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Rechargeable Battery Technology = Sion Power
For 100 years, only Lead-Acid and Nickel Cadmium. NiMH and Li-lon in 1991.
What is next and when?
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Nickel — Metal Hydride (NiMH)




Nickel-Metal Hydride

Metal hydride anode, nickel hydroxide cathode, water based alkaline electrolyte =i

Button, Cylindrical, Prismatic Cells 50 mAh— 200 Ah

30 Million Hybrid Cars, Billions per year Consumer Cells
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Major NiMH Consumer Producers

Creating Chemistry for a Sustainable Future
1 NiMH AA cell replaces 1000 Primary Alkaline Cells
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NiMH continues to replace Primary Alkaline
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SCIENCE

1993 Article in Science — “A Nickel Metal Hydride Battery for Electric Vehicles”

A Nickel Metal Hydride Battery for Electric Vehicles

10 nm

Copryrighn €

5. R Ovshinsky, M. &, Feicanko, and .J, Ross

1905 by rhe Aumerican Association or e

Fig. 2. Scanning transmission
electron micrograph of the metal-
electrolyte interface of an Ovonic
MH battery electrode that shows
the structure of the engineered
multiphase bulk alloy and surface
oxide.

Achvancement of Scwnee

A Nickel Metal Hydride Battery
for Electric Vehicles

5. A. Owshinsky, M. A. Fetcenho, J. Hoss
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consumer battery



NiMH replaced Lead Acid in iconic GM EV1

Led to formation of GM — Ovonic Joint Venture

GM EV1 Battery Pack
* Voltage 340 V

» Capacity — 87 Ah

* Energy - 32 kWh

* Pure electric range - 240 miles

Ovonic Nickel-Metal Hydride Battery

* Excellent customer response

k| = -

UNITED STATES ADVANCED BATTERY CONSORTIUM LLC

Ovonic Battery Company
received the very first
development contract from
USABC in 1993, also first
chemistry to become
commercial.

NiMH doubled the driving range of the incumbent lead-acid battery
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30 Million Commercial Hybrids use NiMH

Exceptional Track Record of Success UNITED STATES ADVANCED BATTERY CONSORTIUM LLC _. =1al[=4
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Real world 55 mpg
Life of the car battery

avicenne
— ENERGY

INFORMATION FOR GROWTH
www.avicenne.com

32md INTERNATIONAL
mm BATTERY SEMINAR
& EXHIBIT

Over 30 million hybrids with NiMH

March 9, 2015

Proven safety, life, reliability and cost
NiMH — “Life of the Car”

B Sustainable materials and recycle capability

“The hybrid batteries used in Toyota and Lexus models can last longer the
i I vehicles themselves, so often they are only recovered when the cars reach
the end of their useful life, or if they have been involved in an accident.”

2005 2010 2015 2020 2025
Battery collection and recycle more than 90%, targeting 100%.
NiMH for HEV LIB for HEV _
® LIB for P-HEV B LIB for EV Hybridcars.com February 9, 2015

While NiMH cannot compete with LiB in XEV applications, NiMH remains an important HEV and Consumer Technology
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Nini rich oxide
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particles
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Original surface oxide inhibited the high rate discharge capability of the NiMH battery.

By adding the catalytic sites to the oxide surface (SEIl Layer), NiMH batteries could
operate at extremely high rate, opening many new product applications.

SEI layer on Metal Hydride alloy surface enables rate, power capability, low temperature
Hybrid vehicles were enabled by NiMH Surface Oxide

NAATBatt February 22, 2023 9




Crucial NiMH Battery Patent — Enablement of High Power

e— . =
Appl. Phys. A 72, 239-244 (2001) / Digital Object [dentifier (DOT) 10.1007/5003390100776 Applied PhySiCS A
Materials
Science & Processing
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At . alloys for electrochemical application in nickel-metal hydride batterie
= $.R. Ovshinsky, M.A. Fetcenko*
Energy Conversion Devices/Ovonic Banery Company, 1675 W. Maple. Troy 48084, Mi USA
_ Received: 14 August 2000/ Accepted: & November 2000/Published online: 9 February 2001 - @ Springer-Verlag 2001
: Abstract. Multi-element, multiphase disordeted metal ky- e Easy application to series and series/parallel strings;
M. q; dride alloys have enabled the widespread commercialization ~ # Choice of cylindrical or prismatic cells;
Y prea 7 1 ¥y > 5
= I . of nickel-metal hydride (NiMH) batteries by allowing high e Safety in charge and discharge, including tolerarce to abu-
Eu rope Japan capacity and good kinetics while overcoming the crucial bar- sive avercharge and overdischarge;
rier of unstable oxidation/corrosion behavior to obtain long e Maintenance-free; N
i cycle life. Alloy-formula optimization and advanced materi- « Excellent thermal properties;
als processing have been used to promote a high concentra- ¢ Capability to utilize regenerative braking energy;
ﬁ tion of active hydrogen-storage sites vital for raising N(MH e Simple and inexpensive charging and electronic control cir-
W specific energy. New commercial applications demand fun- cuits; and :
damentally higher specific power and dischasge-rate kinetics. o Environmentally acceptable and recyclable materials.
Disorder at the metal/electrolyte interface has enabled a sur- Recent develo . : :
] . L M- . ; jpment activity in NiMH batteries has fo-
ace oxide with }‘st;mm _LOA m.‘"zmc m,;kd alloy ’lncllilSlOnS cused on further improvements in peak power for HEV and
isuspendgd. Wl[hl: © lel he, dw_l;lc 1pr0v1d c e;;;ephona cata- portable power-tool applications. As the licensor of essen-
ytic activity to the metal hydride electrode surtace. tially all commercial NiMH batteries, the Ovonic Battery
- Company continues to develop advanced NiMH technology
" " PACS: 71.55.1v; 61.46.+w; 68.37.Lp; 68.47.De and is uniquely positioned to comment on development goals
from an applied industrial perspective. In this paper, we will
K orea Mexico ) . . . L report our results.in raising power and high-rate discharge ca-
Nickel-metal hydride (NiMH) baueries ace in high-volume  pability, with particular emphasis on the metal hydride elec-
== < cpmmercml production for small portable battery BPPhCﬂ' trode surface catalytic actvity at the metal/electrolyte oxide
e [l =, tions, beginning in 1989 and achieving over 900 million an-  interface.
. L LLLY L | nual worldwide cell production in 1999 [1]. The driving force
for the rapid growth of NiMH is both technical and environ-
mental, with energy and performance advantages over nickel- 1 Experimental
cadmivm fueling the explosive growth of portable elec-
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onic devices such as communication equipment and laptop
computers. .

NiMH batteries have become the dominant advanced bat-
tery technology for electric vehicle (EV) and hybrid electric
vehicle (HEV) applications by having the best overall per-
formance in the wide-ranging requirements set by automotive
companies, In addition to the essential performance targets
of energy, power, cycle life and cperating temperature, the
following features of NIMH have established the technclogy
pre-eminence:

« Fiexible cell sizes from 60 mAh —250mAh;

» Safe operation at high voitage (320+ V)

e Excellent volumetric energy and power, flexible vehicle
packaging;

*Comesponding auther. (E-mail: MFetcenko@MC imail-com)

Metal hydride alloys having formulas typified by VsTigZrag2-
NizgCrs sCoj sMnys sAlpaSny g and TigZragNiggCrgCo My s
were prepared by vacuum induction melting to have multi-
phage C14 and C15 structures. Alloy powder was produced
by a single hydride/dehydride cycle and pulverization to
below 75 um. Electrodes were prepared by compacting or
pasting the powder onto 2 copper expanded-metal substrate
using (.5% PTEE binder.

C-size cylindrical cells were assembled using a pasted-
style positive electrode consisting of NiCoZnCaMg-formula
active nickel hydroxide with high conductivity additives con-
sisting of nickel metal fibers, cobait and cobalt oxide [2].

The C cells were tested for power by comparing cell volt-
age and resistance rat the C rate and 10C rate discharge using
10-5 puises as

Presk = 0.5Voe % 0.5/ max.




Inventor and Licensor of NiMH Technology
Fundamental Worldwide Patent Position

96 US patents

Worldwide counterparts

3rd party recognition of patent value
40+ licensees

-BASF

The Chemical Company

http://www.catalysts.basf.com/NiMH-licenses

Canon Panasonic — PEVE

Cobasys Saft

Daido Steel Samsung

Energizer SANIK Battery Co., Lid.
FDK Sanoch

Furukawa Sanyo Electric Co.

=4 Synergetics Shenzhen GREPOW Battery

Co., Lid.

zold Peak Batteries

Shenzhen High Power Tech
Co.

G5-Yuasa Soviux Battery

Guangdong Shida Battery Toshiba Battery

Harding Energy TWD Battery

Henan Huanyu Group Co. Lid. Union Suppo Battery Company
Hitachi Maxell Unitech Battery Limited
Hyundai USaABC

KAN BATTERY Varta Microbatiery

Lexel Battery WWalsin

Man Ya Plastic ¥irang Corun Battery Co. Lid.

Shenzhen EPT Batfery Co..
Ltd.

Guangzhou Great Power
Energy & Technology Co., Lid.

McHair

All major suppliers of NiMH globally are licensed

NAATBatt February 22, 2023
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Lithium — lon (LiB)




Two Presidents Recognized the Contributions of the ANL Team Argonne‘)

NATIONAL LABQRATORY

Argorine A:

NATICNAL LABORAT.\RY

Argonne MNational Laboratory's Michael Thackeray Invited to the White  Two decades ago, scientists at Argonne, led by Mike Thackeray, who's here today - where is Mike?
House by President Bush There he is right here. (Applause.) Mike started work on a rechargeable lithium battery for cars. And

some falks et the time sald the idea wasn't worth the effort. They said that even if you had the technology

ARGONNE, 11 (Feb. 23, 2007) — President Bush invited Michagl Theckeray, of . |
the car would cost too much, it wouldn't go far nough.

Argonne Mational Laboratory, to the White House on Febmaary 23, 2007 for a round table

But Mike and his team knew better. They knew you could do better. And America, our govemment, our
federal governmenl made it a priority, and we funded those efforls. And Mike went fo work, And when
others gave up, the team kepton atit. And when develapment hit a snag, the team found solutions. And a

discussion on the role of lithium ion battenes for transportation, ncluding plug-in hybnd eleciric

vehicles, As a battery expert, Thackeray provided an overview on advanced batteries, addressed

the challenges of advanced botlery research and development, and showed the path forward 1o few years ago, all of this hard work paid off, and scientists here at Argonne helped create a lthium ion
achieving commercially-viable lithium-ion battery-powered vehicles baftery that costs less, lasts longer than any that had come befare
NAATBatt February 22, 2023 13



Key People who have enabled practical Li-lon and practical
EV Li-lon

Argonnea

NATIONAL LABQRATORY

Michael Thackeray (I), John Goodenough (r) Stan Whittingham (I), Martin Winter (c) Michael Thackeray (c), Martin Winter (r)

Would Lithium — lon inventors have been recognized with Nobel Prize if LiB was limited to consumer only?
Lithium lon for EV was enabled by practical low cost NCM cathode invented by Michael Thackeray, Khalil Amine,

Chris Johnson and the Argonne National Laboratory team.

NAATBatt February 22, 2023
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CATHODE ACTIVE MATERIAL
FORECASTS 2000-2030

Cathode active materials Cathode active materials in 2019
2000-2030 - Tons 390 000 Tons
1 800 000 80% LEP
1 600 000 L 70% 20%
1 400 000 l_ 60% L:;:
1 200 000 L s0% N A
g 1000000 | a0% 12 54%
= 200 000
600 000 / - Cathode active materials in 2030
400 000 I B 1 570 000 Tons
200 000 - 10%
_ : : : - 0%

2000 2005 2010 2015 2020 2025 2030
LFP

B LCO s NMC s NCA I LM O I | FP s China (%) . 9%
LCO

ASSUMPTIONS: B0% 39
Portable devices: 2019-2030: +4% per year in volume
HEV: 3,4 M HEV/yearin 2020, 9,3 M HEV in 2025 & 18,3 M in 2030
P-HEV: 0,5 M P-HEV/yearin 2020, 0,9 M in 2025 & 1,2 M in 2030

EV: 2 M EV/yearin 2020 (1 M in China) / 5,2 M/year in 2025 (2 M in China) 100% LIB, 11,3 M EV Assumption: Tesla keep NCA chemistry and have a relative success
in 2030 (3,3 M in China) (+200 000 EV sold per year in 2030 — TESLA forecast +650 000 in 2025)

Industrial, stationary & other applications 2019-2030: +15% per year in volume Sources: AVICENNE ENERGY 2020 o8



Problems with Prior Lithium-lon Batteries Argonne‘)

NATIONAL LABQRATORY

Prior art positive electrode materials are

expensive & degrade quickly

The best-known electrode material 1s LiCoO,, which
has a layered-type structure and is relatively expensive
compared to the 1sostructural nickel and manganese-based

compounds.
JX-1 at 1:47-50

——— —

These electrode materials can,
therefore, suffer from structural instability in charged cells
when, for example, more than 50% of the lithium is
extracted from their structures; they require stabilization to
combat such chemical degradation.

JX-1 at 2:1-5

S "’ — e —— o I ——

R— i
—

NAATBatt February 22, 2023 16



Patents Address These Problems Argonne‘)

’082 and ’143 patents describe using two-component
material, with Li,IM'O; stabilizing LiMO,

Therefore, further improvements must be made to LiMO,
clectrodes, particularly LiMnO,, to impart greater structural
stability to these electrode materials during electrochemical
cycling in lithium cells and batteries. This invention
addresses the stability of LiMO, electrode structures, par-
ticularly LiMnO,, and makes use of a Li,M'O; component
to improve their stability.

JX-1 at 2:23-29

NAATBatt February 22, 2023 17



Commercial NCM Cathode Material 0= BASF Argonneo
Dual Phase, Overlithiated NCM

The Chemical Company

NATIONAL LABQRATORY

 TEM examination clearly shows
evidence of multiple phases.

« Evidence shows presence of
both LiMO, and Li,M'O,
domains.

NCM cathode materials are the
industry standard for EVs

NAATBatt February 22, 2023 18




BASF - ANL NCM Licensees

C)
&P TODA KOGYO CORP umicore

0 -BASF

The Chemical Company

Pu ead
i T @ LG Chem
,,m '\n% ool 53 h
& V|
HSE ST RETH AR RMEAR L]

ECOProsv @ LG Chem
V) ENBLRGHERLR pOSCO

. XIAMEN TUNGSTEN CO.LTD,

https://www.catalysts.basf.com/products-and-industries/battery-materials/licensing-agreements

User Licenses
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“2016 ACS EV Murphree Award Symposium for Michael Thackeray

50 years: 1967-2017 B-alumina to today

Michael Thackeray, John Goodenough, Stan Whittingham, Clare Grey, Martin Winter, Michael Fetcenko
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How do we translate this success in NIMH and ANL

NCM Licensing to Emerging Technologies?




22
Commercialization of ANL NCM Technology by BASF
ANL NCM available to all global cathode and battery producers

- BASF s
The Chemical Company NATIONAL LABORATORY

Joint Development
Capital Investment
Joint Patent Enforcement
Licensing

Cooperation
Aligned Strategy
Complimentary Strengths

* Licensed patents-in-suit from Argonne in 2009

* Opened plantin Elyria, OH in 2012 to produce lithium-
ion NCM positive electrode active materials

22/28
Int'l Battery Seminar 2021



P essons Learned — NiMH and NCM Licensing

Invention must be real, must be commercial, must have enforceable patents

The Chemical Company .
ovonic

» Strong, enforceable patents are critical

— Composition of matter and processing
— Global, not just United States
— Early adopter licensees

— Patents will be challenged, plan for it

» Collaboration between National Laboratory and Industry needed at early stage
— Partner selection is important, compatible and each brings strengths
— R&D direction commercially may be quite different than early stage incubator

— Patent improvements

— Revenue and risk sharing r1-BASE
The Chemical Company




Thank you for your attention!
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