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lon Secondary Battery

arger battery scale
=> higher price

Mobile electronics
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Cathode Materials for LIB
[ fuco,  Juwmo,  ureeo, |

Capacity 274(ideal) 148 170 191
(mAh/g) 160(effective) 130 ~170 120
Voltage vs Li 3.9v 4v 3.5V 3.5-3.9vV

o (Scm™)@300K metal 1030 103@ 1056

D (cm?s) 101~102 @) 1010~10116) 1012~10156) 10-9~10-100)
Li diffusion pass 2D Li forms network 1D 3D
Structural prop. Successive ST ST PS No PT

1) JAP95(2004)6823, 2)PRB68(2003)195108, 3)JJAP50(2011)060210, i
4) JPS159(2006)1422, 5) JPS93(2001)93. 6) EA54(2000)463 1. 7) Our work

Prussian blue analogues

current flow< ion flow

Oxidize cyano  Fe ™ Release

X425

: Lir  0.92A
eleotrone : ons & 1184
) - @ K ea

H - Rb*  1.61A

Cs* 1.74A

Reduce Store

Li*(organic solvents) LIB
-'Na*(organic solvent) SIB |
“Cs*(water) decontamination, A. Oomura et al., APEX5(2012)057101 .l
|in"(water) storage within 2 sec., T. Shibata, et al. ChemComm50(2014)12941
Ca®* etc. (water) Y. Wan&_NanoLett'l\'S(ZO'l 3)5748 X

—

M vs. Capacity
Li MIFe(CN)],

Yy 0.81 0.90 71 0.68 0.96
Capacity ~120 ~140 70 ~70 ~60
(mAh/g)

Redox site Mn,Fe Fe,Co Fe Fe Fe

T. Matsuda, et al., APEX 4, 047101 (2011).
Y. Moritomo, et al.. APEX 5, 041801 (2012).
M. Takachi, et al., JJAP 52, 044301 (2013).
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Discharge curye vs. Reduction OCV discharge curve
charged :
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: . Struct XRD
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UItrafast dlscharge process Ex situ XRD

| I:l.' II u.--.._. ||1 i
Lk = Li,Co[Fe(CN)slo 00
= - AR = 8 x 6.
=% i — s, 3! W, Sy A=0.498324
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F i | 20Catt6mm : o BL02B2@SPring-8
i TN AT 20 C means that the dischapge - . All the diffraction peaks can
1 = —. | Processcompletewith i {120 04| beindexed by face-centered
2 . - 1 cubic model.
2y 2 ] ‘ | 0.0
— 3000 C at0.12 ym i0 20 Lattice constants were
Capairy b 20(deg) refined by Rietveld method.

Y. Moritomo, JJAP 51 (2012) 107301

Color change during discharge Ex situ XAS around Co K

charged dlscharged (a) CoK

TR
m A \ Li,Co[Fe(CN)s]o .00

= HS Co?*

=

£

& 7CI9A@PF/KEK

~

H. Nitani

LS Co®*

We evaluates the Co valence (s)
‘ ‘ by spectral decomposition:
7710 7720 7730 7740 b (x)= (s-2) P (0.0)+(3-s) (1.6)

Photon Energy (eV)




Ex situ XAS around Fe K
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Co valence

Fe valence
e e

PS induced by Li* intercalation

If we assume the chemical composition of respective phases as

7C@PF/KEK 9A@PF/KEK

With use of empirical relation,
we evaluated the Fe valence (s)
from the peak position.

Kurihara, et. al, JPSJ79(2010)044710

Li* intercalation vs redox

Fe Cogi

=3
=

black LS Co?®

|green HS Co?* |

The PS reaction is expressed by the following reaction equation:

x=1.2 ‘E_..I-L-“""“."'-"k"-ﬁ.
B

' 1T

= L

RO
T Tk
hase Black phase: o
Li Co®*[Fe?*(CN)glp x=1.0
face-centered cubic (Fm3m)
a=9.9535+0.0007 A
d(Co-N)=1.89(4)A
d(Co-N)=1.92(5)A
Green phase:
Li; (Co?*[Fe?*(CN)¢lo x=1.4

face-centered cubic (Fm3m)
a=10.18480.0006 A
d(Co-N)=2.01(2)A
d(Fe-N)=2.01(2)A

Lig sCo**[Fe?*(CN)lo g
Li; 6Co?*[Fe2*(CN)glo o

Li,Co[Fe c:N)G]09 >

Li* freely moves in the framework to keep the local charge neutrality.

This

allows macroscopic PS.
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How to monitor PS of Co-PBA

5
rLiyCo[Fe(CN)gloo d=1.0um)

Green phase

~ 4+ ——
Li; sCo**[Fe**(CN)glos TE N x;%g

L 3 —=14
Black phase ) TTle
Lip sCo**[Fe**(CN)glo, °

The 540 nm absorption
is ascribed to the
electron transfer from
Fe?*to Co3*.

We can utilize the 540 nm absorption as a sensitive
monitor of the spatial distribution of the black phase

400 500 600 700
Wave length (nm)

PS dynamics against x

Li*deintercalation e
_#ﬂ, 3 - SRS Thickfilm
. - |_| L] Fel ORI, — -11"'-"-
= a=15 ,@‘/& e
— |a I
:,.: A Black phase
Green phase |‘_1_u'E il Lig §Co®*[Fe?*(CN)glo o

Li; 6Co?[Fe?*(CN)glo.o

Macroscuplc PS

Length scales of PS and grain size

AFM image
Microscopic image

Gram size is sub-um

Length scale of PS is 10 um
The PS occurs beyond the grain boundary, possibly
mediated by inter-grain volume contraction.

Rietveld analysis at x = 1.2

Black phase:

Lip §Co®*[Fe?*(CN)glo.o
face-centered cubic (Fm3m)
a=9.953520.0007 A

Green phase:

Li; Co**[Fe?*(CN)glo
face-centered cubic (Fm3m)
a=10.18480.0006 A
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Li* deintercalation dynamics BiISsFORaENFORER

The macroscopic PS indicates that Li selectively removed at the XRD Z
phase boundary. The Li removal transforms the green phase to the =
black phase. Li; sCo*TFe(CN)glos > LI+ Lip¢Co™[Fe2*(CN)ghos £
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Thermal Coefficient a

Low-a High-a

3200 3310
(a) NCF71 (b) NCF90
x=0.51 x=0.71

0.53 mV/K .32 mV/K

£

Spe =0.53 mV/K Sec = 1.32 meV/K
Tannpde 52953 K

Tomode =295.3 K
318 80 2§0 300 329 80 2§0 300
T cathode (K) T cathode (K)
electrolyte: 1 mol/L NaClO4 in PC

a+/Na)
=

s. N

;3190 ;3300

¥ (mV vs. Na"/Na)

¥ (mV v

SEHEHN

A1 NCFL T, =295K/T, 5=g,23 K
o=+ 0.7 mV/K

IE#E:NCF90

o=+ 1.4 mV/K

50

l(a) heating

=~
(=3
T

w
(=}

cell

H

10 mol/l NaCIO4 in water

Vcell (mv)
(=]
(=3

—_
(=}

Ty=323K
dV’/d7 = 0.96 mV/K
300 310 320 0 0.1

7 (K) Charge (e/NCF90)

T. Shibata, Y. Fukuzumi, W. Kobayashi & Y. Moritomo,
Appl. Phys. Express 11, 017101 (2018).
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=- 0.3 mV/K
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1 mol/I NaCIO, in PC
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g 201 /

10+

0 L L L L L
290300310320 0 0.1 0.2
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Y. Fukuzumi, K. Amaha, W. Kobayashi, H. Niwa & Y.
Moritomo, Energy Technol. 10.1002/ente.201700952
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H. Iwaizumi, et al. Dalton Trans. in press
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Table 3: 3d-electron configuration entropy (S34)

100 electron configuranon S LASy
To o [ ETE]] —
Co?* F'E:g: bl 1) =
Mup* it kglui6 1) -
Mott e, kgln(5:2) —

— - - 0.04 VK
Fe* ‘ kalnil=1) =
Fe*! "E’:{ kplu(2x3) -

— —_ — =005 mVE !
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I wver gy
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