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Context L5 J ARKEMA
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« Cheaper electrode
« Saferprocess
* High-performance electrode
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Dry mixing of electrode materials LER... ¢ Arkema

Active material (Graphite)
(x 5000)

Dry mixing step

»

(High shear mixer)

LRGPA0.0kV 5.8mm x1.00k SE 04/28/202 50.0pm

LRGP 6.00kV 5.5mm x5.00k SE 09/09/2025 4 2 5.00pm
PVDF aggregate Graphite particles covered by
PVDF unit particles
. Particle coating is investigated in particle technology :
Food Health Cosmetics

»  Surface modification = powder properties (flowability, compressibility, ...)
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Role of particle arrangement on mixture and electrode properties L e gy ARKEMA
[ Particle arrangement ]
< = <
Electrode

L e .

Electronic percolation Interparticle cohesion

lon transport Electrode / CC adhesion

/

How powders properties and mixing parameters influence particle arrangement
during mixing ?
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| — Materials

AMPERE

ARKE/

Active material

Binder

Graphite (Gr) PVDF-1

LRGP 6.00kV 5.5mm x5.00k SE 09/09/2025

LRGP 20.0kV 6.4mm x15.0k SE 10/27/2025

PVDF-2

3.00pm LRGP 5.00kV 6.1mm x15.0k SE 10/27/2025 3.00pm

LRGP 20.0kV 6.4mm x15.0k SE 10/27/2025

D[3,2] : Diameter of a sphere
with same volume/surface ratio

D¢, : Median diameter of a sphere with equivalent surface

3.00pm

D[3,2]; = 14.3 pm D, = 160 £+ 20 nm D, = 270 £ 40 nm D, = 200 £ 20 nm

(laser granulometry)

(SEM micrographs)




| — Mixing step

* Lab scale high-shear mixer : ProCepT Mi-Pro

* Mixing parameters :

V =500 mL
dbowl = 10 cm

Mixing intensity : 3000 rpm

Mixing time :

30s = 900s

Binder nature : PVDF-1 %wt :
« PVDF-1 «  0.5%wt
e PVDF-2 1% wt
« PVDF-3 . 20wt

Graphite : ¢

¥

£

homogenization

B
>

(spatula)

LRGP 5.00kV 4.8mm x1.00k SE 12/19/2024 50.0um

High-shear
mixing

v

(3000 rpm)

LRGP 5.00kV 5.0mm x1.00k SE 12/18/2024

50.0pm



| — Materials and methods

Il = Mixing step study : key materials
characteristics

IIl — Powder Surface Energy & Surface Coverage: aptitude to interact
IV — Conclusion and perspectives

ET GENIE
DES PROCEDES



Il — Surface coverage : Definition and interest

Yro1 Aadditives
ARro1

*  Surface coverage (SC) =

LRGP 10.0kV 5.4mm x5.00k SE 05/07/2025 I

Segmentation map and ROl of SEM micrograph of graphite particle covered by
PVDF-1 (99:1 mixture)

Region Of
Interest (ROI)



Il — Surface coverage calculation methods L ARKE/
) ) Threshold Neural network
. |
Image analysis on SEM micrographs : method ( K or training 4\MATLAB

Image processing +
Threshold
Surface coverage

-
e Y >

LRGP 10.0kV 5.4mm x5.00k SE 05/07/2025 10.0um

x10 per mixture

Surface coverage




Il = Surface coverage over mixing time L& ARKE/
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AMPERE

* Evolution of surface coverage over time for 99:1 Gr/PVDF-1 mixture : Mixing time: 30, 60, 180, 500 and 900s

30
SEM micrographs of graphite particle covered by PVDF-1 for different mixing time :

25 - t = 180s

-~

20

4 3 f .
= d - R y yF.
g K. - . i i
- g . . Jose 1 ok A
S o g5 4 * > o
: Y gt g 5
o c e K o
K- & %
i 1 nn (et N S s s R s
m x 25 0 m

SC (%)
o
——

0 200 400 600 800 1000
Mixing time (s)

= In these mixing conditions, SC increases until reaching a limit after about 500 s
— Theoretical SC can be calculated from particles size and true density assuming all the PVDF particles covering Gr

11



Il — Surface energy : Definition L'eR

[Surface energy : Amount of energy needed to increase the solid surface by one unit J

* Consequence of the anisotropic distribution of atomic bonds on material surface

Vs = yssp + Vsd

e ~
Specific Dispersive
(polar) (non-polar)

e Characterization of adhesive/cohesive behavior of the material

(Fowkes, 1964) wl-j=2-< Vi Voi T /V&'ﬁ;)

EEEEEE

ARKEN
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Il — Sessile drop : Dispersive surface energy

Principle of sessile drop technique for different powder
bed compaction state :

Solvent drop Contact (Young-Dupré) yg; = ys — Y; * cos(6) (1)

Compacted powder angle 6,

bed VAL

~ Vo 5y, (OWRKmethod) yg = vs + v, — 2 < \/ygp P 4 \/v‘si .yg) )

Smooth surface

(1) - (1 4+ cos(0 [ ’ oP ,
91:/-'92 N ( ( )) = y:pc yyl—d‘l' Y(Si
2\/?{1 1

T A— @)

Rough surface

(mJ/m ) (sessile drop) 1.8 50.8 *

* Leeetal., 2017

EEEEEE

ARKE/NMA

13



Il — Principle of Inverse Gas Chromatography (IGC) analysis UEP... i ArKkema

EEEEEE

Principle of inverse gas chromatography (IGC) : Chromatogram of a probe :

Net retention time (t,)

. g .
» v .

Probe molecules

Solid of interest

. 2 62\ 69 0700 6 606200090 & a0 S Flame Inert molecule
Carrier . A Y Vi v he @ €S | ‘ N
gas — SO o \ oo 4 —_— lonization —_
Detector i
f ; Adsorption - Desorption T'cu
o
Column 3 :
k Probe
J /\ S

7

Time (s)

e Complete surface analysis :

- Dispersive surface surface energy (n-alkanes)
- Specific interaction parameter (polar probes)
- Electron donor/acceptor behavior (Lewis acids and bases)

- Nano-rugosity (branched/cyclic alkanes)
14



Il = IGC-ID : Dispersive surface energy

Evolution of the free energy of adsorption of HSV900 as a function
of the number of carbon atoms of n-alkanes (Dorris & Gray, 1979) :

10

- RT In(V,) (k}/mol)

0 2 4 6 8 10
Number of carbon atoms

D)

4- (Na . aCHz)Z 'ngz

Y

With acy,: methylene group surface area (m?)
ngZ: methylene group dispersive surface energy (J/m?)

-
L'Cp ¢ ARKEMA

EEEEEE

4 (mJ/m?) (IGC) 6.3 132.1
¥& (mJ/m?) (sessile drop) 31.8 50.8 *

* Leeetal., 2017

Sessile drop : Compacted powder bed surface

IGC-ID : Particle surface

15
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Il — Surface coverage of 99:1 Gr/PVDF mixtures '-“LD o

AMPERE

ARKE/

Binder nature :

Mixing conditions: Gr/PVDF 99:1; impeller speed 3000 rpm; time 15 mn; T 25°C Aggregate «  PVDF-1
* PVDF-2
* PVDF-3

40

.(‘ x P
NN e
% \- - o
S, g #
Se = /"

e g P

LRGP 10.0kV 5.1mm x5.00k SE 047182025 =~~~ " " '

PVDF-1 PVDF-2

— Surface coverage varies across the three mixtures, which indicates different particle arrangements

s L 43 i,
> .
. ¢
o
L
LRGP 10.0kV 5.1mm x5.00k SE 04/18/2025 m o - i

B Experimental Theoretical

PVDF 3

17
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lIl — Influence of PVDF surface energy on surface coverage L& 4 Arkema

EEEEEE

* Particle size distribution of PVDF aggregates (laser
granulometry; dispersion in water + 1% tween 80) :

A
SC (%) X 19.0 5.2 8.6 5 | — pvors
y4 (ml/m?) 132.1 26.3 21.3 27.9 S — PVDF-3
Echange surface 5.2 47.5 354 39.2 ‘%
(m¥g) E°
D, (nm) X 160 270 200 =
° 0.1 1.0 10.0 100.0

Particle size (pm)

- PVDF-2 has lower surface energy than PVDF-1 and -3

- Binder surface energy and particle size have an influence on surface coverage

18



1l — Effect of surface coverage on mixture surface energy (experimental) LR

* Measurement of mixture dispersive surface energy (y‘sj) :

Mixing conditions: impeller speed 3000 rpm; time 15 mn; T 25°C

0.5% wt PVDF-1 140 0% wt
i - 2% wt
120
&E‘ 0.5% wt
< 100
€
= 80
N
© 60
=
2% _\ "; 'g 40
; 20
0
0 10 20 30 40

SC (%)

=> Increasing PVDF-1 %wt reduces mixture yg

50

EEEEEE

ARKE/

PVDF-1 %wt :
0.5 %wt
1% wt
2% wt

Mixture yg

19



lll — Effect of surface coverage on mixture surface energy (model) L\" ARKE/

EEEEEE

__________________________________________________

e Calculation of Gr/PVDF-1 99:1 mixture yg . Hypothesis : All of the binder is
deposited on graphite surface '

Vg (mixture) = SC - Vo(PVDF) + (1 — SC) - Vg(Gr)

140 0% wt

= =0 2% wt
< 1% _
£ 100 -
2 11
% 80 I Gr/PVDF-1 Predicted
e e mixture yd (IGC)  Gr/PVDF-1vy4
X 40 -
= 2 I
0 : : Predicted Predicted
— . — .
0 10 20 30 40 50 Gr/PVDF-2 y4 Gr/PVDF-3 y4

SC (%)

- For low binder content, mixture yg can be modeled from graphite and PVDF net retention volume
- Gr/PVDF 99:1 mixture Y4 can be estimated using the model 20



lll — Interaction energy calculation : JKR model LRP.. i Arkema

EEEEEE

9mw; iR 1/3 Additive particle j
* Johnson, Kendall & Roberts, 1971 : Go,i-j = (—;—) / G
. R o d R d | """""""""""""""""" |
with Wij = 2 Yi yj i Hypothesis : Strong adhesion
between elastic materials
* Adhesion/cohesion energy:  E;_;j = w;; - (n . aO,i—jZ) AM partice i

* Ludwig et al., 2017 : Prediction of additives particle arrangement after dry mixing

AE < 0 - Coating
AE =E;_j—6XE;_; - ilibrium : E:_: = o

21
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lll - Comparison of interaction energy LER . ARKEMA

EEEEEE

Adhesive interaction (Gr+PVDF/PVDF) Cohesive interaction (PVDF/PVDF)
E;_
Vo Rj -
AW S Ei—i/@ i
d . PAEEEREN ]_]
Fad R I/ A <> O
= C

\
A

// d
— )/S,mix(SC) ;R + R;

——————————————————————————————————————————————————————————————————————————————

Mixing conditions: Gr/PVDF 99:1; impeller speed 3000 rpm; time 15 mn; T 25°C

Mixture yd (mJ/m?)

(predisted) 120.4 130.1 127.3
E(GI‘+PVDF)/PVDF (J) 6.14E-17 1.13E-16 9.40E-17
EpvoE /pvpr () 1.02E-17 1.50E-17 1.58E-17
EcGr
—GrPTDRTEE (3) 6.01 7,56 5.97

EpvDF/PVDF

- Comparison between (Gr+PVDF)/PVDF and PVDF/PVDF interaction energy using JKR model and mixture
suggests that equilibrium between coating and aggregated PVDF is reached for PVDF-1 and -3 9
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Conclusion Lt ARKE/

EEEEEE

O Surface coverage quantifies additive particle arrangement during mixing step

O Surface energy partly governs interaction energy between particles, which is the source of particle
rearrangement during mixing

O During mixing, graphite is coated until its surface energy reaches a certain limit, depending on the nature of
the materials. At this point equilibrium between aggregated and covering PVDF content is reached based on

adhesive and cohesive interaction

24
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