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Preface

The BATMAN project started in 2019 and is being managed by the Eyde Cluster. The project name
reflects the management of batteriegjthium ion BATteriesNorwegian opportunities within
sustainable enaf-life MANagement, reuse and new material streaffige expected increase of
electromobility and transition to renewable energy will lead to an exponential growtithofim-

ion battery demandsnd as a result the use of relevant raw materials. This represents a huge
opportunity for Norwegiarbusinesses ablorway is a first mover within the electric mobility
sphereand means that Norway will be one of the first countries that will have to handle large
amounts of used lithiurion batteries

This report is one of the main deliverables in work package 1;nbémtply Mapping. This work
package is led by Institute for Energy Technology (IFE). In milestone 1.1 of this work package, a
technology mapping of current and future lithivion battery (LIB) chemistries is promised. This

will ensure that the battery mateai flow analysis can give valuable forecasts and insights built

on strong data. The report consists of a description of stdtthe art technology within the
lithium-ion battery chain, following a more detailed description within the different
transportaton segments. This report will be updated with new data and possibly additional
segments in 2021.

The information presented in this report is based on literature studies as well as experience and
know-how within IFE from past and ongoing projects in tieéd of lithiumrion batteries. As the

field of LIBs is constantly changing, and the demand of future LIB capacity is expected to increase
exponentially to the year 2030, the numbers and facts in this report will soon be somewhat
outdated. Thus, there is@eed for the updated report in 2021 to have a closer look at what will
have changed in the twygear period and to verify the bigger trends outlined here.

Kjeller, December 2019
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Introduction

The report is built to introduce the reader toibn battery(LIB)needs based on raw materials,
availablechemistriesrecent market reportand predictions

We will start withan introduction to the raw material thatgo into theLIBchain This include
an overview on available resows(world-wide and within Europe}the current and estimated
future demands as well asssociated issues

Subsequentlya basic introduction on therinciples of theLIBwill be provided including a
description of itsmain constituentsthe anode,the cathodeand theelectrolyte, but also other
parts that go into thebattery cells, modulesand packs(such as current collectorsgparators,
binders solvents battery management systemWe will elucidate wrat the individual raw
materials introduced in the previous secticaxre used for describe thestate-of-the-art
chemistriesand givea brief overview onheir respectiveadvantages and disadvantagéssights
into current development®f new and improved materials will be giveiollowed by anoutlook
and tentative predictions for futureand new-generation LIBand related technologiesAt the
end of this section, and werview onexistingLIB factoris and plans for new factoriegocusing
mainly on Europewill be given.

As a next step, we withbk atthe LIB needsf differenttransportsegmentsand introduce, which
technologiesthemistriesare currentlybeing usedand predicted tdbe usedin the nea future.
We will give insights on estimategrowth and demand scenariosgs well aschanges and
developments ircell chemistries thaare expected tonfluencefuture material needsThe focus

of this section will behe sector ofpersonalelectricvehicles(including battery BEV, hybrid HEV
and plugin hybridPHEWehicle$ and public transportvehicles A briefoverview on battery use
and predictions for heavy duty vehiclgdhe maritime sector and stationary energy storage units
will also be presented.

The last section will focus orreuse and recyclingof LIB. We will describe challengeand
opportunitieswithin these processeandgive insights into current efforts

As a starting point fomore detailedinformation, especially regarding raw materials and battery
technologiesa list ofliterature recommendationsan be found in the appendix.



Definitions and abbreviations

Battery
BEV
BMS
CRM
EoL
EV
HEV
LCE
LCO
LFP
LIB
LMO
LTO
NCA
NMC
PHEV
W
Secondife
SEI
SOC
SoH
SSB
xXEV

If used on its own, it will always refer to aitun battery
Battery Electric Vehicle

Battery ManagementSystem
Critical Raw Material

Endof-Life

Electric Vehicle

Hybrid Electric Vehicle

Lithium Carbonate Equivalent
Lithium Cobalt Oxide cathode
Lithium IronPhosphate cathode
Lithiunmtion battery

Lithium Manganese Oxide cathode
Lithium Titanate anode

Nickel Cobalt Aluminium cathode
Nickel Manganese Cobalt cathode
Plugin Hybrid Electric Vehicle
PersonaWNehicle

If battery from EV is used in different applicatiditea use in EV

Solid electrolyte interphase
State of Charge
Stateof-Health

Solid State Battery

AnElectric Vehicl¢either hybrid, plugn hybrid or 100% electric)



1. LHon raw materials

In the upcoming section short review on the status of raw materials going into tHBchain is
presented,where value relevant to Norway will be the focus. In some instances wheeséeh
were not availableyalues relevant to Nordic countries (Norway, Finland, Sweden and Denmark),
Europeandthe EU will be used.

Firstly, some general information on the availability ¢ taw materials on a global scakegure
1 shows theabundance oklements as a fraction of th8 | NJerésas well as their price in
USDIb.

Values Element Colors

B Type B Conversion Anodes

Fraction of Earth's Crust

5 Year Price Range
(USDIb )

B Type B Conversion Cathodes

Commonly used Transition
I Metats for Intercalation
Elecirodes

B 0 F |ENe
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184E"468E2 2.50E-5 63253136&412224 6.2E-2 |2.90E-5|9.90E-5 | 6.80E-5 | 7.60E-5 | 1.90E-5 | 1.50E-6 | 1.80E-6 2.5E-6
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Ba PEUN Hf | Ta | W |IRe el Pt HO T Pb
6 GOE 5|3.90E-4 2.80E-6 | 1.70E-6 | 1.20E-6 |NOE=10 5.008-0 1.00E-9 | 1.00E-8 |4 8.00E-8 | 7.00E-7 | 1.30E-5
10-25 l 0.5-1.5 |§ g

Figurel: Availability of elements that may host Li as electrodes. Those faded have fraction bé€ld@aiflfon is an intercalation
material, which is not defined in the color definition of this fig{tg.

The materials relevant for on battery production today are expanded upon further in the
following sectios, and include Lithium (Li), Carbon (€9bdt (Co), Nickel (NiManganes€Mn),
Copper (Cu)Aluminum(Al) and Silicon (SiYost of the information on the raw materials input
istaken from areport from 2017by the Joint Researdbenter of EUWinless otherwise note2].
For more information regarding raw materidisr battery applications in the EU, a working
document from the EuropearCommissioncan be foundin Appendix Al: Recommended
literature [3].

Figure2 illustratesan example of amstimated content of raw materials in an average battery
pack for a light commercial EVhe materials useth this NMC based battery represent the
typical distribution of elements within a LIB pack.



Copper

149Kk Cobalt
g 132kg
Lithium
Aluminium 48kg
118kg
Graphite
125kg
Manganese
123kg
Nickel
Source: GTK 132kg

Figure2: Estimatedcontent of raw materials for a light commercial ésed ora 300 kWh EV battery pagdNMGi42) [4].

1.1.Lithium
Lithium(Li)is the lightest of all metalandthe key-elementof the Lrion battery. Positive ithium
ions shuttle between the two electrodes of the batteogrresponding® charge o discharge of
the battery. There is a higlaverage abundancef LiA y G KS S M NIprK) BRwittdthedza G
main reservedocated inSouth America (Chile, Argentin&hina andAustralia AlthoughlLi is
currentlynot listed as a critical raw materi@CRM) in the EU, theU idargely dependent othe
import of Lifor battery purposes

Lithium Demand: Carbonate vs. Hydroxide
'50%

tons LCE
800,000
700,000 &
LiOH overtakes ~~~.

600,000 Li2c03 e

500,000

400,000 27% 34%py

300,000

200,000 :
0

2018 2019 2020 2021 2022 2023 2024 2025

® Lithium Carbonate Lithium Hydroxide
Figure3: Lithium demand: Carbonate vs. Hydroxide 20085[6].

Lithium can be mined as both lithium carbonate>@@) and lithium hydroxide (LiOH).
Historically, lithium carbonate has been used in batteries due to price and availability (used in
LCO, NM@11 and LMO, more information on these chemistries in Se&ign However, as the
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trend goes towards cathode materials with higher Ni contents (e.g. NCA;62RINME811),
there is an increase in LiIOH demands: LiOH is the preferred prettosdhe preparation of
these materiéss. Most new mines and production capacity are targeting LIOH output,
representing 75% of new/expanded capacity, and can be seEigure3 [7][6].

The dobal supply marketvas around 29,000 tonsof Lithium Carbonate Equivalent (LCB)in
2018 (seeFigure9), mainly coming fromAustralia, ChileArgentinaand China.Efforts to reduce
the European dependence dithium import are ongoingThe Finish mining company Keliber
plans to start Li excaviah by the end 02021 (expected 1,000 tons LCE/yed8)], the Wolfsberg
Lithium Project in Austrimnnouncel their start of construction for LiOH mining (10,000
tons/year)for 2019[9], and9 dzNP2 LIS Q& f | NH €iaavec in thé&CkeaihdR¥putllidd® 2 S O (i
announced to be up and runmj by mid2022(estimatedreserves/ million tons LCEroduction
22,500 tons/yeay[10]. Another Europeariproject, InfinityLithium Corporationn Spain plans
to start production of LIOHIin Q2 2022(estimatedreserves1.6 Mt LCE production 15,000
tons/yean [6]. Further eservesare locatedn France Portugal andreland[11]. 40%o0f the global
Lithiumsupplywasdemanded for battery applications in 201&nd this share is expected to rise
to 70% by 202%ccording to Deutsche Bank analydis]. In 2015, the share used in EV battery
packs was 14%andis expectée increaseo 38% by 202%orecastsby Deutsche BanlseeError!
Reference source not founyl.

Electric

vehicles Non-battery
14% demand
© Energy 20%
Storage
0%

E-Bikes Electric
104 vehicles
38%

Batteries
~— (traditonal
markets)

25%

Non-battery
demand
60%

Batteries _—
(traditonal
markets) Energy

12% Storage
\ . 6%
E-Bikes

14%
Figure4: 2015 and 2025 lithium demand by application. Forecast by DeutschgBank

Analysis bypeutscheBank AG/$dneyalsoestimates a flat and conservative assumption ofkyy7
LCE/kWhof the battery. Projections show 200,000 tons LW@it be neededin 2025 for electric

vehicles alone. This equates to the total current LCE sup@®925, and justifies the need for
recycling[11]. Currently, ecycling is feasible but not economically viable accordirig2p

1Precursor: A substance fromhieh another is formed. Here used to describe how botEQiand LiOH can be used
as precursor to the Li in a cathode material.

21 kg LCE = 0.1895 kg Li

3 Lithium hydroxideRequired raw material for high Ni cathode materiatgording ¢ reports[7] [6].
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1.2.Carbon
Carbon(C)is the dominant anode matial on the market today and mostly used in its graphitic
form to intercalate L-ions. Natural graphite(NG)is listed as Critical Raw Material (CRad)of
2017[13]. Battery use haashare of NG of0%][3], but is expected to increase at 19% CAGIR
Reserve are estimated at 230 trillion tons and in 2015 production was estimated2atrillion
tons[2]. Production is concentrated in China covering 66% of shetk,India (14%) and Brazil
(7%)following. 57% of NG comingfo the EU is from China, followed by Brazil (15%) and Ndrway
(9%).NG hashigh substitutability in batteries withanindex of 0.3Recyling is at 0%oday, and
there is a érecasted surplufor natural graphite ofL0% in 202(2].

In 2015,91% ofthe anode markef(total 75,000 tonsyvascoveredby graphite where artificial
graphite(AG)has about42 % of the market (by weight) ami549 %[2].While NG is made from
mined graphite flakesAG is made fronheat treatmentof coal taror petroleum coke(by-
productsfrom the petroleum indistry). Due to the higher cost (and higher purity) of production

of AG the target customer is usually highly specialized industry willing to pay a bit extra for a
more stable product (like the solar energy storage industrg furnacesand highend EV} and
therefore AG targets a different markéditan NG

1.3.Colalt
Cobalt (Co) is used in the cathode of the battery, where cqivattursorssuch as cobalt sulphate
or dihydroxide, are transformed into lithiated cobalt oxides (LigdOr chemistries used in
lithium-ion batteries. Cobalt materials imported into Europe include refined cobalt metal, cobalt
concentrate, and cobalt complex intermiiates. Cobalt is listed as a Critical Raw Material (CRM)
based on world resources (mainly in tiemocratic Republic of Congand its economic
importance to the Ey13]. Current global estimates are that 53f#w@ll Co mined is being used in
batteries The cobalt consumptiowith regards to its application Ehown inFigure5 [15].

World-wide Co poduction in 20¥ was 1Z kt, which mainly (55%) orighates from mined
production inCongg and the majority of refined global Co (46%) is produced in Gh&jaThe

Co imported into the EU is mainly refined in Finland, and there is also some production of Co in
Norway at Glencore NikkelveXkCo has low substitutability in batteries and has been assigned
an index of 0.8. Long term projections for 2030 and 2050 show that demand of Cobalt could
exceed supply even considering that higher recycling rates are expected in fagif&7].
Demand for use in batteries is expected to increase by factor of 4 in 202018as seen in
Figure 9, mostly due to the poplarity of NickelManganeseCobalt (NMC) cathodefl7].
However, it is unlikely thatiMGcathodes with higlCocontentswill stay as main cathodafter

1 Skaland Graphite AS in Sergald to Australian company MRC LTD in spring 2048. Produces 1P00 t/year

crystalline flake graphite.

2{dzoadGAddzit oAt AGe AYRSEQ A& F YSIFadaNB 2F GKS RAFFAOMA G @
all applications. Values are between 0 and 1, with 1 being the least substitutable.

3 Glencore Nikkelverk iKristiansandhasan annual production of 5,200 t Co.
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2030due to research otow-Co(e.g. NME811)and Cefree chemistries. More on #secathode
materiakis presented in Sectic®.2.3

ORGANICS

PIGMENTS 3%
5% SUPERALLOYS
16%

CATALYSTS
6%

HARDMETAL
8%

Chemical Metallurgical
Applications: Applications:
67% HARD FACING 33%
3%
MAGNETS
4%
HS STEEL
2%
e SOURCE: CI-CRU, 2019
Figure5: Cobaltconsumption by end use 2018. Source: Cobalt Insfit&ie
1.4.Nickel

Nickel(Ni) is usedin the cathode of the batteryand as a raw material it enters the market in
different forms Classl Ni describes different forms of refined Ni (e.g. briquettes, powders) with
a metal content ofat least 99%, and is the basis for different Ni chemistries used in iloa Li
battery cathode. Other Ni products withdi content below 99% are commonly described at
Class2 Ni (e.g. ferronickelronickel pig iron). In 2018, the total nickel mine prodantwas 23
million tons,of which 46% wasclass1l and 54%class2.! Glencore Nikkelverk in Kristiansand
refines Ni being mined in Canada and has an annual production of 92,000 t Ni makirgrgéise
Ni-provider in Europe with 5% of the global Ni output

Todayaround 70% of Ni products are usedstainless stegbrodudion, but there is a growing
demand forhigh purity clasd Ni in batteriesas cathode chemissare moving towards higher
Ni-contents (e.g.in NickelManganeseCobalt-cathodesy There is a pjectedincreaseof global
needfor classl Niby afactor of 24 compared t02018 values in 203@s seen ifrigure9 [17]. In
total, only 5% global nickel production is going ih&dteries[18].

Ni has historically played a large roleother battery types€.g.nickel cadmiumNiCdand nickel
metal hydride NiMH for small portable devicesuch as cordless power toplsut isnow seeing

1 Source: International Nickel Study Group
2Source: Roskill 2019 end use repd#. Nickel Institute
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an increasing interest aslarge componenin cathode chemistriefor Liion batteries such as
NickelCobaltAluminum(NCA 80% Nicontent in the cathodg anddifferent NMC chemistries
(NMC11133% Nis well as higher Miontent =NMC53250% NiNMC62260% Ni ad NMC811,
80% Nipas we can see iRigure6 [19]. NiMHbatteriesare still in use today mostlyin PHE\(see
Secton 3.1).

2016 2025 B Low-Ni NMC

I Mid-Ni NMC Minyacsia
( aly

High-Ni NMC
NCA (Nickel Cobalt Aluminium

LMO (Lithiv Manganese Oxide

LTO (Lithium Titanate)

LCO (withium Cobalt Oxide)
NICKEL-CONTAINING @ NICKEL-CONTAINING

Figure6: Increasing nickelse in EV batterigd 9].

4

58%

1.5.Manganese
ManganeséMn)is also used in the cathode of the battery, latisuch lonamounts (2% of global
Mn production is used in batterig8]) that even with the growth oNMGCcathodes thebattery-
share(compared to thesteelsector)is not expected tde large enouglio have any effect on
prices or supplyThe projected increase in need islpA 2 timescompared to 2018as shown in
Figure9[17].al y3l ySasS O2y OSy i NI G A 2 ¥nd keyourde& &e aSsbiméll K Q&
to be quite extensive

1.6.Cpper
Copper(Cu)is usedas the current collector 0 the anode side of the battergs well as being
part of thecharging infrastructursviring and going into the production of EVAccording torhe
International Copper Associatiots use in EWill drive an increase ithe Cudemand growing
from around 185,000 tonsin 2017 to as much aks74 million tonsin 2027 as shown irFigue 7
below. The study conducted by IDTechEx @stimates thatl.1-1.2 kg of Cu is needed per kWh
of Lion battery, while charging stations requife7/8 kg Cdor a 3.3200kW charge[20].1

Figue 7 also shows the future Cu need split into different segments which will be elaborated on
in Sectiors.

I There isapproximately25 kg of Cu in an average conventional vehigigurcehttps://copper-recycle.com/
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800 .

400 N
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I car BEV Car HEV [} Car PHEV Ebus hybrid | Ebus BEV

Figue 7: Electric vehicle Cu demasyplit into segment§20].

1.7.Aluminium

Aluminium (Al)is used as the current collector on the cathode side of the battaiyalsoin the
NCA cathode (Nickel CalbAluminium) used by Teslé% Al by weight according t¢21]). Just
like CuAl also plays a large roleftime car itself aghe battery cell andpackenclosures anavill
be neededas housing material for EV charging statioRsis leadso a higher need for Al outside
of the battery itsel{21]. The total world resourceareestimated to be between 55 and Taillion
tonslargely centeredaroundChina Al productionin Norwayat Hydrois at 1.25 milliontons! as
seen inFigure8.

Norway, 1 125 000 tonnes
+ Sunndal (100%): 405,000 tonnes

« Asdal (100%): 195,000 tonnes

‘ + Karmey (100%): 270,000 tonnes
+ Hoyanger (100%): 65,000 tonnes
® * Husnes (100%): 190,000 tonnes
L ]
e ° %
L] °
[ Slovakia, 175 000 tonnes 8%
° + Siovalco (100%): 175,000 tonnes
7 stand-alone remelters =St owes SN
+ 2inthe US
+ 5in Europe (UK, Luxembourg,
France, Spain and Germany) Qatar, 305 000 tonnes 13%
L . ! « Qatalum (50%): 305,000 tonnes
Primary Remelt/Recycling
Canada, 120 000 tonnes
+ Alouette (20%): 120,000 tonnes Australia, 75 000 tonnes
- ™ ° + Tomago (12%): 75,000 tonnes

e e 20% million tonnes million tonnes
razil tonnes o

+ Albras (100%): 460,000 tonnes
+ Hydro owns 51%

Figure8: Worldwide primaryAluminium production network: Primary metals and metal markets. Source: Hydro

There is an estimated demandf around 250kg Al per EV(this includesmetal for car
manufacturing as well @be battery itselj which leads t@an absolute demand of 7.5 million tons

I Hydroalso produces Al outside of Norwmaking a total production of.2 million tons of Al.
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in 2030 (assuing the sale of 30 million EVs in 2030, a midpoint between a range of forecasts)
[22]. Al is also assumed faday a role in new L$ batteries withAlcontents of 5-15%[21].

1.8.Silicon

Silicon(Si)is an emerging material in batterieand isusedin the anode Siis found as Sig€n
quartziteand is the second most abundaglement in theS I NJrést\&orld® productionof
silicon metalin 2015was 8,100 million tons. 68%o0f thiswasproduced in Gina, while Norway
produces4% 38% of Si ithe EU comes from Norway, followed by Brazil (24%), China (8%) and
Russia (7%)Silicon metal is listed as a critical raw material in a report from Eneopean
Conmission in 20T due to the high imporsharefrom Ching13]. Recyclingf silicon metal isit
0%(over all sectors|23].

1.9.Summanon raw material needs
Several predictions have been matteassumefuture battery metal needs Some of the most
recentare presentedin Figure9, Figure1l0 and Figurell. Across all different predictions, the
demands for Li are expected to increase significantly (by about 6x until 2030). Cobalt demands
are expected to approximately double until 2025, but due to continued efforts in reduction of
the Cocontent in caghode materials, the demand is expected ¢ventually reach gplateau
Accelerating growths predicted for Ni demands, especially ctasNi, due to the shift seen in
increasing Ncontent in NickeManganeseCobalt cathodes (Sectidh2).

Lithium {LCE) Mickel Manganese

274 1,469

128
229
2018 2080 2018 2030 . 2018 2030

Figure9: The development irav material demandrom 2018 to 2030if kilo tons per yearby McKinsey analysis 20[157].
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FigurelO: Raw material demand in tons kg, histal and forecastby Avicenne analysis 20134].

Metal Hungry

Demand for metals from lithium-ion EV batteries will surge, BNEF forecasts

B Copper I Aluminum Nickel Graphite Lithium [ Cobalt Manganese

8M tons

0

Figurell: Demand for metals from lithiusion EV batteries, BNEF forecddfs Note: Copper includes copper current collectors
and pack wiring. Aluminium includes Al currentemitirs, cell and pack materials aAlliminium in cathode active materials.
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2. The Lion battery

A Ltion batteryconsists oome main components, where the specifics of each compoaent
tailored to fit the needs of the useml.he main componentsicludetwo electrodes(one cathode
and one anodgboth deposited on a current collecfdior the storage of Lions on charge and
discharge an electrolyte in between theder transport of Liions while prohibiting the transfer
of electrons a separatoto physically separate the two electrodaad a metal casing to isolate
the battery from the outer atmospherel’he working principle of the batteig shownin Figure
12, and a schematic dhe most commorcommercialcelltypesis presentedn Figurel3.
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Q O —» ’ \ P :Q" Y,
@
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Figurel2: Schematic of a LIB during-tihiation of the anode. Illustration adapted from Dunn et [25]
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Figurel3: Three representative commercial delimats[26].
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Some of the maiperformance key factors for a battery are summaribetow[27], and wil be
used to describe the battery technologies in the upcoming sections.

Energy:amount of energy that can be stor@d a battery usually referred to aéenergy density.
Quantified by Wh/I or Wh/kg (volumetric or gravimetyicCrucial for mobility appations, where
volume/weight is an important factor.

Power: amount of power that the battery can deliver, usually referred todlakJ2 ¢ SNJ .RSy a A
Quantified by W/l or W/kg (volumetric or gravimetric). Crucial for applications where high power
is neededbver a shorter period of time, for example power tools, trucks and forklifts.

Capacity:measure of the charge stored by the battery, typically given inrAh

The main componentsf the battery, includingtheir weight percentage of the total battegnd
sometypicalchemistriesare summarized ifmablel.

Tablel: Main componentgby weight) of a Lion battery[4].

LCO LeCQ, LiCoQ@
LMO- LiMnOq4
LNO-LiNiQ
LFP LiFeP®
NMC- LiGzNiysMnyz0;
NCA- LiN.sC.15Ak 002
Graphite- LiG
LTO- LiTEO12
Ethylene carbonate
Diethyl Carbonate

Cathode 1527%

Anode 10-18%

Electrolyte 10-16%

LiPEorLiBRg
LiICIQ
Separator: 3-5% Polypropylene
Binders:3-5% PVDF, SBR
Current collectoanode 12-16% Cu foil
Current collector cathodel6-27% Al foil
Caseand terminals8-10% Steel

The battery is often given a name representing what cathode material is used, as this is what
varies the most for different areas of use. The anode is most gftaphite, but we see that other
materials are playing an increasingly important roleeither as additives or potential
replacements.
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2.1.Anode
2.1.1. State of the art materials

Graphite is he most common anode material fdrIBs Good anode materials have a low
reduction potential with respect to Aii* to achieve a high energy densitgnhd graphite is
extremely well suited to host{ions due to its layered structure allowing for fast diffusidable

2 givesan overview of the properties afome common anode materialsut only graphite LTO
and some % of %in combination with graphiteare commercially in use todayA summary of
anode materialss a function opotential vs. Li/lliand specific capacitg givenin Figurel4.

Table2: Properties of some commonly studied anode matefldld.ithiationand delithiation potentialsgive information on
when(de)lloying reactions occur between the host material aridhs

Material Lithiation Delithiation Volume
potential [V] potential [V] change
- Graphite | 57 010 019| 0.1,0.14, 0.23 10%
o
(D)
E LTO 1.55 1.58 0.20%
(@]
O
Si 0.05, 0.21 0.31,0.47 270%
'g Ge 0.2,0.3,0.5 0.5.0.62 240%
g [
2 E
8 Sn 0.4, 0.57, 0.69 0.58, 0.7, 0.78 255%

Table2 shows the lithiation potential where a lower potential means a higher overall potential
for the cell, in combination with a cathode materiihe volume change of carbon is roughly 10%
and represents little challenge, however the large volume change of silicon and other non
commercial materials is one of the main reasons for the slow market penetrafigare14
illustrates the large increase in specific capacity by changing or introducing some Si in the anode

material
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Figurel4: Capacity vepotential vs.Li for selected anode materidly.

Carbon

Carbon and more specifically graphiteas been thenain anodematerialfor Ltion batteriesfor
more than 20 yearandwill continue to be thdeadingcommercialmaterial for the foreseeable
future. There are many subategories otarbon but generally we can divide them into grapbit
and nongraphtic.

1 Graphitic carbon[1]. Contains large graphitic grains aadhieves close to theoretical
capacity (372 mAh/g) Graphitic carbon can be divided into two categoridstificial
graphite (AG)(sometimes also referred to agrgtheticgraphite SGandnatural graphite
(NG) They have about an equal share of the marketétibitslightly different qualities.
NG s typically cheaper to produce, but at the expense of shorter lifetime kweer
charging rates compared t8G. NGis made from milled graphite flakes, whidre
spheronkzed and purified with hydrofluoric acid or high temperature treatment. The
resulting particles areften carboncoated to reduce surface area and obtain a smooth
round particle morphologyAG is genelly produced by graphitization of byproducts
from the petroleum industry, like petroleum coke or coal. This process requires significant
mobility of carbon atoms in all dimension asdnsequentlytemperatures upwards of
300C°C (which is why the costs increaséjowever, this results in a product with high
purity and more predictable performance

1 Non-graphitic carbon
o Hard carbon[1l]. Small graphitic grains witldisordered orientation and are
therefore less susceptible to exfoliation. Includes hydrogen remains and-nano
cavities.Suffer from high irreversible capacity loss in the early cyilesto cracks
and SEI formation in exposed edgetrd carbons are not able to be graphitized
due to crosslinking of crystalline phas@me benefit of hard carbon is thitis
generally made from pyrolyzing bsmurced precursor and thereformonstitutes
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