, llquur Cathoi-de
nally qup\ porated
ateri HT M‘ ﬂ T

\\!Ml' I |‘ HH i ‘ ’H

JULEN CASTILLO ﬁ \

; ‘ “‘

High-Performing HL i

Development ThrP; |
r

Grap'henF \Derlv? |

‘ \’l\j
29/11/22 1 ' | l j ] l

_—cC
energiGUNE

EEEEEEEEEEEEEEEEEEEEEE
LLLLLLLLLLLLLLLLLLL




> INTRODUCTION

g
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Inherent challenges
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Yang et al., Ionics, 26, (2020) 5299-5318

Selecting a suitable

S carbon host

© ClCenergiGUNE. 2021. All rights reserved.

1. tt:t ‘:t" Insulating nature of Sg and Li,S

2. e Severe volume expansion of S cath.

3. R “Shuttle effect”

/\/ High electronic conductivity

v Suitable textural properties

\\/ Good LiPS affinity

-

/
4. % Li® anode corrosion

Most of the
challenges come
from the cathode




> INTRODUCTION

Uncharged
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Electric double-layer capacitors (EDLCs)

v Electronic conductivity

v High theoretical specific
surface

x Stacking issues

© ClCenergiGUNE. 2021. All rights reserved.
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Graphene Activated carbons

BASQUE RESEARCH

High surface porous carbon
to maximize the capacitance,

and thus energy

v High specific surface
area

v High porosity

x Electronic
conductivity

J

~

Graphene-based activated carbons



> OUR SCOPE

Activated carbons

OH

© ClCenergiGUNE. 2021. All rights reserved.

Phenolic resins

High-purity
polymer
pyrolysis
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High abundance/sustainable

ANEERN

Low cost

X

High impurity content

X

Porosity dependent on the nature

v Well-constructed structure

v" Tunable porosity



> EXPERIMENTAL GUNE
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ResFArGO: Use of high purity resin

Resin synthesis

[ As main carbon J

Open and uniform 2D ' ¥ | 7y o ‘ﬁ

‘ Two main /
flat-shape particles R < & strategies \

4
:

[ As additive carbon J

© CICenergiGUNE. 2021. All rights reserved. 4



> MATERIAL CHARACTERIZATION

KJ600

N, adsorption/desorption

2000
1.0+
—— KJ600
a 15004 a —— ResFArGO
= —— KJ600 L - 08
- —— ResFArGO 1383 m°g -
o o
“ 1000 4 o 06
g 2350 m?g* g
~ — | =, 041
> 500-(/"”————' >
Y
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0.0 0.2 0.4 0.6 0.8 1.0 0.1 1 10

PIP, PSD/nm
Suitable Textural properties
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High specific surface area of the proposed material (> 2300 m2 g-1)

Highly microporous material (ResFArGO < 0.7 nm)

High amount of polar-based oxygen species in ResFArGO surface

ResFArGO presents excellent retention of LiPSs

CPS /AU

XPS

I o-c=0 ResFArGO

538 536 534 532 530 528
Binding Energy / eV

Good Surface chemistry

CPS /AU

538 53 534 532 530 528
Binding Energy / eV



> MATERIAL CHARACTERIZATION

KJGOO ResFArGO

N, adsorption/desorption
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Suitable Textural properties
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High specific surface area of the proposed material (> 2300 m2 g-1)
Highly microporous material (ResFArGO < 0.7 nm)
High amount of polar-based oxygen species in ResFArGO surface

ResFArGO presents excellent retention of LiPSs

XPS Lithium polysulfides test
— ResFArGO 3 MM Li;S; +KJ600 + ResFArGO
)
<
”
o
O
538 536 534 532 530 528
Binding Energy / eV
Good Surface chemistry [ Strong LiPS affinity |
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ML(=x3mgScm?) —— Power cells

Composition - 64 wt.% Sg + 26 wt.% carbon + 10 wt.% binder

HL(=4 mgScm2) — ( Energy cells J

S@KJI600 S@ResFArGO,¢ S@KJ600,, + ResFArGO,,

v~ Crack-free and highly compact high S loading electrodes using ResFArGO (both main as additive)

v Excellent combination between the 2D structure of ResFArGO and the carbon black particles

© ClCenergiGUNE. 2021. All rights reserved. 6
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E/S = 7 pl/mgg SoA electrolyte 0.5 M LiTFSI + 0.5 M LiNO5 in DME/DOL (1:1 in vol.)
RT C-rate test Li|LE|S cath.

ST .
N g:t,:.:.....looo' ° .:..'.'1000
\ ° o %o x
g 4. C/20 A S —~
=~ o . o [80 8 Post-mortem
é N\ peenn, B T — Q analysis
= 34 m m-N - m_m—m-E Cr2 L 60 )
? I\. \.—I—I—I—I\::::::::: E [ >
% o
- B “anma f 40 S
O LA B B B | g
'@ 14—a— ResFArGO main cathode Beg-g-g-m -20 >
9 —B— ResFArGO additive cathode ~m-E-m-m 8
< O —m— KJ600 cathode . ~3 mgs Cm-z O

0 5 10 15 20 25 30

Cycle number

v" Remarkable rate capability of ResFArGO-containing electrodes

x Poor CE at high C-rates (at 1C) —— anode side (Li powdering

Jimenez-Martin et al., Batter. supercaps, 5, (2022

Castillo et al., J. Power Sources, (submitted)

)

Instability issues of Li

and dendrite growth)
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> ELECTROCHEMICAL POWER CELLS CUNE
E/S = 7 pl/mgs  SOA electrolyte 0.5 M LiTFSI + 0.5 M LiNO, in DME/DOL (1:1 in vol.)
RT C-rate test Li|LE|S cath. Galvanostatic current test Li|Li

5 0.10
o 8!83:0:0..o.loool°o .:.:.3-1000
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@ 14—s— ResFArGO main cathode Beg-meg-m 20 >
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—m— KJ600 cathode ~ -2
O T T T A T — 3 m|gs Cm O '0-10 T T T T T T
0 5 10 15 20 25 30 0 10 20 30 40 50 60 70

Cycle number

5 mA cm-2 J

v" Remarkable rate capability of ResFArGO-containing electrodes

x Poor CE at high C-rates (at 1C) ———

Jimenez-Martin et al., Batter. supercaps, 5, (2022)

Castillo et al., J. Power Sources, (submitted)

Instability issues of Li
anode side (Li powdering
and dendrite growth)

Time/h

Unsuitable compatibility
of the SoA electrolyte
with Li anode
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ELECTROCHEMICAL PERFORMANCE POWER CELLS

SoA electrolyte 0.5 M LIiTFSI + 0.5 M LiNO5 in DME/DOL (1:1 in vol.)

E/S = 7 pl/mgg
RT C-rate test Li|LE|S cath.
5= S
« '."..:......@ ....'.'1000
\ ° ° ° oV o9 g X
g C/20 ] ° o ® ~
4 5 . Y o B 80 >
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@) \ l/ o
S 1q—a— ResFArGO main cathode Beg-meg-m - 20 5
8 —m— ResFArGO additive cathode ~m—E—m—8 8
< O —m— KJ600 cathode . ~3 mgs Cm-z O
0 5 10 15 20 25 30

Cycle number

Ty v Li anode issues are avoided at a C.C. of C/2

No chargej—.“ii‘m’it’z_‘a’t?ion :

Castillo et al., J. Power Sources, (submitted)

Limiting the charge

C/2

>

5 RT C-rate test (C.C. C/2) Li|LE|S cath.
N .oOoooo.ooo.00000.00.0.00000.1'
=
O 44
fé: | aCr20 i
~ 34 . C/5 C/5 -
> n-m-E-E-R cr2 N-g-g-n-m-E-0-
6 ~E-meg-g 1C
g 24 E-E-g-m-n 2C i
(U E=-E-E-E—-N
@)
g 14 —— ResFArGO additive cathode B
< =~ 3 mgg cm~2

O T T T T T v T i

0 5 10 15 20 25 30

v" QOutstanding discharge capacity at high C-rates (ca.
1.7 mAh cm=2 at 20)

v Clearly a more compact and smoother deposition of Li

Cycle number
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Areal Capacity / mAh cm™

ELECTROCHEMICAL PERFORMANCE OF ENERGY CELLS
]

E/S = 7 pl/mgg

RT Cycle life test Li|LE|S cath.
8
6 $882°82283288888008000888888080000000000000008,08]
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1 —®— ResFArGO as main carbon
1 —— ResFArGO as additive carbon
—=— KJ600 reference cathode 4 mgg C
0

-100

- 80

0 5 10 15 20 25 30 35 40 45

Cycle number

ic Efficiency / %

Post-mortem

SoA electrolyte 0.5 M LIiTFSI + 0.5 M LiNO5 in DME/DOL (1:1 in vol.)

analysis

Li° anode

v High areal capacities (> 4 mAh cm-2) in both ResFArGO-containing cathodes

v Greatly improved sulfur utilization

Jimenez-Martin et al., Batter. supercaps, 5, (2022)

high-areal capacities

Long-cycling life maintaining these

—_—

Castillo et al., J. Power Sources, (submitted)

Unsuitable compatibility of the
SoA electrolyte with Li anode
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Composition - 69 wt% Sg + 21 wt% carbon + 10% binder  SoA electrolyte 0.5 M LITFSI + 0.5 M LiNO5 in DME/DOL (1:1 in vol.)
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o \ -
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2 1 S
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© i, .20 S
O 1-4 —s— ResFArGO; additive cathode @]
< E/S = 7 ul/mgs ©

O L] L] L] L] L] L] L] L] L] 0
0 5 10 15 20 25 30 35 40 45 50

Cycle number

v Allows increasing the active material content while reducing
the cost of the electrode

v" Qutstanding areal capacity and S utilization with a minimal
amount of ResFArGO

Castillo et al., J. Power Sources, (submitted) 9
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2000 - Publications of Li-S battery Li-S battery
Since 2014 Li-S pouch cell
Ewoo
£ 12004 &
£ o] Still few Li-S Unsuitable compatibility Severe anode
g .|| pouch cell works of the SoA electrolyte degradation
& ¥ L with Li anode
X R R
0.8% 0.6% 1-

2014 2015 2016 2017 2018 2019 2020 2021
Year

Chen et al., Adv. Mater., 34 (2022) 2201555

E/S = 7 pl/mgg SOA electrolyte 0.5 M LiTFSI + 0.5 M LiNO5 in DME/DOL (1:1 in vol.)
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— LlJ
S 60- 2
g = v Outstanding sulfur utilization
O 40+ —m— ResFArGO main cathode 2
\\ —m— ResFArGO,, additive cathode 8 . . ey
\ 20' —I—ResFArGOSadditive cathode (on going) @) ‘/ Incredlbly hlgh total CapaCItIeS
\
0 T T
0 5 10
Jimenez-Martin et al., Batter. supercaps, 5, (2022) Cycle number
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> PROTOTYPE CELL RESULTS

© ClCenergiGUNE. 2021. All rights reserved.

Capacity / mAh

C/20 (5 cycles) + C/10

120+ ® e o o ® o o o o o o o e o 100
100 - ./' . 0
l—l\._._._._._l—l—l—l—._
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- 40
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Coulombic Efficiency / %
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> PROTOTYPE CELL RESULTS

© ClCenergiGUNE. 2021. All rights reserved.

C/20 (5 cycles) + C/10

- New promising results - CONFIDENTIAL - Patent in process

EP22383131.4

T
120- W ——— (00
.\ [ ]
- 100-|‘I=I_ - 80
é 80
E " 60
2>
g 60 -
% '40
o 40' c . l
—=m— Conventional system
20 —m— Patent system -20
E/S =7 ul/mg,
0 L] L] L] L] L] L] L] L] L] O
0 10 20 30 40 50 60 70 80 90 100

Cycle number

5-fold increased stability of the pouch cells

67% of capacity retention after 100 cycles

» Substantially improved lithium anode stability (highly stable CE)/

Y

Coulombic Efficiency / %
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> CONCLUSION AND FURTHER STEPS
]

O The identification of commonalities with supercapacitors gives rise to ResFArGO composite
material

O S cathodes with excellent rate capability and outstanding sulfur utilization have been developed

O Scalability of the electrodes has been demonstrated by obtaining prototype cells that deliver high
total capacities

O The excellent results obtained with the optimized system are highly promising, but ...

... there is a lot to do toward potential commercialization

© ClCenergiGUNE. 2021. All rights reserved.
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