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Li-lon Batteries: a Very Japanese Affair
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Commercialization and advances [edi]
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The performance and capacity of lithium-ion batteries increased as development [

@s led by Yoshio Nishi.l'?]
ith the same structure as mineral olivine) as positive electrode materials.[52]

1991 — Sony and Asahi Kasei released the first commercial lithium-ion battery.

1996 — Goodenough, Akshaya Padhi and coworkers proposed lithium iron pha
</nowiki=Journal of the Elecfrochemical Society, 144 (4), p. 1188-1194</ref>

1998 — C. S. Johnson, J. T. Vaughey, M. M. Thackeray, T. E. Bofinger, and S. £
2001 — Arumugam Manthiram and co-workers discovered that the capacity Iim\\

h NMC cathode materials.[5]
be understood based on the relative positions of the metal 3d band relative to
attery layered oxide cathodes, as well as their stability from a safety perspective.

.

the top of the oxygen 2p band.[541I55156] This discovery has had significant imp

um rich cathodes based on a domain structure.
s over the widely used lithium cobalt oxide.
ivity by doping itl"% with aluminium, niobium and zirconium. The exact

2001 - Christopher Johnson, Michael Thackeray, Khalil Amine, and Jaekook K
2001 — Zhonghua Lu and Jeff Dahn file a patent(®®] for the NMC class of positi
2002 - Yet-Ming Chiang and his group at MIT showed a substantial improvem

L

.

M. Stanley Akira
Goodenough Whittingham Yoshino

mechanism causing the increase became the subject of widespread debate.

2004 — Yet-Ming Chiang again increased performance by utilizing lithium iron g “for the development of lithium-ion batteries” ed particle density almost one hundredfold, increased the positive electrode’s
ell as a patent infringement battle between Chiang and John Goodenough.["']

surface area and improved capacity and performance. Commercialization led {
+ 2005-Y Song, PY Zavalij, and M. Stanley Whittingham report a new two-elec]
« 2011 - Lithium nickel manganese cobalt oxide (NMC) cathodes, developed at Argonne National Laboratory, are manufactured commercially by BASF in Ohio [™4]
e 2011 - Lithium-ion batteries accounted for 66% of all portable secondary (i.e., rechargeable) battery sales in Japan.["*]
« 2012 - John Goodenough, Rachid Yazami and Akira Yoshino received the 2012 IEEE Medal for Environmental and Safety Technologies for developing the lithium ion battery.[1]
+ 2014 - John Goodenough, Yoshio Nishi, Rachid Yazami and Akira Yoshino were awarded the Charles Stark Draper Prize of the National Academy of Engineering for their pioneering efforts in the field.[78]
« 2014 - Commercial batteries from Amprius Corp. reached 650 Wh/L (a 20% increase), using a silicon anode and were delivered to customers.[7]
* 2016 — Koichi Mizushima and Akira Yoshino received the NIMS Award from the National Institute for Materials Science, for Mizushima's discovery of the LiCoO; cathode material for the lithium-ion battery and Yoshino's development of
the lithium-ion battery.!?]
« 2016 - Z. Qi, and Gary Koenig reported a scalable method to produce sub-micrometer sized LiCoO, using a template-based approach.["]
* 2019 — The Nobel Prize in Chemistry was given to John Goodenough, Stanley Whittingham and Akira Yoshino “for the development of litki

In 2010, global lithium-ion battery production capacity was 20 gigawatt-hours 7%l By 2016, it was 28 GWh, with 16.4 GWh in China.
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Economics of Li-lon Batteries

Market Share by Region, 2019

DRIVERS FOR THE LITHIUM-ION BATTERY MARKET:

1 gEgaE IMPACT ANALYSIS
Eur i '.-
Lithium-ion T En E 7 Billion
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Attractive Opportunities in the Lithium-lon Battery Market
Market by Product, 2019

~9%
» Cells/Modules
Va|ue CAGR » Sattery Packs ‘ CAGR
— CAGR
rkle) » Energy Storage '

Systems (£85) 1 6 -4%
= The global lithium ion battery market size is expected to grow

from USD 44.2 billion in 2020 and is expected to reach USD

94 4 billion by 2025, at a CAGR of 16 4% during the forecast
period

ble government High adoption of
ies and growing lithium-ion batteries in
d from renewable consumer electronics

hittps:/ /W trangparencymarketresearch.com

GLOBAL LITHIUM-ION BATTERY

Growing need for automation and batter-operated maternal
handling equipment industries, and high requirement of Lion

batteries in various industrial applications are driving factors
for market growth

Declining price of lithium is one of the major opportunities for
the growth of the market in the near future

2020 2025-p

https://www.marketsandmarkets.com

Largest Market
. By Region (2018)

2020-e

2021 2022 2023 2024 2025

u North America mEurope nAPAC RoW

2018
Market Size

2024
Market Size
$106,493.0
million

Market
Growth Rate
(2019-2024)

21.8%

@2010 Mak ets andMarkets Researoh Private Ltd. All rights resernved.

https://www.psmarketresearch.com Source: Industry Expert, Secondary Research, and MarketsandMarkets Analysis

° 7/—|:0):|Z ~: éﬁ(@ 10—-15% Anode worth 10-15% of total cost

Q[.S:[z?/_':?ﬁi% : 20255 (2131 001.%'3)[/ (1JkM) fﬁ*ﬁl: Anode market worth ~$10 billion by 2025
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Criteria for Anode Material Selection
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Criteria for Anode Material Selection
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Silicon Is Awesome And Inexpensive

BERICROWTHIRICRLZE{FET HTHR T277AhKYMED ) F 7 LERE
MOST ABUNDANT ELEMENT IN EARTH'S CRUST AFTER OXYGEN STORES 9X MORE LITHIUM THAN GRAPHITE

T AT Battery Day 20204E9H22H
Tesla Battery Day, September 22, 2020
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Strategies to Stabilise Si Anodes

o UFrH) LbIZKBIEEEZFHIPR Restrict lithiation swelling electrochemical/

e V)AVIEET/— I Silicon- -composite anodes
o :té.“Cd)ij ‘t’)l/'ﬂf, Encapsulation in matrices
° QIE%'I‘SF_%EO),,,\JJD Addition of inactive material

BRILZERIERE
performance |
BEOREM

structural

RETHANV)AVDOESIHET

increased stability but reduced Si content

g% ,

o JF) LEIZKDEIRZUNE Accommodate lithiation s@ p

BEDREM
structural

- IS () IR, F/HF S/ Fa—T, AN
j_/lj ’f)V%) P@e
Structuring (e.g., thin films, nanoparticles, nanotubes, {
nanowires, etc.) - REMAFLTECEDL

B

sometimes increased stability

- HEBAENEH

extra fabrication complexity

5l : Ampriustt ()32 F/74%) Ramottt (RTUL AR LD )ALV F/T4Y)

ST e.g., Amprius (Si nanowires), Ramot (Si nanowires on stainless steel) 5
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OIST Anode: Growth
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OIST Anode: Features
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Comparison of nano-vault architecture with existing technology

Zuo et al. Nano Energy 31 (2017) 113-143

2016 Anode Synthesis method Cycling stability Y4 ILEZEHE
7/—K ERA; ) ]
BRI A Discharge capacity After nth Current rate
[mAhg '] thEge cycle [mAg 1]
WS N2 )L 1% Seml
0D Si NPs Si NPs/graphene composite Top-down dispersion and bottom-up >1200 600 500
synthesis
0D Si NPs Si NPs/rGO-hybrid Sol-gel reaction followed by 1165 100 2100
magnesiothermic reduction
0D Si NPs SNPs@void@ mGra Melting self-assembly route 1287 500 500
0D Si NPs Si@C-rGO Stirring and vacuum filtration 930 400 300
0D Si NPs Si NPs/graphene foam Freeze-drying method 1295 180 500
0D Si NPs Si-nanolayer-embedded CVD 496 100 0.5C
graphite/carbon hybrids
Si microparticles (1- Graphene cages/um silicon Using a dual-purpose Ni template 2805 300 210
3 um)
3D Si Granadilla-like silicon/carbon Templating method 1100 200 250
composite
oIST? /—F TEILIFRSIKERE (ZEHE) CBD-PVDIVER—I 3y 100 0.5C
OIST anode a-Siaqueduct CBD-PVD combination
e ADVANCED
———— CBD - 75 RAAE — L 7%5& cluster beam deposition ; SC|ENCE ‘
1 ~ e
‘a \ﬂ\ X - PVD - #)387% 75 physical vapour deposition
| COMMUNICATIONS |
\MATER
g e REILHICHEEICEEEEERT !
lAR‘\C\E n silicon-

ano- a\)“ ar d lteCtUle Hl\t ates stress i
v g

N

baSed a(\odeS () |n\ um- ion batte ies

NOTICE: OIST anode not fully optimised yet!

Porkovich
ames Po

Commun Mater 2 (2021) 16
Adv Science 4 (2017) 1700180 |§
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Expected application

£

c IRILF—FENEELEFHEFRITO
NATUR)FLEM
(MZE-FHEXLZE)

It can be applied for high-end Li-ion batteries for electronic applications, where energy density over weight is
important (e.g., aeronautics and space).

« BHLUNTIE. SANAF AV ADTHENBLEGTARIZE
T/7—FREBRER AR
(KRETEE . NAA AV TSUMRE)

Other than batteries, the nano-vault architecture itself can be used in applications requiring endurance over
variable high-stress cycling (e.g., hydrogen storage, bioimplants, etc.).

10



ERbIZmIT1-:ERE

Challenges for commercialisation

« ERLTWLAZE
(DF/BEIZVFOESIELEN S LUBRNCEDNE
Q)EEAMICEAERSIZEEEIZLSHERED M £

We have demonstrated (1) the improved electrochemical and mechanical response of the nanostructure unit
(2) performance enhancement due to vertical repetition in multilayers.

« INMLEYBETIE
(DEE(TAX #MHE. BHEE) DEoidmiiEit
Q)AESTOCRDRT—ILT VT

Bl =T ROV RINVRA) T MBIEEREE~NDER)

We need to (1) further optimise the structure (e.g., dimensions, materials, number of layers)
(2) scale up fabrication process (e.g., by replacing magnetron sputtering with other CBD method)

o ZDF/T—FREEL. FLEMTELEL., HEESaX (5] PvDACYDHY) |
IRIEANDEE-E
For commercialisation, our nano-vault structure needs to be benchmarked against other, similar approaches
% (e.g., Amprius Si nanowire anodes) in terms of performance, cost (e.g., PVD vs. CVD), and environmental impact.
O

[ST 11
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Potential ways for technology transfer

o INTA—ADEEIL EBEEZEEE (L (POC: Proof-of-concept) [ RXRZFETITLY, X
T—IVTYTIEEETOERETFE,
Parameter optimisation and proof-of-concept should be conducted in academic environment.
Scale-up should be proven at industrial scale.

o IA7ANYTI)—ICEDLEFEOEREDERMARERE,
(N E&BIEDER . RAFVERDEEIRELGE
() RT—IWTvT : 51420 REH
Looking for a company focusing on micro-batteries for research collaboration:
(1) optimisation round (e.g., post-doc funding)
(2) production upscale (technology licencing)

s BEEN\YTI)—ZHREFTOEEOC . NAIVFHGHE~DSAZBET
X FO—2GE) L AETOEANER,
Companies which are developing high-density batteries or which want to enter into high-end application market
(e.g., drones) can benefit from this technology.

%IST 12
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OIST anode: Assessment
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Patent

FEEAD A TR
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PN

FEE
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[RREI Nano—Vault |

KE {RHEFE 63/075,455
B R B T KR K (B )

S5 T4ATAR INF DA T4AX Panagiotis Grammatikopoulos

<J)LA-F7HA Marta Haro
TarlA YA Junlei Zhao
I3IYA Rtz TF7LARL R Emilio Jose Juarez—Perez
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Contact
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TEL - 098-966—8937
FAX - 098-982-3424
E-mail : tls@oistjp
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