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Electric vehicle (EV) is equipped with Li-ion batteries.
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http://mwww.mynetcity.com/blog/2006/tips-to-prevent-laptop-battery-explosion/
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Reports on Na battery materials
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Voltage / V
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Galvanostatic charge and discharge of
(-) hard-carbon/1 M NaTFSA PC / NaNi,,Mn,,0, (+)
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Progress of Na-ion batteries

Current Collector Current Collector

Al Al Cu
Al is lighter and
inexpensive.
Positive
Negative
NaFeO,, NaCrO,
NaNi, ,Mn,,,0, hard-carbon
Na,/;5[Ni;;;Mn,;5]0, Sn, Pb, Sb,
Na(Feg 4Niy sMn, 3)0, Na,Ti,0,, TiO,,
Na,[Fe,,,Mn,,]O, Terephthalate,
Na, (Liy 17Nig 2, Mng 64) O, Electrolyte and Additive NaTi,(PO,)s,
Na(Fe, ;sNi; ;sMn, 5)0, NaPF,, NaN(SO,CF,), Na,V,(PO,)s,
NI\?;(CT'NII::)P%“F Carbonate esters Binder Phosphorus, etc.
Na4[:=/(:(CIi|/)26]2 Fluoro-EC additive PVAE
KFe,(CN),, Na;PS, glass deglf/lrzlate

(Pyro)phosphates, etc.

Our group; Electrochem. Comm. (2008, 2010, 2011, 2012), ECS Trans. (2009), Adv. Funct. Mater. (2011),
ACS Appl. Mater. Interfaces (2011), Electrochem. (2012), Inorg. Chem. (2012), Nature Mater. (2012) etc.



Na-ionBMIEB A DER ERERILY

NaCrO,
NaFeO,-NaNi,,Mn, 0,
Na, (Fe,,Mn,,,)0,

Na,FePO,F

e.g.) NaFe''0, <= Na,_Fe'V Fe'', 0O, +x (Na*+e)
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O3-type NaMeO,, (same as LiCoO,)

S Meo, slab

Unit cell
having 3 MeO, slabs

Na at Octahedral site



Voltage / V vs. Li

Li and Na systems are not identical.

Electrochem. Commun., 12, 355-358 (2010).

No Capacity
due to

disproportionation of Cr(IV)

Li / LiClO, PC/ LiCrO,

20mAg?
1, 2, 5, 10t cycle
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—
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I
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Voltage / V vs. Na

—
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Reversible Na Insertion
due to Cr(l1)/Cr(1V) redox in solid

Na / NaClO, PC / NaCrO,

1 2.0-3.6Vvs.Naat25mAg!

1, 10, 20t cycle

' I ' I
0 20 40 60 80 100 120
Q/mAhg*

Despite of the same crystal structure, layered Cr oxides
with Li and Na are inactive and active, respectively.




How safe is Na-ion?

Electrochemical and Solid-State Letters, 15 (1) A1-A4 (2012)
1099-0062/2012/15(1)/A1/4/$28.00 © The Electrochemical Society

NaCrQ», is a Fundamentallv Safe Positive Electr
for Sodium-Ion Batteries with Liquid Electrolytes

Xin Xia* and J. R. Dahn***

= . : : :
- Na, .CrO,
© 10 Na, .CrO, (duplicate run)
As it is well-known, deintercalated Li,CoO; shows high reac- Na, ;CrO, to 350°C
tivity in solvents due to the oxygen release from the decomposi- L!ﬂ-5C°02
tion of LipsCo0, at elevated temperature and subsequent solvent 1 Li,FePO,

combustion.! Deintercalated LiFePOj is very stable due to the strong
bonding between O*~ and P>* in (PO,)**,' but it still shows some lim-
ited reactivity in solvent at sufficiently high temperature.'> Nay sCrO, 0.1
shows an even less reactivity than LizFePO,, and to our knowledge.

this is the first time a de-intercalated lavered compound has shown

no_exothermic_behaviour during heating in non-agueous solvent (o
350°C. 0.01

The top panel of Figure 3 shows the self-heating rate vs. temper-
ature of 100 mg of NagsCrO; in the same mass of 1M NaPF; /EC:

0.001

100 200 300
Temperature (°C)

Figure 3. Self heating rate (SHR) vs. temperature of 100 mg NagsCrOz,
LipsCo0O2 or LipFePOy in the same mass of EC: DEC (1:2 v/v) or IM NaPFg
in EC: DEC (1:2 v/v), and the electrolyte itself. The legend indicates which
curve corresponds to which sample. Some experiments on NapsCrO2 were
repeated three times as indicated.
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140 mAh/qg at 3.0 V

Previous reports on positive electrode

O3-NaFeO,

T T T

L Fe3/* redox at 3.3 V,

1L with good capacity retention | | 100 mAh/g but severe fade l
0 50 100 150 0 5 100 150
Q / mAhg’ Q / mAhg®

S. Okada et al., 210th ECS Meeting (2006).
Our group, Electrochemistry (2012).

et

Synthesis and electrochemical Na extraction of their solid solution,

Our group, ECS Trans. (2009), and Inorg.
Chem. (2012).
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Energy Density and Average Voltage of NaFe,(Ni, :Mn; c),.,O,

600 ! ! . . . |
‘_'icn 500 _ Good cycleability Higher Fe content 14
g (lowest Ni ratio) >
= O 8
? 300 3.0 E
3 O w
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5 200 + 153 E
chj 100 <
C/20 (12 mA/g) 192 6
20-3.8V
O | L | L | L | L | L |

0.0 0.2 0.4 0.6 0.8 1.0
x in NaFe,(Ni,:Mn, ), .0,

It is possible to substitute Fe for Ni/Mn without loss of energy density.>



Charge and Discharge curves of NakFe, ,(Ni; sMng =)o 0,

40+ | | | | | 10" (_'15t
140 mAh/qg & good retention
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P2- and O3-type structure

P2-type O3-type

Na (or K) at
Prismatic site_ [} Li or Na at

Octahedral site

Na,,;;MeO, LiMeO,, NaMeO,

(Me = transition metal) (Me = transition metal)

29



Synchrotron XRD of Na,[Fe,,Mn,,,]O,

. MeO, layer
x 2 ~
- S.G. R-3m <
& a=298UA S 03-Na[Fe,;,Mn,,,]0,
e ¢ =16.521(1)A

p1ea

S.G. P6,/mmc
a=2.933(1) A MeO, layer
¢ =11.223(1)A P2-Na,[Fe, ,,Mn,]O, ~ Gl
Kl\ — NaPri. — %%%%
gd _ 3 5 TSTsTSTS
S3 | &8 T g o @@ @
J 117 =7 S o
| L §ITa cooe
| - . . c ISR
4 8 12 20 24 N |
26/ deg. (A = 0.5 A) a

Both 03- and P2-type Na,[Fe,,,Mn,,]O, were successfully prepared. ~ *°

J>Uu Uu:(> > UIUJ>

o> OW >0 >



P2-Na,[Fe,,,Mn,,]0,

N. Yabuuchi, S. Komaba et al., Nature Materials (2012).

5 rr - r r 1 - r T T
2 4l Na // P2-Na,[Fe,,Mn,,]O, cell ]
o 3F T Min3*/Mn® '
_,CE 2F :_
S af \/ -
[ i< ong ca. 190 mAh/g _
O | 2 2 2 2 | 2 2 2 2 2 2 2 2
0 50 100 150 200

Capacity / mAh g'

From XAFS and Mdssbauer

Structure of

From XRD,
phase transition reversibly occurs between P2 and OP4 stacking.
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Na,FePO,F: Structure and Na insertion

110 mAh/g
3 V flat voltage

4 —r

2"/; ascorbi; acid
100¢ W
without ascorbic acid | -
/
0 5 10 15 20

. _ 1 Cycle Number
0 40 80 120

Capacity / mAh g

[ 3% ]

2

(8}

EJ
Capacity / mAh g™

Y. Kawabe, S. Komaba, et al., Electrochem. Commun. (2011).



Comparison between Li- and Na-ion

| Lion m

(+) Foil

(+) Material LiCoO, LiMn,0O, Na2/3I:|:eF,T\;I)r?)4C|;Z otc.
Electrolyte Li-EC-DMC Li-PC Na-PC

(-) Material Graphite Li,Tic:O,, Hard-carbon
(=) Foil Cu Al Al

Voltage 3.7V 2.5V 29V
Energy density © A O

Power density A O ©

Safety A © 7?7

Minor metal; Li, Co, Ni, Mn...
Advantage and Disadvantage



il DOIE FEREHRK

‘I*s'w.h.l biquage L

19904 IRz Ui AL &F 3 ifzihﬂi T5—9UTh
| \\
% =
EIZAME il
I 1A
| !
: I
: I
| !
| BARRANRIAFL AFY-5—  WRAMSET !
e e e e e e e e e e e e e e e e e e e -
‘ FEIL, BIRMEEMANNE
EBEMOEENENIE, EMIRMEITHS. '
S#& BEELNOBEAOERKSE TEM =
&, AR BEIIERT DAL HD. FR) oL AT ZZEE A DB F

HE: BILIMA=ZOX



F=EH

C R L E—:

B, ]RIE, -

E B D ER

1

7 AR T —F

F MBS

EMORENS, TRV L

T RERIE DM MBI, L
IR D5

%.Jfé




