@ EL K FEEMRIAZEET Institute for Materials Research, Tohoku University zg%iz
RT R LRRA S HETGES
[ Mg-Day in SENDAI III |
(FY: BAARFERFESKLF—IV)
aE4
[T R LEE M (EEHH) @Faﬁ%@ﬁ"%ﬂ&ﬁ’lﬂta_d)ﬁﬁj
15:10~15:30  BALASS AT TIT A Sl A b S B T 2P

ik hiE ;|

2006 MgZ & M 25 BaR

HMEHEBIE

ALCAGEIREET/\1R) 2011-2013
ALCA-SPRINGH#S£5 (£41TL) 2013-2023 IEABRIFKGLAE(E7E



How to utilize the sustainable energy?
Smart-grid system for energy sustainability

Na > Al, Ca, Mg >>

Li

Rock-forming elements 'é
L
Territorial abundance 1

w4 Earth's upper continental crust
! L

Residence ]

Electricvehicle

Necessary conditions for scaling-up

1. Resources must be abundant!

2. The most important thing is that
rechargeable battery must be safe!!

Major industrial metals in red Rh
Precious metals in purple . .
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Various metal anodes and deposited morphology

Potential  Capacity

. [ 3861 mAh g
-30Vvs.SHE B | 2062 mAh o 9

) : m 372 mAhg
29Vvs.SHE I LIC6 840 mAh cm?3

Magn

-29Vvs.SHE - Ca . 1337 mAh g'] 1047 SE 83 88 FL

2073 mAh cm'® Dangerous Li dendrltes
s 2205 mAh g F. Orsini et al, J. Power Sources 76, 19 (1998).
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Multivalent metals hardly form : §
dendrlte morphology upon charge‘ 7
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O. Mizrahi et al, J. Electrochem. Soc., A. Ponrouch et al, Nat. Mater.

155, A103 (2008). 15, 169 (2015). F. Wang et al, Nat. Mater. 17, 543 (2018).




Why magnesium rechargeable battery (MRB) ?

Lithiumion battery (LIB) Magnesiumrechargeable battery (MRB)
Li metal cannot be used as anode Mg metal can be used as anode material,
material due to a fatal problem, i.e., because Mg metal is electrodeposited

dendrite electrodepositio

! Il '

n of Li metal. smoothly on current collector surface.

o 4 g
'}.‘ v'}“‘, 3

“lectrodeposition [

Electrodeposition

of Li metal ﬂ of Mg metal
e
LiCq: 72g-carbon per 1mol-electron. Only 12g-Mg for 1mol-electron
(3.7V-140Ah/kg |EC/DMC| Graphite) (2.8V-200Ah/kg |Electrolyte| Mg-metal)
- 370 Wh/kg - 510 Wh/kg
Discharge @ ]
Anodic T;.%?:
d.ls:noglltzlflon MgZ*e _g:s:
Cation o
insertion
(-) Carbonaceous anode (+) Mg metal anode Cathode '@



§ 2. Cathode material candidates for rechargeable batteries

Potential /V vs. Lit A

Li Mg Ca Al
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'O é L D. Aurbach et al., Nature 407, 724 (2000).
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Many cathode candidates for LIB,
but few materials for multivalent cations!

1) D. Aurbach et al., Nature 407, 724 (2000).
2) M. E. Spahr et al., J. Power Sources 54, 346 (1995).

3) Z. Tao et al., Chem. Commun. 40,2080 (2004).

4) P. Novak etal., J. Electrochem. Soc. 140, 140 (1993).
5) M. Hayashi et al., J. Power Sources 119, 617 (2003).
6) N. Jayaprakash etal., Chem. Commun. 47, 12610 (2012).



§ 2. Activation energy movement: Divalent ions vs Li ion

Olivine: LiFePO,
LiFePO,

Very fast transition
AE(diffusion) ~ 200 meV
Ceder et al.

Spinel : AB,0O, ab-initio calculation by Ceder et al.
AE ~ 600-800
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Sample preparation and electrochemical method

1. Electrochemical measurementat moderate temperatures
—> using Mg/Cs-TFSA ionic liquid (~150°C)

2. Inverse co-precipitation method
- Very fine (primary) particles of about 5-10 nm

3. Sample characterization
- Synchrotron XRD, XAFS, XPS, STEM, ICP

o XRD data
—— Simulation

111

Potentiostat

0.5 M Li(TFSA)
dissolved in
DEME-TFSA
WE
MgMH204
Porous ceramic filter

10 mol% Mg(TFSA)Z
dissolved in Cs(TFSA)

Intensity

Aluminum block

Heated up to 150 °C
to enhance Mg diffusion

HAADF-STEM




Current / mA

Moderate-temperature ionic liquid

Cs-TFSA based ionic liquid
by Prof. Hagiwara et al.

Molten Salts Chemistry and Technology, M. Gaune-Escardand
G. M. Haarberg eds., John Wiley & Sons, Ltd. Chapt. 5.4 (2014).
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Melting temperature of Cs-TFSA: 120°C

Electrodeposition and stripping of Cs

of electrolyte

@150°C

Oxidative decomposition

F 4

# WE: Pt
4 CE:Li
RE: Liin 0.5 M LiTFSA
/DEMETFSA

Scan rate 5 mV s

03

02

Current / mA
o

Electrolyte: CsTFSAa at 150°C "'

0 1 2

3 4 5

Potential / V vs. Li'/Li in RE

TFSA- anion
O O
I _
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No solvent TESA-
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Advantageous points:

1. Possible to operate at moderate
temperatures (120-200 °C)

2. Wide electrochemical window:
High oxidation limit (~5V vs Li)

4



Estimating Redox Potential of Mg in (Mg10/Cs90)-TFSA liquid

Mg(TFSA), / CSTFSA = 10/ 90

Ar atmosphere Reference electrode (RE): Liin 0.5M LITFSA
Dew point: -70 ~ -80 °C /| DEME-TFSA solution
Counter electrode (CE): Mg ribbon
— : WE: Pt plate
- | CE: Li ribbon
RE: Li S | RE: Liin 0.5 M LITFSA/DEMETFSA
' s = ; Temperature: 150°C
O I Electrolyte: CsTFSA
g : Scan rate: 5 mV s’ /
DEMETFSA e ¢ O of - , -
(Or Triglyme) WE CE Mg:Li:Cs
10:10:80 038 —
Porous - J - 10:5:85W | Mgi1o Md10 10
ceramic lonic liquid —~ ol 10:3:87 £ | cogy Csgs oy
filter Al Bloek > | T06f (a%) (%)
b OC \(_P/ g ; 05
Hot plate = ; ,'-S E: Mg ribbon > “6”2915
< I 8 5 E: Mg ribbon S 041 o)
. : - Q DE Liin05MLTFSA &
Redox potential conversion rule 3 32 IDEMETFSA £ 03
: 2+ i = ‘emperature: 150°C |,
The redox potential of Mg/Mg=" In §  sectrolyte: MglLicsTrsa %0 2 4 88 o
(Mg10/Cs90)-TFSA ionic liqud is | Yw . . 77" |

estimatedto be 0.5V vsLi(in RE). 0O 1 2 3 4 5 6 -
o5\ Potential /V vs. Li*/Liin RE é
| 10
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Structural similarity between Spinel and Rocksalt

Space group #227

Spinel Rocksalt

FCC oxygen flame
(32e site)

Tetrahedral site
(8a site)

Octahedral site
(16d site)
Octahedral site

(16c site)

A(IDB(11N),0, MgA(I1)B(I1),0,

Only difference is the configuration of 8a and 16¢



“Intercalation and push-out” mechanism

|\/|g2+ S. Okamoto, T. Ichitsubo, K. Shimokawa
: . etal., Adv. Sci. 2, 1500072 (2015
¢ | Intercalation to 16c site (2019)
e \IO ~ AR © ™ Mg insertion
6C Jl6dy - (Discharge) o
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Intercalation and Push-Out Process with Spinel-to-
Rocksalt Transition on Mg Insertion into Spinel Oxides in
Magnesium Batteries

Shinya Okamoto, Tetsu Ichitsubo,* Tomoya Kawaguchi, Yu Kumagai, Fumiyasu Oba,
Shunsuke Yagi, Kohei Shimokawa, Natsumi Goto, Takayuki Doi, and Eiichiro Matsubara

Adv. Sci. 2015, 2, 1500072 © 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (1 of 9) 1500072
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M cneckiorupaaies|  Electrochemical phase transformation
- accompanied with Mg extraction and insertion
o3 s ETEin @ spinel MgMn,O,4 cathode materialf

Takuya Hatakeyama, {2** Norihiko L. Okamoto, {37 Kohei Shimokawa, (52
Hongyi Li, (2 Aiko Nakao, ° Yoshiharu Uchimoto, (¢ Hiroshi Tanimura,?
Tomoya Kawaguchl'@"’ and Tetsu Ichitsubo (& *2
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Materials design for MRB cathode
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Electrochemically synthesized liquid-sulfur/sulfide
composite materials for high-rate magnesium
battery cathodest
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Mg/S batteries are some of the most promising rechargeable batteries owing to their high theoretical
energy density. Their development is, however, hindered by (i) low electronic conductivity of S, fii)
sluggish Mg®* diffusion in solid Mg-S compounds formed by discharge, and (iii) dissolubility of
polysulfides into electrolytes. To address these problems, we propose liquid-S/sulfide composite
cathode materials in combination with an ionic liquid electrolyte at intermediate temperatures (~150 °C).
The composite structure is spontaneously fabricated by electrochemically oxidizing metal sulfides,
yielding liquid S embedded in a porous metal-sulfide conductive frame. This concept is demonstrated by
a S/FeS, composite cathode, which shows a significantly high-rate capability of, e.g., 1246 mA g %) with
a capacity of ~900 mA h g 1. In addition, non-equilibrium liquid S formed by fast charging results in an
unexpected higher discharge potential. This work provides a new strategy to design S-based cathodes
for achieving high-rate multivalent rechargeable batteries.



