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The Electrochemistry group is active in the field of electrochemistry and
electrocatalysis from more than 90 years...

Electrochemistry group

Electrocromic T battery/electrocromic
Fuel cells RES I"‘!$ devices
materials

polymers

catalysts
- electrode materials
— :Z::nology electrochemical testing
i SCAIMAN high capacity anodes
— high voltage cathodes
electrolyte interaction

SMARL 22—

Post
Li-ion batteries:
- Li-air, Li-S

electrode materials
electrocatalysts
reaction mechanisms
protective membranes
interlayers

c— —
SEVENTH FRAMEWORK
PROGRAMME

electrochemistry group Silvia Bodoardo - R . ’
etVal Roma 2/30



ogog e . o e 0 «251:.&%
Facilities and main activities @

material synthesis characterization cell assembly & testing battery
testing @ labscale packs & modules
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POLITO task force on Batteries @

EC-lab, PEIC, CARS interdipartimental labs

Task force on modeling:

Daniele Marchisio DISAT - materials production process
Pietro Asinari DENERG - electrode-electrolyte interface
Massimo Santarelli DENERG - Electrochemical and thermal model

Task force on battery pack, BMS and Power electronics

Paolo Guglielmi DENERG- module and battery pack assembly |
Radu Bojoi DENERG - BMS

Michele Pastorelli DENERG- power electronics

Electric vehicle applications and integration L
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Batteries for electric vehicle &

electrochemistry group

Hybrid electric vehicle (HEV)
Storage capacity approx. 1 kWh, charging only
during driving, fuel reduction max. 20%

Plug-in Hybrid electric vehicle (PHEV)
Storage capacity 5 — 10 kWh, charging from
the grid, 30 to 50 km electrical driving range,
full driving range with conventional engine or
fuel cell, driving with empty battery possible

Electric vehicle (EV)
Storage capacity 15 — 40 kWh, charging from
the grid, 100 to 300 km electrical driving range

. polito.it NetVal Roma 2019 c /30



Evolution of EV market

The Rise of Electric Cars

By 2022 electric vehicles will cost the same as their internal-
combustion counterparts. That’s the point of liftoff for sales.

M Projected annual sales Cumulative sales

500 million vehicles Electric vehicles would

account for 35% of all

new vehicle sales.
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Figure 2 o Evolution of battery energy density and cost
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Battery World production facilities "@\\
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MWh capacity of manufacturing factories
[ Under construction B Announced
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Battery pack:a
battery that is
ready for use,
contained in a rigid
enclosure, with
protective devices
and thermal control
system.

The charger,
inverter/converter
and Energy
Management
System are not
included in battery
pack.

BMS: Battery

management System
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Battery components (=)
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management

components

Battery pack components

Battery pack

Focus of this report

Battery system

* Includes Power
Conditioning System
(PCS) - inverter,
battery charger, Energy
Management System
(EMS), etc. (depending
on a given system and
application).

* May include one or
several battery packs

electrochemistry group
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Li-ion Battery Packs for Automotive and Stationary Storage Applications| Sample | www.yole.fr | €2018 l
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~. Air cooling

Thermoelectric

modules Thermally
conductive gel

and cables

“Base battery 4 cooling
bricks” plates

Phase change

Contactor/relay
material

Electrical
Thermal management

o . Battery Management
atety components System (BMS)

interconnect

Assembly
Battery pack

-

&
&
\

Commercial /
industrial battery Large-size BESS PHEV BEV battery e-bus e-truck
pack battery pack pack batterypack = batterypack

Residential
pack

battery pack

Main components of battery packs and battery pack market segments
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© Canadian Light Source
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Cathode Anode

Cathode : LiMn,0O, spinel LiM+nO charge M), + Lit + e
LiCoO, cobaltite | X X
Anode : graphite Lit+e — Li
metallic Li foil 6C + Li* + e —> LiCs
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The perfect battery
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The perfect battery

: power by time

Wh = Ah X V = capacity x voltage

energy per second, watt

W=AxV- current x voltage
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Cathodes and Anodes @

Potential vs. Li/Li*/ V

many possibilities for

improvement and for new
Li,M,Mn, O (M=Fe, Co) inventions

LiMnPQ,, LiCoPO,

LINIVO,,
64 etc

| B~
Cathode
materials LINLCo,Mn. O,

5+ F:] / xLi;MnO#/(1-x)LIMO, (M = Mn, Ni, Co, Cr)

Ho,

l Sulfur

Anode materials

100u "€n 4500 1750 ?7°7 4U00

1
Capacity / Ah kg 019 ’ 17 /30




Energy density growth

Around 200 kg of actual Li-ion batteries are needed to reach no more than 200

km per single charge
500 Wh/

kg
\E )

Reduction of weight and Increase of
energy density is strongly required

+ Development of inexpensive,
thermally stable, long cycling
and safe batteries

Silvia Bodoardo
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Lithium sulfur @

" Insulating nature of sulfur and Li,S (electronic conductivity of Sis 5 x 10730S cm
-1,25°C)

" Dissolution of polysulfides in the electrolyte

" Shuttling of polysulfides

" Lack of morphology restoration

2.4V plateau |——

2.3V plateau

(V vs. Li/Li*)

Potential
{15

2.1-2.3V slope: liquid

to semisolid

<
%)

P ———— -
Anode (-) Charging Discharging

Charging Process

/ Discharging Process

2.3V plateau:
semisolid to liquid

Polysulfide
Shuttle

Dendrite @ Organic
Formation Electrolyte
Separator

Chemical Equilibrium
after discharge

0 Specific Capacity
2.1V plateau (mAh/g)

electrochemistry group

1250 » High theoretical specific capacity 1675 Ah/kg

» High energy density 2500 Wh/kg
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Li air: reactions @
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-O2 dissolved in the electrolyte is carried through the pore network of the cathode,
-Precipitation of insoluble products narrow such network lowering oxygen diffusivity

Non aqueous system:
2L17 + 2e + O, «<Li,0,
E,=2,96V vs Li"/ Li

Lithium
Electrolyte

Theoretical energy

density
11500 Wh/kg

Y. Shao, S. Park, J. Xiao, J-G. Zhang, Y. Wang, J. Liu, ACS Catal., 2012, 2, 844-857
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Can we get high energy together

with high power?
Yes... just change the cell design

0.2V- 1V
10 hours

100 T+
2V-4V
1 hour
10 T

Batteries

EP

1000

-

1 4+ Ultra cap.
Double-layer cap.

2V- 3V
1 sec

Storage capacity
Energy Density (Wh/kQ)

0.1t Super-capacitors

* Low retention time i.e. no

Ragone plot long term storage P O L I TO

0.01 t }

10 100 1000 10000 Patent
Double-layer caps= electrolytic Power DenSIty (W/ kg)

Ultra-capacitors = solid-state —
Maximum current
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The perfect battery
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The perfect battery

LiMnPQ,, LiCoPO,
LisM,Mn, O, (M=Fe, Co)
LiNIVO,
etc.

Cathode

materials LINLCOMn.O,
*Li;MnO/(1-x)LIMO, (

Potential vs. Li/Li*/ V

Anode materials

100u  7€0 4500 1750 ?7ET

Capacity / Ah kg”




The perfect battery

Gravimetric
(Whkg")

Classic SPE “Nanocomposite” SPE
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protection of Li with
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polymer membranes

Acrylate based
membrane PEEK-WC (modified
prepared via polyetheretherketone
thermo-initiated )/nanosponge
polymerization (cyclodextrines)
in bulk with membrane prepared -
commercial  Noadditive 38wt% 63 80 by solvent
- - o -
monoclinic ZrO, o e o evaporation method
filler
With 38 wt% ZrOz 50 ——10"cycle ——30" cycle —— 45" cycle
00 - ~ 45 ——20"cycle ——40" cycle
e R L = 4]
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Voltage (V vs. Li"/Li)

iSulfurbatteres
;‘ \

Amici, ChemElectroChem 2018, 5, 1599-1605

5.0

—10"cycle ——30"cycle —— 50" cycle
——20"cycle ——40" cycle — 60" cycle

45

40 ——70" cycle

—— 80" cycle
3.5

3.0

25
20| PWENS b)
00 01 02 03 04 05 06 07 08

Capacity (mAh / cm®)
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The perfect battery

electrochemistry group

, X Build self-healing processes
into the original battery design

(vectorization)

pro

use of smart

Safety

BMS, number of data, increase of complexity

Silvia Bodoardo
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SOTE

Main EU initiatives C\\

ORING

VI RESEARCH INITIATIVE IN THE BATTERY |

TRL1 TRL 2 TRL3 TRL4 TRLS TRL6 TRL7

Long-term research Short-to-medium term research

BATTERY
+

The European Battery & European

Community Za:ttery
» Iance

Y Horizon Europe A

A long-term research * >
Roadmap roadmap SET-Plan Industrial roadmaps
(FETPROACT-04-2019 CSA)

i

BATTERIES INTERREG
EUROPE AMBP
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[HE BATTERY.F )SCADI
l‘!' BATTERY 2030+
TRL1 TRL 2 TRL3 TRL4 TRLS 6 T ‘ TRLS8 Advisory Board
samr g mAustE» € J RSE @

£
InnoEnerg
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.'.KLI_B + INSTITUTION

UPPSALA

Long-term research Shastto madivu tomms —acpafis

BATTERY % Fraunhofer ‘J :JULICI'MI

nnnnnnn gszentru

UNIVERSITET)

The European Battery p——— s mec
. Centre

A long-term research

Roadmap roadmap RE(CHARGE
(FETPROACT-04-2019 CSA) .8

absiskey

Regional IPCEI
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ETIP BatteRlesEurope @

Status Working Group Provisional Chairs and Co-Chairs, April 11

WG1 WG2 WG3 WG 4 WG5 WG6

Thematic

Working New & Emerging Raw materials & Advanced Manufacturing Application and Application and

Battery recycling Materials and Cell Design Integration- Integration-
Groups Technologies Transport Storage

Kristina Edstrém likka Kojo Fabrice Stassin, Oscar Miguel Simon Perraud Luigi Lanuzza
Uppsala Outotec Umicore Crespo CEA ENEL
University (Mari Lundstrém, Cidetec
Aalto (Marcel Meeus, (Arno Kwade, (Rachele
university) EMIRI) TU Miinster) Nocera, ENEA’

Chair
(GUGIGEG))

Stefano Olli Salmi Silvia Name TBC Franz Geyer Michael Belsnes

Passerini EIT Raw Bodoardo Northvolt BMW TBC

TU Ulm Materials POLITO 3ES- Research
EERA ES Group, SINTEF

. TBD | Alain Vassart TBD |

TBD Josef TBD

Affenzeller/

Lucie Beaumel
EGVIA

29/30
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Thank you d &
for your kind attention

Eléétrochemistry Group,
Department of Applied Science and Technology — Politecnico di Torino — c.so Duca
degli Abruzzi, 24 — 10129 Torino — Italy —
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Exhibit 3. Batteries Cost OEMs About $1,100 per kWh at Low Volumes

Battery cost
Components > Cell > Module > Pack >| to OEM |
Cost, 2009

($/kWh) $650-$790/kWh $340-$430/KWh
1,250

50-70 990-1,220

290-360

1,000

750 450-540

I
T——————=-

Expecting big cost reduction for 2020

500

250 200-250

I Markup [JScrap [EHR&D WM Depreciation [ Directand indirect labor [ Purchased parts
I Active materials

Sources: Interviews with component manufacturers, cell producers, tier one suppliers, OEMs, and academic experts; Argonne National Labc|
analysis.

Note: Exhibit shows the nominal capacity cost of a 15-kWh NCA battery and assumes annual production of 50,000 cells and 500 batteries, as
percent scrap rate at the cell level and a 2 percent scrap rate at the module level. Numbers are rounded.

Exhibit 4. Battery Costs Will Decline 60 to 65 Percent from 2009 to 2020

Cost per kWh Cost per kWh of a 15-kWh
$/kWh of an NCA cell $/kWh NCA battery pack
1,500 1,500
1,000 1,000
500 500
270-330
0 0
Costs roadmap 2009 2020 2009 220
Total cost of
' \ ' [ Production-volume-dependent costs ~$16,000 ~$6,000
US DOE target: 125 $/kWh 2022 (10% every year reduction from 2016 to 2022) GM: <100 §/kWh 2022 =S battery pack
\ Sources: Interviews with component manufacturers, cell producers, tier one suppliers, OEMs, and academic experts; Argonne National Laboratory; BCG
Tesla: 100 §/kWh 2020 anais. _ " N I
Note: Exhibit assumes annual production of 50,000 cells and 500 batteries in 2009 and 73 million cells and 1.1 million batteries in 2020. Numbers are
rounded.
Jisaat B electrochemistry group Silvia Bodoardo
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why Li air =)

Extremely high specific capacity of Li anode material (2567
Wh kg1 for lithium)

The Li-air battery has theoretical specific energy of 11500 thg,

when fully developed, Li-air could have practical specific energies
of 1000-3000 Wh kg

aretical

Practical

Use of air which is highly
available and no cost

They can be produced
without CRM

Energy Density, Wh/Kg

Lead-Acid [a)
Li-S

Zinc-Air
Li-Air

Gasoline

2010
LU 1Y
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