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C YUCTOM pean3alun KOHHCHHI/IH npeamnojgaracTcsa, 4YTo MPOrHo3

NPABUTENBLCTBO POCCUUCKOWN ®EOEPALIMU MOTPEONICHUsT  AIIEKTPOTPAHCIIOPTHBIX cpeAcTB B Poccuiickoit  ®enepanun
PACIIOPSIKEHUE B OOmIEH CTPyKType aBTOTPAHCIOpTa JOJDKEH COCTaBUTHh 15 TIPOLICHTOB,
W3 KOTOPBIX CYIICCTBEHHYIO YaCTh COCTABJAIOT JIETKOBBIE M  JIETKHE
ot 23 aprycta 2021 r. Ne 2290-p KOMMEPYECKHUE DIICKTPOMOOHIIH.
MOCKBA Hcxonst u3 miiaHoB aBTONPOU3BOJUTENEH M PACUETHOTO IIaHA PA3BUTHS

phlHKa 00BeM MoTpeOsieHnss HOBBIX anekTpoMobuieit B 2030 rogy Moxer

1. VTBepauTh npuaracMale: IPEBLICUTH 250 TrIC. OITYK.

KoHmenuuio 1o  pa3BUTHIO  TPOU3BOACTBA M HCIOJb30BAHUS
3IEKTPUYECKOTO aBTOMOOMIBHOTO TpaHcmopTa B Poccuiickoit ®exmeparuu
Ha niepuoz o 2030 roxa (nanee - Konuernuust);

LieJIeBbIE OKA3aTeNH! 110 TIPOM3BOJCTBY IEKTPUIECKOTO aBTOMOOHIEHOTO
TpPaHCIIOPTA U PAa3BUTHUIO 3apsiiHON nHppacTpyKTyphl Ha nepuox 1o 2030 roxa;

wian MeponpuaTuit ("IOpoXHYIO KapTy') Mo pa3BUTHIO MPOHM3BOICTBA
U HCTIONIB30BaHNUS IIEKTPHYECKOTO aBTOMOOMIBHOTO TpaHCIopTa B Poccuiickoit
®enepanun Ha nepuon 1o 2024 rona.

B 2020 roay o6bem npounssoactea JIMA
B P® meHee 20 MBT4 ( ~400 anekTpomobunen)

[1naHbI:
2 Tvradabpukm Pocatoma - 8 BTy
1 3aBoa «MetanmoH» - 0.8 BTy
~200000 anekTpomobunen

MotpebyeTca 6onee 20 TbiC. TOHH
KaTtogHoOro martepuana !




3anaTbI B npon3soacTtBe FINTUN-UOHHDbIX dKKYMYINATOPOB

dons matepuanoB B CTOMMOCTU
Mpu6binb JINA npu cepnmnHom nponsBoacTBe
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YaenbHana aHeprua onpeaenseTtca, B NepByto oyepeab, KaToAHbIM MaTepUasiom !



HoBble maTtepuanbl ANA METAN-MOHHbIX aKKYMYyNATOPOB

DM3aﬁH HOBbIX CprKTyprle npespaweHna nNnpu AaNEKTPoXmmnyeCKnx
matepuanos pPeakumnax
in situ v onepaHAo nccneoBaHUA:
@ peHTreHoBCKasa andpakums, meccbaysposckaa u XANES cnekTpockonuu un gp.

CTPYKTYpPHbIE UCC/Iea0BaHNA Ha HAaHOYPOBHE (3/1EKTPOHHAA MUKPOCKONKA)
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Bbibop meToAQ CUHTE3a

Co-ocaxaeHue
MoAyYeHME CdrepmryecKoro npekypcopa
AAS TTOCAEAYIOLLLETO CUHTE3a LiIFEPO,

TBepAOd A3HbIN CUHTES f'MApPO(COAbBBO)TEPMAAbBHbIA CUHTE3
+ DAEKTPOXMMUMYECKMIM ODMEH C MOCAEAYIOLLIMM YAGAEHNEM AETYHETO

B) K, VPOF C) Lig o VPO, KOMMOHEHTA (TEMMAATHbIN CUHTE3)
NH,FePO, H,0 + LiOH = LiIFePO, + 2H,0 + NHj
NH,TiPO,F a-TiPO,
(HoBbLIV MaTepuan)
NH; d
G

Kanans!
Avddysumn

5 ‘:\”4":
KTiOPO,-npekypcop MepcnekTuBHbLIN

CaoucTble okcuabl: (Li,Na)(Fe, Co,MNn,Ni)O, ;. mater. Chem. A6, 14420 (2018)  Chem. Mater. 28, 411-415 (2016) SR MaTRnIIAA

J. Power Sources 480, 228840
Inorg. Chem. 60 (16), 12237-12246
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M'Apo(COAbBO)TEPMAAbHBIM CUHTE3
C MOCAEAYOLLMM MOHHBIM OOMEHOM
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4

©o—%

npekypcop
NMC

- MacwtabmpyemMocCTb
- MNP OM3BOAUTEABHOCTL
- YHMBEPCAOABHOCTb

from
glutamate

Solid state ionics 374, 115810 (2022)

- AOCTYMHOCTb PEQArEHTOB M OBOPYAOBAHMS
- besonacHoOCTb U 3HEPro3PAEKTUBHOCTD
- Bpea 3A0P0BbIO 1M OKPY>XAKOLLLEM CPpeAEe

Nature Communications under
revision



BnusaHue ycnoBuun cuHTtesa/gecdektoB Ha cBoucTBa LiFePO,

H,PO, + FeSO, H,PO, + LiOH
+ +
LiIOH FeSO,

* v

E vs. Li/Li

Fe,;(PO,),*8H,0

N36bITOK Li, aepuunt Fe

N36bITOK Fe, neduumt Li,.Fe, PO,

LinP
Li,  Fe,. PO,

Bnepsble yCTaHOB/EHO
3amelyeHue (PO,)3 Ha 4 OH



Cxema HaTPpUN-NOHHOI0 akKKyMynaTopa

MpuHUMN paboTbl aHaNnornM4yeH NMUTUN-NOHHBIM, 3a UCKIIOYEHNEM 3aMEHbI
rpadPMTOBOrO aHoAa Ha aHOA U3 T.H. «TBEpPAOro yrrnepoaa»



CpaBHeHUe CBOMCTB KaTUOHOB UTUA U HATPUA

ATOMHbIN BeC, r/MO/b
NoHHbIN paanyc, A

EO(M*-c/M) oTHOocuTenbHO Litp/Li, B

PacnpocTpaHeHHOCTb B 3eMHOM KOpe, M.A.

CtoumocTb KapboHaTa [USS/ToHHa]

CtoumocTb MPF, [USS/Kr]*
*Alfa Aesar

CToKcoBCKuI paaunyc B PC, A

NoHHas nposoanmocTs (1 M MFSI B EC:DEC,
MCMm/cMm)

6.94

0.76

~20

20000

5335

4.8

9.3

Na*

22.99

1.00

0.23

28000

200-350

2850

4.6

9.7



Na-ion vs. Li-ion

I BnekTpotpaHcnopt
r(Li*) = 0.76 A (k.u. = 6)

E(Li/Li*) = -3.04 vs. H/H*

[ MopratueHan anekTpoHu

[ NopratueHas anekTpoHuka
25%
[ Bnexrpotpatcnopt
[ NMpomblwneHHsle MaLwmHb
1 YCTaHOBKM
OHepreTuka

3anacbl NIMTUA NO CTpaHaM:

Other
Argentina countries

r(Na*) = 1.03 A (k.u. = 6) E(Na/Na*) = -
2.71 vs. H/H*
LleHa Na,CO5; ~ 200 $/T

Li-ion
Li B 3eMHOM Kope:
21/t

Na-ion
Na B 3eMHOW Kope:
25 kr/T




HaTpun-noHHbIEe aKKyMynATOpPbI

CHumxeHne ctommocTun npu nepexoae ot Li k Na >30%
Li-ion; 200-300 $/KBT1*4
Pb-acid: 100-200 $/KBT1*y

Na-ion akkyMmynaTopbl 3aMeHAT B OyayLlemMm CBUHEL -
KNCNOTHbIE aKKyMYJIATOPbI

Na-ionv Pb-A

LleHa

Be3onacHoCTb

JdHeprua

Pecype TemnepaTypa

, Na-MoHHbIN Pa3paboTka 2023 roga KomnaHuii JAC u HiNa (Kutait)
Pb-KncnoTtHbin
250 Km npober, 24 KBTy 6aTapea HaTPUMN-UMOHHbIX
aKKYMyNATOpOB



Competition between the Ni and Fe Redox in the O3-

NaNi,;Fe,sMn; 30, Cathode Material for Na-lon Batteries

b)

—— Observed

(003)

Intensity, a.u.

1) NiSO4-6H20, MnS04-H20, and FeSO4- 7H20 + Na2CO3
2) (Ni1/3Fe1/3Mn1/3)CO3 suspension was heated to 160 °C in a hydrothermal autoclave for 12 h
3) Mixture of carbonate precipitate and Na2CO3 was annealed at 850 °C for 10 h in air



NaNi, ;Fe, sMn, ;;0,: electrochemical properties and

XRPD studies
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1.9 — 4.0 V: capacity 130 mAh/g, good cyclability Drastic decrease interslab distance and
1.9 — 4.2 V: capacity 160 mAh/g, fast degradation significant broadening after 4 V

(migration of d-cations into sodium layers?)

Shevchenko V.A. et al., Chemistry of Materials (2023) 35, 4015-4025



NaNi, ;Fe, ,;Mn, ;;0,: operando XAS and Madssbauer studies
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Evidence of the Fe cation migration

, 5 w 1(%)

T (K) Site (mm/s) A (mm/s) (mm/s)
Fe(1) « Fe3* 0.34(1) | 0.80(1) | 0.34(1)" | 51(1)
300 Fe(2) « Fe* -0.17(1) | 0.91(1) | 0.65(2) | 22(1)
Fe(3) « Fel3+o1 0.17(1) | 0.73(1) | 0.34(1)" | 27(1)
Fe(1) « Fe3* 0.48(3) | 0.84(1) | 0.34(1)" | 53(1)
77 Fe(2) « Fe* -0.11(1) | 1.32(1) | 0.61(2) | 24(1)
Fe(3) « Fel3+oh 0.33(2) | 0.83(1) | 0.34(1)" | 23(1)
Fe(1) « Fe3* 0.44(3) | 0.85(1) | 0.48(1)" | 63(1)
35 Fe(2) « Fe**(Oh) |-0.12(1)| 1.44(1) | 0.44(1) | 25(1)
Fe(4) « Fe** (Td) -0.13(1) | 0.75(1) | 0.48(1)* | 12(1)

Fe(3) component corresponding electron
exchange Fe3+ + Fe4+ <> Fed+ + Fe3+
disappears at 35 K and appears Fe(4)
component (Fe4+ in tetrahedral coordination)

Fast degradation upon cycling
up 4.2 V due to incomplete
returning of Fe cations to the
transition metal layer

Shevchenko V.A. et al., Chemistry of Materials (2023) 35, 4015-4025



Tepmunueckan ctabnabHOCTb maTepuanos

700;

Hard carbon ~  NaNi,,Fe, ,Mn,,0,
600: ° o °
® NaNiy,Fe; ;,Mn;;,0

T, 2% Graphite
2 400l 1M NaPF, (EC:DEC) ®
% 1M LiPF, (EC:DEC:DMC) x NaNi,,;Fe;;3Mny;50,
S 3001LiNi,,Co, sMn,,;0,
£ 1/3%-071,3MMN ;3 \ P Na,(VO), (PO)

100;

LiFePO, 1 L|4T|5012.
0 B—NaVP,0, 1 Ti,Nb,O, ®

50 100 150 200 250 300 350 400 450
Temperature, °C

[NonnaHMoOHHbIE mMaTepmnanbl bonee CTa6MI'IbeI, 4yemM C/N10XKHble OKCnAbl

RR Samigullin et al., ACS Applied Energy Materials 5 (1), 14-19



Polyanion cathodes

Advantages:

- greater chemical and thermal stability, which provides reliable long-term
electrochemical cycling and allows them to be used in large-sized batteries

-a rich variety of crystal structures — larger playground for various substitutions

-the inductive effect, leading to a significant increase of the redox potential M"*/
M(n—1)+

Drawbacks:
-Larger molecular weight — smaller capacity

-More sophisticated synthesis



NASICON-type cathode materials

Rhombohedral Na3V2(PO4)3: reversible extraction of 2

Na cations. After deintercalation Na1 position remains
100% occupied

. | NYPC
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NadMnV(PO4)3: 2 Na+ :?q
cations may be reversibly -

extracted, Ctheo = 111
mANh/g

»
n

»
=)

0 20 40 60 80 100 120
Capacity (mAh g")
K. Saravanan, C. W. Mason, A. Rudola, K. H. Wong and P. Balaya, Adv. Energy Mater., 2013, 3, 444

Z. Jian, L. Zhao, H. Pan, Y.-S. Hu, H. Li, W. Chen, L. Chen, Electrochem. Commun.,V. 14, 2012, P. 86-89
Zhou, W.; Xue, L.; LU, X.; Gao, H.; Li, Y.; Xin, S.; Fu, G.; Cui, Z.; Zhu, Y.; Goodenough, J. B. Nano Lett.2016,



NadMnV(PO4)3: charge/discharge up to different potentials :

enhancing Na* extraction limit

2.5-3.8 Vvs. Na/Na* 2.5-4.0 V vs. Na/Na* Additional
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M. V. Zakharkin et al. ACS Appl. Energy Mater. 2018, 1, 5842
F. Chen et al. Small Methods, 2018, 1800218



Na;, MnV,_ (PO,);: Mn-concentration and C-rate

dependence
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The Mn-rich materials, which demonstrate wider single-phase regions, are shown to outperform
the unsubstituted materials in terms of rate-capability and should be preferred for high-power

applications.

Dmitrii V. Anishchenko et al. Electrochimica Acta 354 (2020) 136761



a-NaVP,0-: limited electrochemical activity

Y, . Kee, N. Dimov, A. Staikov, P. Barpanda, Y.-C. Lu, K. Minamie, S. Okada RSC Adv., 2015,5, 64991
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Park, W. B. et al., Adv. Energy Mater. 2018, 8, No. 1703099



New modification (B) of NaVP,0,

NaOH
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Isostructural to KAIP207
P21/c, a =7.1142(7) A b= 10.0709(7) A c= 8.0816(6) A, £=109.091(9)°, V = 547.16(8) A3

O. A. Drozhzhin, I. V. Tertov, A. M. Alekseeva, D. A. Aksyonov, K. J. Stevenson, A. M. Abakumov, E. V. Antipov,
Chem. Mat. 2019, 31, 7463-7469



F-NaVP20O7: interplay between synthesis and structure

NaV(HP04)2-0.5H20

sp.gr.Cc,Z=4,

a=8.4617 A, b=9.5258 A
c=8.6937 A, #=110.955°
V =654.41 A3

BNaV(HPO4)2 S-NaVvP207
O Na1
O Na2
“& H,0
.0 OH
@ .
4 PMo,
A P20,
sp. gr. C2/c, Z=4, sp. gr. P21/c, Z =4,
a=7.8681A, b=9.8451A, a=7.1142 A, b =10.0709 A,
c=8.5180A, f =107.626 °, c=8.0816 A, f=109.091°,
V =628.85 A3 V =547.16(8) A3

*Anastasia M. Alekseeva et al., ZAAC, 2020



B-NaVP20O7: electrochemical properties

Ctheo = 108 mAh/g; Cexp = 104 mAh/g

Average discharge potential =3.85 V vs. Na/Na+ - one of the highest among
cathodes operating with V3*/V4* redox pair
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Experimentally achieved energy density 393 Wh/kg — larger than that for a
number of oxide and polyanion-type cathode materials

Excellent C-rate dependence even without morphology optimization:
90 mAh/g at 20C discharge rate
<1% degradation after 100 charge-discharge cycles



B-NaVP20O7: migration barriers

ONa

.VOG

<

POa4

DFT: along [001] 0.25and 0.17 eV
B-NaVP,0,

ONa

’VOG

%’ <F’O4
. DFT: along [101] 0.5 and 2.6 eV
[110] — 0.85 eV a-NaVP,0,




Search for new cathode materials

A

r(0%) =1.21A = r(F)=1.15A

inductive effect + higher ionicity of the M— bond
—  high energy density

difference in formal charges — faster A* transport
— high power density

Compounds with two anions: (PO4)3 and F

|

(Li,Na,K)M3*POA4F,
(Li,Na,K)2M2*PO4F

A
e EA+/A 8covalent< 8ionic < 8polyanionic
lacovalent €
onic E o
M-L* polyanionic
- M-L
S/Ay, 2 S¥Ay, 1y
M M — S/Ay M — M (L X)
IAX — L-x*
— A
Siay L x » .y
M-L — e L L—
—' M- Ay B
ML px) — L-X
Covalent lonic More ionic .
M-L bond M-L bond M-L bonds Inductive effect

electron density |\

M L M =L
@—»° O0— XX L

A.Abakumov et al. Nature Comm. (2020) 11:4976



LiVPO,F — HOBbIN KaTOOHLIN MaTepuan
ANA BbICOKOMOLLUHbIX aKKyMYnATOPOB

1(02) = 1.21A = r(F) = 1.15A
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Anddy3una wenoyHbix KatnoHos B VPO, F

Li 3D
D(Li) < D(Na) < D(K) = 10-'3-4-10-" cm2-¢-1
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Intensity (r.u.)

Ao Diff.

NaVPO,F: cuaTe3 HOBOM MoguuKAIIAN

NH,VPO,F + NaGlu
(190-200° C)

— NaVPO,F + NH; + H,O + [CO,].
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NaVPO,F: kartoaHblii MaTepuaJ ¢ peKOPAHOU

yACJIbHOU dJHEPIruen
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Shraer S. D. et al, Nat. Commun. (2022) 13 (4097)
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Ti-coaepxawuu kKatoaHbIn matepmuan : KTiPO,F

Ti+ KHF, + KH,PO, - KTiPO,F

(190-200° C rugpoTepmMarnbHbIi CUHTES)
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AHoaHble maTtepuansbl HUA: yrnepoa
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E vs. Na/Na* (V)

AHOAHbIN maTepuan ana HAA — tsepabin yrnepopa
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Thermal stability of charged materials

Without electrolyte

700, Hard carbon ~ NaNi,,Fe, ,Mn,,0,
600 e o °
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Polyanion materials are much more stable

R. Samigullin — Ph.D. thesis



Sodium intercalation in NaMo,(PO,),
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R.V. Panin, O.A. Drozhzhin , S.S. Fedotov , N.R. Khasanova , E.V. Antipov , Electrochimica A Acta 289 (2018) 168



NaNbV(PO,);: Synthesis

Synthesis:
NH4H2PO4+NaVO3 +NH4[NbO(C204)2]-8H20

NaMo**2(P0O4)3

Intensity / a.u.
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»NaV3*Nb5*(PO4)3

Rangan K.K. et. Al. Inorg. Chem 34 (1995) 1969

10

¥ 1 I
20 30 40

50 60 70
20 /° Co Ka1

U
80

1
90

100 110

chelating matrix,
4009C (Ar) + 7252C (Fe/FeOQ)

v




NaNbV(PO,),;: Electrochemical properties

a) b) Me————— —— o
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Galvanostatic curves of NaNbV(P0O4)3 Galvanostatic curves of
at the C/10 rate; the inset shows the CV NaNbV(P0O4)3 for various C rates

at 0.1mV-s-1.



NaNbV(PO,),;: Electrochemical properties
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NaNbV(PO,);: operando XANES
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Nb K-edge XANES spectra of the NaNbV(PO4)3 electrode at different states of
discharge, the inset indicates their positions on the voltage/time curve.

in the 2.65-1.6 V and 1.25-0.9 V ranges the Nb K-edge continuously moved to

lower energies

in the 1.6-1.25 V range, no changes occurred in the Nb K-edge position



NaNbV(PO,);u NaCrNb(PO,);: HOBble aHOAHbLIe

MaTepuanbl Ansi 6e3onacHbIX aKKyMynsiTOpoB

NaNbV(PO,)3 + 3Na* + 3e=— NayNbV(POy)3
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N.R. Khasanova et al. Applied Materials and Interfaces 15 (2023) 30272



HanpasneHunA pa3BuUTUA

Hosble TunbI INEKTPOAHbLIX MaTepmnaanoB: HeopeaHu4YecKue, rnosiumMepHsie

HoBble aNeKTPOAUTbI: cosnu, pacmeopumernu, rnosaumMepHsle,
HeopaaHu4YyecKue

Hosble csA3yrowne n CoOCtaBbl KOMMNO3UTHbLIX 3NEKTPOAOHbLIX MaTepmnasios

MeTann-noHHbie akkymynatopsbl: Na, K, Mg(?)
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