Skoltech Crystallography and Crystal Chemistry
44 VIl International School-Conference of
Young Scientists 2023

NASICON-type materials
for Na-ion batteries:
crystal structure and
electrochemical
properties

LOMONOSOV MOSCOW
STATE UNIVERSITY

Dr. Maxim V. Zakharkin

R /
b&"{i", ;

PhD in Materials Science, Research Scientist

'

. 4 \
\ Chemistry Department

A ‘ Lomonosov Moscow State University November 12th, 2023



Plan

* History of NaSICon development
* Na,V,(PO,);

* Na,VCr(PO,),

* Na;MnTi(PO,),

* Na,MnV(PO,),

* NaNbV(PO,),



NASICON

Na* S | CON



Who showed fast Na ionic conductivity? Part |

1967 — reported high ionic conductivity in Na-B alumina A Sodium-Sulfur T WMMWW NH | ,‘; |
O e UMY 1
1. inorg. nucl. Chem., 1967, Vol. 29, pp. 2453 to 2475. Pergamon Press Litd. Printed in Northern Ireland s.ecunda ry B.attery . - pes | . & r"

ION EXCHANGE PROPERTIES OF AND RATES OF Joseph T. Kummer and Neill Weber
IONIC DIFFUSION IN BETA-ALUMINA Scientific Laboratary, Ford Mater Co.
YUNG-FANG YU Yao and J. T. KUMMER
Scientific Laboratory, Ford Motor Company, Dearborn, Michigan BETA ALUMINA J. T. KUMMER AND NEILL WEBER
(Received 30 January 1967) o] O OOO @] OOO PR OV
Abstract—The sodium ion in beta-alumina has been exchanged in molten salts with a number of OOQK\ - OC:? - @ - e Ford MOtor Co * 1966 '
univalent and divalent ions. The sodium and potassium concentrations in the solid beta-alumina . MIRROR _ _ T ameh }
in contact with various binary Na-K nitrate compositions have been carefully determined and the N L
free energy difference between K+ and Na* beta-alumina calculated. The self diffusion coefficients “@(‘)‘ - - - '@
the battery breakthrough

of temperature. Sodium ion has the largest self diffusion coefficient (1 x 107% cm?sec at 300°C

and 4-0 x 107 cm®*fsec at 25°C) followed by Ag*, K*, Li*, and Rb*. Data are also presented for o) (®)

interdiffusion cocfficients and diclectric loss measurements, and some speculations are made as to Q O Q

the mechanism of the diffusion. - , ’K .
O .

of Na*, Ag+, K+, Rb*, and Li* in single crystals of beta-alumina have been determined as a function O S O
0 o@ o oé 0

using a Na/S chemistry

INTRODUCTION

. . ' )
BETA-ALUMINA, which has the empirical formula Na,O-11Al,04, can be made by (X (X CD . .
fusing Al;O5 and Na,CO, together in the correct proportions.) The crystalline © O~ o O~ O—at® ns te a d Of I ea d -aci d
structure has been determined.~% This hexagonal layer structure has the lattice ‘ o 97k ]

would mean a car about the
size of a Ford Falcon could go
82 miles on a single charge

Fig. 8 - Mock-up of a proposed 2 kW cell, showing planar
array of sodium filled ceramic tubes

Na,O-11Al,0,

J. Inorg. Nucl. Chem. 29 (1967) p. 2453 1967 Automotive Engineering Congress and Exposition



https://saemobilus.sae.org/search/?op=doeventsearch&event=90220&eventname=1967 Automotive Engineering Congress and Exposition

Mat. Res. Bull, Vol. 11, pp. 203-220, 1976, Pergamon Press, Inc.
Printed in the United States.

Who showed fast Na ionic conductivity? Part |l

+
FAST MNa - [ON TRANSPORT IN SKELETON STRUCTURES®

J. B. Goodenough, |H. Y-P. Hong,|and ] A, Kafalas N a 1+3xzr2( Pl-xSIXO4)3

Linceln Laboratory, Massachusetts [nstitute of Technology
Lexington, Massachuserts 02173

(Received December 17, 1975; Communicated by J. B. Goodenough)

ABSTRACT
Skeleton structures hawve been explored experimentally for fast Na = ion
transport. A skeleton structure consists of a rigid skeletal array of atoms
stabilized by electrons donated by alkall lons partially accupying sites in a
three dimensionally linked interstitial space, Fast Na¥-ion transport was
demunsl:rami in several structures, and the system Na,, ZryPq_ xS"x 12 NASICON
has a Na™- jon resistivity at 300°C of 0300 20-cm for xe 2, which is com-
petitive with the best 8" - alumina. An activation energy £,%0.29 eV is
dabout (0. 1 eV larger than that of 2" -alumina.

What is known today as

Na* Super lonic CONductor

Introduction

The diﬁcuveryl of fast Na+- ion transport in 3 =and 3" =alumina has srimu-
lated interest in the use of solid electrolytes in cells and thermoelectric generators, 2
The best compositions have resisrivities for fase Mat- jon transport at J00°C of Papn=
40=cm with an activation energy for the mobility £, =0, 16 eV3, The volarility of sodi-
um together with the refractory character of -‘ilzf}? has made awkward emnnmu_ fah-
rication of ceramic membranes, but this problem appears to be solved.* Neverthe-
less, B-and B"-alumina are layer compounds in which the Na® lons are constrained



Was there anyone working on this structure too?

CROATICA CHEMICA ACTA 37 (1865) 115

CCA-369 548.7:549.752:546.33-841-T9.
Preliminary Note

Synthesis and Crystallographic Data of Sodium Thorium
Triphosphate, NaThz2(P0a):;, and Sodium Uranium(IV)
Triphosphate, NaU2(POa)s

B. Matkovic

Institute »Ruder Boikoviée, Zagreb, Croatia, Yugoslavia
and

M. Sljukié

Department of Analytical Chemitry, Faculty of Science, University of Sarajevo,
Bosnia and Herzegovina, Yugoslovia

Heceived February 2, 1963

Sodium thorium triphosphate was first prepared by K. A, Wallroth! and sodium
uranium(IV) triphosphate by M. A. Colani?. Both compounds are very stable and
practically insoluble in acids. Single crystals of these compounds were prepared by
methods which slightly differ from the above mentioned.

A mw  wwm r——— Ao . RTo T S A4ATT ™

NaU,(PO,),

REFERENCES

1. K. A. Wallroth, Bull. Soc. Chim. 39 (1883) 316.
?. Iﬂ A.Colani, Ann. Chim. Phys. 12 (1907) 107.



Was there anyone working on this structure too?

CROATICA CHEMICA ACTA 37 (1963) 115

Nazr,(PO,),

CCA-369 548.7:549.752:546.33-841-T9.
Preliminary Note

ACTA CHEMICA SCANDINAVICA 22 (1968) 1822-1832

Synthesis and Crystallographic Data of Sodium Thorium
Triphosphate, NaThz2(P0a):;, and Sodium Uranium(IV)
Triphosphate, NaU2(POa)s

B. Matkovié The Crystal Structure of NaMe,” (PO,),; Me" = Ge, Ti, Zr
Institufe J:R‘u,tiET Boﬁkm:iﬁx, Z{Ig?‘éh, Cfﬂﬂtiﬂ., Yﬂgﬂﬂlﬂﬂ‘iﬂ- LARS-OVE HAGMAN and PEDER KIERKEGAARD
and
M . S I.juklﬂ' Institute of Inorganic and Physical Chemistry, University of Stockholm, Stockholm, Sweden

Department of Analytical Chemitry, Faculty of Science, University of Sarajevo,
Bosnia and Herzegovina, Yugoslovia

Heceived February 2, 1963

Sodium thorium triphosphate was first prepared by K. A, Wallroth! and sodium REFERENCES

uranium(IV) triphosphate by M. A. Colani?. Both compounds are very stable and ) ‘
practically insoluble in acids. Single crystals of these compounds were prepared by ]2 LKE i' ?dlllr‘?th: Bull. Soc. Chim. 39 (1883) 3186.
methods which slightly differ from the above mentioned. 2 M. 4. Colanl, Ann. Chim. Phys. 12[@907) 107.

A mw  wwm r——— Ao . RTo T S A4ATT ™



Who is making NASICON electrolytes?
NaszZr:S12P012 Li1s

[) P
7 5 0 ~a™ Solid Electrolyte
jum Alumi

. t,

(050): 500 nm

https://www.msesupplies.com



Who is making NASICON cathodes?

NASIC®N
iR il

* VOLTAGE: ~ 345V

* INITIAL COLUMBIC EFFICIENCY: >92%

% PARTICLE SIZE DISTRIBUTION: D50=5+1 pm
% COMPACTION DENSITY: 1.8-2.0 g/lcm®

% TAP DENSITY: >0.8 g/cm

Intensity(a.u.)

— NPD-01

,jJ A, )x) |

26 (degree

Voltage(V)

30 |Initial charge capacity: 137.3 mAh/g
Initial discharge capacity: 130.5 mAh/g
Initial columbic efficiency 95.0%

5.0

5'4.5;
E'4.(]-
I_ 3.54
9 3.0
0 2.5;
T 2.01

i Modified Na,V,(PO,), vs HC "

-

Vay =3.25V

Non-flammable electrolyte

0 1.5 C/T7 rate (7-hour response)
; 1.04 Full cell energy density
8 0.51 60 Wh/kg 540 mAh
0.0
0 200 400 600

Capacity [mAh]



NASICON unit cell

NASICON crystal structure




Which one is NASICON?

Lee et al // J. Phys. Chem. C 2012, 116, 48, 25190-25197 Zhang et al // Adv. Mater. 2019, 1901131 Song et al // J. Mater. Chem. A, 2014, 2, 5358-5362



Lantern unit is a feature of NASICON

Anti-NASICON LISICON NASICON

Lee et al // J. Phys. Chem. C 2012, 116, 48, 25190-25197 Zhang et al // Adv. Mater. 2019, 1901131 Song et al // J. Mater. Chem. A, 2014, 2, 5358-5362



LISICON’s framework differs from

Mat. Res. Bul. Vol. 13, pp. 117-124, 1978. Pergamon Press, Inc. Printed in the
United States.

CRYSTAL STRUCTURE AND IONIC CONDUCTIVITY OF Lij4Zn(GeOg)y
AND OTHER NEW Li* SUPERIONIC CONDUCTORS*

| H. Y-P. Hong
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173

Li,,Zn(GeO,), Li,GeS,

LISICON Thio-LISICON

Zhang et al // Adv. Mater. 2019, 1901131

NASICON



Lantern unit is a feature of NASICON

Anti-NASICON LISICON NASICON

Lee et al // J. Phys. Chem. C 2012, 116, 48, 25190-25197 Zhang et al // Adv. Mater. 2019, 1901131 Song et al // J. Mater. Chem. A, 2014, 2, 5358-5362



NASICON framework

Bond breaking
Anti-NASICON & NASICON Chinese Lantern

Figure 2. NASICON (generally rhombohedral) and anti-NASICON
(generally monoclinic) frameworks of general formula A, MM’ (XO,)s.

C. Masquelier et al // Chem. Rev., 2013, 113 (8), pp 6552-6591



NASICON framework

Bond breaking
Anti-NASICON & NASICON Chinese Lantern

Figure 2. NASICON (generally rhombohedral) and anti-NASICON
(generally monoclinic) frameworks of general formula A, MM’ (XO,)s.

C. Masquelier et al // Chem. Rev., 2013, 113 (8), pp 6552-6591



Li,V,(PO,);: Electrochemical properties
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NASICON framework

Bond breaking
Anti-NASICON & NASICON Chinese Lantern

Figure 2. NASICON (generally rhombohedral) and anti-NASICON
(generally monoclinic) frameworks of general formula A, MM’ (XO,)s.

C. Masquelier et al // Chem. Rev., 2013, 113 (8), pp 6552-6591



Na,V,(PO,),

n .
E‘S?I 100 Neue Familie von Phosphaten mit der Formel Na;M,(PO,); (!ﬂ =TV, (;:-, Fe). =
Entsprechend den Gleichungen A und B wurden durch thermische Reaktionen die
7902— 0 41 Verbindungen (I) und (II) dargestellt. (I) und (II) kristallisieren hexagonal und lassen
aufgrund ihrer Isotypie mit NaZr,(PO,); interessante Ionenleitereigenschaften erwar-

Physikalische Eigenschaften 1979

D 2000 ten. — (DELMAS, C., OLAZCUAGA, R., CHERKAOUI, F., BROCHU, R. und
LE FLEM, G.; C. R. Acad. Sci., Sér. C 287 (1978) 5, 169—71: Lab. Chim. du Solide
du C.N.R.S., Univ. de Bordeaux-I, 33405 Talence: franz.) — Betcke



Z. lian et al. / Chem. Commun., 2015,51, 6381-6383

Na,V,(PO,),: Electrochemical properties

E vs. Na/Na*, V

Na content x in Na,VV(PO,),
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Z. Jian et al. / Chem. Commun., 2015,51, 6381-6383

Na,V,(PO,),: Electrochemical properties
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NASICON-type electrode materials
for sodium-ion batteries

Na,TiV(PO,); NasFeV(PO,); Na,NiV(PO,); Na;MnTi(PO,); Na;MnZr(PO,); Na,;MnCr(PO,),
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D. Wang, Nat. Commun. R. Liu, ACS Appl. Mater. Interfaces. F. Lalére, J. Mater. Chem. A. W. Zhou, Nano Lett. H. Li, Energy Storage Mater. H. Gao, J. Am. Chem. Soc. J. Zhang, Adv. Mater.
8(2017) 1-7. 9 (2017) 43632—-43639 3 (2015) 16198-16205 16 (2016) 7836-7841. 26 (2020) 325-333 140 (2018) 18192-18199. 32 (2020) 1-8.



Na,VCr(PO,),
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R. Liu // ACS Appl. Mater. Interfaces. 9 (2017) 43632-43639

V—to—Nal site migration
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R. Liu // Adv. Energy Mater. 2021, 11, 2003256




Na,VCr(PO,),: V—to—Nal site migration
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4.5

Na,MnTi(PO,);: Mn—to—Na site migration
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b s,

Voltage (V)

Voltage (V)

Na,MnTi(PO,);: Mn—to—Na site migration

Voitage

4.0
3.6 -
3.2
— st
24 Sth Coapacity fading
0 30 60 90 120
Specific capacity (mAh g™
4.4 1 Hysteresis
4.0 dsappeare
36
3.2 1
2.8 —0°C
2‘4 " = R.T - — .
o 30 60 20 120

Specific capacity (mAh g™)

.

No defects

c g
V' to Naje v, Room

; temperature

o » performance

v,

Derivative

defects
e i
Migration. Low
barrier “ temperature

" performance

Liu et al // Nat Energy 8, 1088—1096 (2023)
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Na,MnV(PO,), has higher average potential

4+
Na; sMnV(POL):  Na content x in Na,MeV(PO,), (Me = Mn, V) Na;V*5(PO,)s
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7 s540 il 12 2
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Na,MnV(PO,),: cut-off voltage dependence

Electron number

by 0 1 2 3
L —
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ACS Applied Energy Materials, 2018, 11 (1), p 5842-5846
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Na,MnV(PO,),: transformations during cycling
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Zakharkin et al // ACS Applied Energy Materials, 2018, 11 (1), p 5842-5846



MnV(PO,),

V.V. Shapovaloy, et al. //
Radiation Physics and Chemistry
175 (2018) 108065

J.B. Leriche et al //
J. Electrochem. Soc. 157
(2010) A606

operando cells




Na,MnV(PO,),: stack vs map

J.B. Leriche et al //

J. Electrochem. Soc. 157

(2010) A606
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Zakharkin et al // Journal of Power Sources 470 (2020) 228231



Na,MnV(PO,),: transformations during cycling
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Zakharkin et al // ACS Applied Energy Materials, 2018, 11 (1), p 5842-5846



Na,MnV(PO,),: transformations during cycling
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Buryak et al // Journal of Power Sources 518 (2022) 230769



Na,MnV(PQO,),: transformations during cycling
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Na,MnV(PQO,),: transformations during cycling
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Insertion mechanisms
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Na,MnV(PQO,),: transformations during cycling
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Na,MnV(PO,),: transformations during cycling
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Na,MnV(PO,),: transtormations during cycling
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NaNbV(PO,),: 3 electron NASICON-type Anode
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NaNbV(PO,),:transtormations during cycling
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NaNbV(PO,),:transtormations during cycling
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XRPD Pattern Number

NaNbV(PO,),:transformations during cycling
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Conclusion

NASICONSs still show
lots of intriguing
features!






