PaspaboTka napameTpuyecKiX 1
TNOpa3MepPHbIX PAAOB — 3a U NPOTUB

* PagpaboTtka yHUuLMpOBaHHbIX
TEXHOOMMYECKIX MPOLLECCOB, BK/IH0Yas
MPOLECCHI KOHTPOSS - HANPUMEP,
PEHTTEHOBCKMIA KOHTPOSb “HaYMHKI
aKKyMyNSTOpOB

*  OrpaHunyeHme LenecoobpasHbiM MUHUMYMOM
HOMEHKNATYPbl Pa3peLlaembiX K MPUMEHEHIIO
n3genun 1 matepuanos. MNpumep - 3anpeT Ha
NMC B obLiecTBeHHOM TpaHcnopTe B Kntae

WS IBKSD  ZT7GO

LN [Hhin
1 .

Onepexatowas ctaHgapTusaums?

[0oBbILEHHbIE MO OTHOLLEHWIO K YXKe
LOCTUrHYTOMY Ha NPaKTUKE YPOBHIO HOPM 1
TpeboBaHMN K Ha OCHOBE MPOrHO30B - Kak He
3arHatb camux cebst B yron? Kakumx
TpeboBaHWin OMKHbLI KOCHYTLCA CTaHOAPTbI:
Ha3HaYeHNa? HaAEeXHOCTN? SKOHOMUYHOCTIN?
9KOHOMUYHOCT?

KoMmnnekcHas ctaHgapTu3auys - paspabotka
CTaHOAPTOB HE TONBKO 4151 aKKYMYNSTOPOB W
AB, HO 1 NSt NPOM3BOLACTBEHHBIX MPOLECCOB (B
nepByto o4Yepesb - MPOMEXYTOUHbIN 1
OKOHYaTENbHbIl KOHTPOb), @ TaKXe K
Marepuanam

PaspaboTka 1 BBEAEHIe CTyNeHYaThbIX
CTaHOapToB



CtaHpapTbl u cepTudunkaums

Coll Spucification Parameters
Wit s 2 B 220 B 105 Amm H
Dimansion{T"WH) e e g € MeHee Ba)XXHO BbICTPanBaTb
Min, Capacity @29°C 16030 TEANTSAN . UHPACTPYKTYPY Ans cepTudmrkauum no
Type Cyfindrical
sl ot o ot FRTBEBOG HOBbIM W OnepeXaroLWwmm cTaHzapTam
Wiarking voltags 2 V.4 35V ; : :
Rale Capacly | Typical 1000mA in sid ehargngidischaing
.HEH:;EE'E 1kHz 0550, 05matim ‘ | Mirderuer: S50maAh
DCR @25°C, 2COC 10s, 50%50C, BOL a0 tomehm | ominal Volags |18V
Intamal Resistance | <24mil
Weaghl 12220 (g Wesght =
M. Pules Charge Current 108, 50%30C, 25°C 6C Standard Charging | 2400, 10mA 1000mA|, 10ma cuboff (23T |
Matx. Puisa Discharge Currort @108, B0R 500, 25% B (Constant Curter, Constant Veltage)
Cuick Charging 240V, 10CmA 0000mA), 10mA cutoff (237}
i oo B Qi Qe s (Constart Curnt, Constant Voltagn).
Max. Confrutus Drcharge Currenl §25°C 158  Charging Vofiage | 24020 05V 020Kl T F, BOERAE
EnergyDensty - WegH @25, 10 zowhg_ pe ::Emr‘mw;jrﬁﬁ GARY | KRN 1St (RN S %)

e 1ot e ¥ oyl gt A s S Typicul dimemsion (Height}: 207.2=08mm | Thickness with compresston force (0020
st isburiock rolbo o i R el EB«M[EE:BLEET (WOH'T) | M Thickness): 71,70 8mm K gf), Height with Teminal,
Cydle Lile @25°C, 1C/1C, 10%-85%50C 24000cycles @OON SO —Lf”"wmﬂ V. Buacd o e i G o BO(Reference t item §)
Cycla Lfe §25°C, Stap Charga, WLTC Dischargs, 24000cycies 0% 504 | CVIOM Voltage | be jowared io 1.00:0.10V. i soc - A A B SOC K
| 10rk-B% S0C Temparaiure and | 0=45( 45-B5'%RH {in Std. Charging) Rest SOC - SOC inteeval without load or charging
T AT Humidity Range | 10457 45-B5%RH (in Quick Charging) W T i "

1 | -20-60°C 45~B5%RH (in Sid. Discharging) : <2000m

| S Beid o Slorage 2035 AB-B5%RH {within 1 Yaar) Alutace

Temparaiure and | 20-407, 45-B5%RH (within & Monih)

Humidity Range o045 45-B5%RH (within 1 Manth) [0 MRS 00K, WEER

CraR e Chrn, 5C Dechaghg Oyl e TR Ss00Cyci 3540, e by e st
.D,a)Ke npn Hann4uun CyLecTByHOLLNX (Single cat] | >10000cyci (80%) Cyele performance - p s e
CTaHAApPTOB ANs Nonb3oBarens el | oo T“““"ﬁ"ﬂ Orkle 300:20Kf pecond

" Wamanty | Limited waranty up 1o 3 years
SAHACTYIO CTONHO -~ ?M-’ G%%“WL"““ 52T WD J00KgT, Wikt
OPUEHTMPOBATLCS B 112 e iy 1t b
cneumnuKaLusx, T.K. SNeMeHTbl He Cyle fading S Kb iy

cepThUUNPOBaHDI

Wt 20K g preload for 180 cycles



PaboTbl, BbinonHsemblie ®ULL XD, B LaHHOM HanpaBneHnn

* AHanm3 CyLecTBYIOLMX CTaHOAPTOB, pa3paboTka METOA0IOr M, NPOrPaMMm 1
METOAVK WCMbITaHUN ANa Co30aHns cTaHaapToB B obnactu 6ezonacHocTy JINA
n JINA (B pamkax JopoxHou kapThl, huHaHcuposaHmne 40 miH. B 2024 roay +
nocTaBka fAaBasibyeckoro 06opyaoBaHus no Hawemy 3anpocy, 3akasumk — AO
MeTanuon; bropxeT fo 2030 roga obeyxpaeTcs)

* [lccneposaHuna mexaHn3moB TennoBoro pasroHa HA (rpaHt PHO,
3aKkaHuvBaetcs B 2024 rogy, 7 MnH. py6./ron)

* AHanua 6e30nacHOCTM TBEPAOTENbHbIX JIMTUEBBIX aKKYMYNSTOPOB U
TEPMUYECKNX CBOUCTB Matepuanos asst HuX (3akazumk - MOTU, Puatex,
(bmHaHcmpoBsaHue ~ 3 MiH. py6./rog oo 2027 roaa)

 Hebonblume gorosopsbl Ha ncnbitaHus JIMA (3akazunku - CmaptbetTpens,
Oryr HAMW, denaptameHT TpaHcnopTa r. MockBbl 11 Ap.)
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