I i

0Lﬂon

ADVANCEDMANUFACTURINA@PROCESSES
FORLOW COSTGREENERLI-ION BATTERIES

ELECTRODEIANUFACTURING

Coating Li-ion battery electrodes from aqueous slurries
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ELECTRODE MANUFACTURING

Coating Li-ion battery electrodes from aqueous slurries é

€ al ladower environmental impact and reduced cost of cell manufacturing with the removal of
organic volatile solvents and fluorinated binders from the electrode formulations.

1 Introduction

Within the Greenlion Project, Task 5.1 was focused on the large aea electrode manufacturing on pilot
line, with two main aims:

1 Coating and drying trials for electrode manufacturing on pilot line for cell assembly in Task 5.2
1 Development of an industrial scale machine for coating and drying green Li-ion electrodes

These large anode and cathode surfaces constitute the deliverable correspondingto the electrodes
necessary for large format GREENLION pouch cell manufacturing. Work was developed in 2 generations:
this document reports on E2 electrodes (only anode aqueous slurry) and the final E3 electrodes expected
for cell manufacturing.

The task of manufacturing large areas on the pilot line was shared between PCF and CEGASA. Last

electrode rolls were manufactured at lower speeds to overcome delamination during drying of aqueous
based slurries. The new electrodeaqueousformulations (E3) developed in WP2 (2 candidates for cathode
and 2 for anode) to overcome the drying issues observed in GEN2 were tested to make a final decision
before full scale-up manufacturing.
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Figure 1. Overview of manufactured electrode generations in GREENLION
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This chapter provides the information on the final selected scaled-up E3 electrode formulations,
manufacturing process and final characteristics. These electrodeswere then used in the manufacturing of
at least 105 GEN3 cells.

The development of simultaneous coating equipment by Wifag-Polytype Technologies (PCF)to increase
production output is also included.

2  Work performed on E2 electrodes

Anode coating and drying based on the aqueous slurry of graphite active material and sodium
carboxymethyl cellulose (CMC) asonly binder -developed by KIT-HIU in WP2 - was carried out by Wifag-
Polytype Technolgies (PCF)using a slot-die pilot line machine . The target dry coat weight was 74.7 g/m?2
in accordance with the desired battery capacity of 20 Ah corresponding to 1.9 mAh/cmz2. Coating speed of
5 m/min was used which was on the low side compared to the current industry standard of 25 1 30
m/min but al lowed producing two-side coated anode rolls for cell manufacturing (Figure 2). Cathode
aqueous slurry, also formulated with CMC, was also tried but could not be upscaled to thetargeted high
dry coat weight.
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Figure 2: GEN2 anode and cathode coating (organic solvent) on CEGASA pilot equipment: conditions and manufactured roll
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Due to the cracking and delamination problems encountered on the cathode drying , in order to avoid
further delays in cell manufacturing, the cathode coating was carried out by CEGASA using organic

formulation (NMP as solvent) with PVdF as binder (see Figures 2 and 3). Target loading to match with the
first anode produced by PCF (1.95mAh/cm?) was achieved.

The electrodes usd in GEN2 cells were thus:

1 Anode, Water-based slurry: 91% SLP 30 Graphite (Imerys); 4% Super C45 (Imerys); 5% Walocel
CRT2000 CMC (Dow Wolff Cellulosics) i 7.47 mg/cm?2

I cCathode, Organic solvent (N-methyl pyrrolidone, NMP) based slurry: 84% NMC (Toda); 8%
Super C45 (Timcal); 8% Solef 6020 PVDF(Solvay)- 15.34 mg/cm?

- Knife coating

- Single-side coating with 2 pases

- Gap: 360mm over Al

- Speed 0.5 m/min

- Drying, 3m,
100/120/150°C

Figure 3: GEN2 NMC cathode coating (organic solvent) on CEGASA pilot equipment: conditions and
manufactured roll

The electrodes, both anode (PCF #1&#2) and cathode (CEGyvere calendered to target densities:
9 Anode target 1.6:1.7 g/lcm3. Achieved: 1.62 (PCF#1) & 1.72 (PCF#2)
9 Cathode target: 2.1 g/cme. Achieved: 2.00

' Quality control: adhesion of the coated layer by peeling test conducted by CIDETEC show
acceptable values for PCF#1 and CEG electrodes to be used for cell manufacturing.

PEEL
ELECTRODE 'nﬂﬁiyEs RESISTAN(
(N/m)
PCF ® 38 -
CATHODE
CEGASA 74 15,2
PCF % 53 16,5
ANODE
PCF % 25 11,4

Figure 4: Calendering machine and peeling test results to evaluate electrode adhesion



Prior to cell assembly, the electrode performance was validated by electrochemical testing in full coin cell:
PCF#1 anode / CEGASA cathode, 130mAh/gNMC at 1C/1C cycling, as shown in Figureb.

140

—
120 Coatingthickness
CEGASgathode 74um
100 PCF ®cathode  38um
s PCF fanode 53um
2 . PCF 2 anode 25um
g — CEGASA cathode/ st PCF an(
g o —2ndPCF cathode / 2nd PCF anc
o0 Electrode
CEGASREathode 84% NMC, 8%arbon 8% PVDF performance
PCFCathode 88% NMC, 7%arbon 5% CMC validatedfor
20— PCFAnodes 91% SLP30, 4@arbon 5% CMC
GENassembly
0
0 10 20 30 40 50 60
Cycle number
Figure 5: Full coin cell cycling at 1C of electrodes to be used in GEN2 cells (PCF 1 st anode / CEGASA

cathode)
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3  Work performed on E3 electrodes

3.1 Proposed E3 electrode formulations

Based on GEN2 experience and further cevelopments in WP2, two options for the anode and another two
for the cathode were proposed by KIT-HIU as candidates to scaleup for GEN3 cells. Both electrodes are

going to be processed in water.

The proposed compositions for the anode with modified graphite from IMERYS (Graphite 01 (SMG)
instead of SLP30 in GEN2) are summarized in Table 1.

Tabl e 1 Anode electrode

Graphite 01

formulations

Super C45 CMC SBR
ANODE (SMG) :
formulation A
96.5% 0.5% 1% 2%
Graphite 01
Super C45 CMC SBR
ANODE (SMG) P
formulation B
95.5% 0.5% 4% 0%

To match the aim of GREENLION, electrodes without synthetic binders (formulation B) were successfully
prepared at lab-scale by KIT. Nevertheless anode formulation A wasprioritized for scale -up trials.
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In the cathode formulation, the total amount of binder wasreduced from 5% to 3% from GEN2to GENS3.
This allows increasing the total amount of active material. The compositions proposed for the cathode
electrode were thus 90% NMC active material, 7% Super C45 cabon and 3% of a natural binder. The two
options of bio-sourced binders were icarrageenan polymer and a cationic guar gum derivative (ESAFLOR
EC7, Lamberti). Among these, the guar gum formulation was suggested to be prioritized.

3.2 Hectrode slurr y scale-up trials

Before starting the larger scale pilot line trials, the processability of the electrode formulations has been
tested at intermediate scale by preparing slurries with 45-60g of solids.

As mentioned in section 3.1, the anodic formulation selected for trials is A (detailed in Table 1).
When testing the anode formulation processability , it was found that there was good slurry mixing of the
materials and that anode electrode coatings could be made without any problem. Electrochemical tests
also supported the scaled up formulation, as shown in Figure7.

&6 -8-0,94g/cm3 - 2,86mAh/cm2

0,2€/0,2C -5-1,17g/cm3 - 2,86mAh/cm2
450

-5-1,55g/cm3 - 2,88mAh/cm2
400 -

1c/1c 1c/2¢  1c/ac 1¢/6C 1c/1c 3c/1c

Specific capacity (mAh/g SMG)
N
v
[~}

100 Sizecell Coincell
CathodeLi metal 50pum
50 Separator Glassmicrofiber

Electrolyte 1% VC, EC/DMC LiPF

0 5 10 15 20 25 30 35
Cycle number
Figure 7: Charge/Discharge capacity of for pre -scaled anode E3a at different C -rates
For the cathode , things were different. The selected formulation was the one with EC7 binder.

Based on previous experiencefrom KIT-HIU, it was known that slurry viscosity managing could be
difficult, so two slurry processing route s were proposed, changing the order of the component addition
and mixing steps. However, trial s were unsuccessful: in all cases, the phosphoric acid addition, necessary
to regulate the slurry pH in order to avoid aluminum corrosion and metal leaching, affected the binder
and increased the viscosity irreversibly, converting the slurry into a lacquer that could not be further
processed.Since this EC7 and other natural binder based cathode slurry scale-up was not accomplished
within the internally set deadline for cell manufacturing (December 2014), they were further studied and
optimized in WP2 but were not usedfor GEN3 cells.
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In order to go forward with the electrode manufacturing, an alternative cathode formulation
(E3_alt ) wasinvestigated in parallel. This was developed taking into account GEN2 cathode formulation,
with CMC as binder, and including an additional acrylic -based waterborne binder. This new formulation
is processable and showed good electrochemical results(Figure 8). This alternative formulation is
reflected in Table 2.

Table 2 Alternative cathode electrode composition (E3_alt)

ALTERNATIVE Toda NMC Super C45 NMC :H sPO, ratio

CATHODE
FORMULATION 90% 7% 2% 1% 1:0.005

200

0,1C ~~2,1g/cm3-1,9mAh/cm2
180

=
L]
o

1c/1C 3c/1c

[~
(=] £
o o

Specific capacity (mAh/g NMC)
S

80
60 : :
Sizecelt Coincell
40 Cathode Li metal 50um
Separator Glassmicrofiber
20 Electrolyte 1% VC, EC/DMC LiPF
0
0 5 10 cycle 15 ber 20 25 30
Figure 8: Charge/Discharge capacity of for pre -scaled alternative cathode at different C -rates

3.3 Slurry properties

The rheology of the finally selected trial slurries was measured with an AR2000EX rheometer from TA
Instruments, with P eltier plaque and a plate-plate geometry of 40mm.

The test conditions are:

Plate temperature: 25°C

Geometry: Parallel plates, 40mm steel plate peltier
Shear rate: 1000- 0,1 st

Duration: 3 minutes

Points number: 100

=A =4 =4 -4 4 -4

Figure 9 (left) shows the initial shear thickening rheological behavior of E3a anode slurry . In spite of
this shear thickening behavior, processing of the slurry was carried out without problems. Nevertheless, in
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order to achieve shear thinning slurries preferred for electrode coating, the solid/liquid (S/L) ratio has
been adjusted by reduction of the solids content from S/L = 1/0.94 to 1/1.17 final ratio.

0 GREENLION GEN3 ANODE GREENLION GEN3 ANODE
£
> i
0‘1 ' Shear :te (1/5) - - E ' - v -
Figure 9: Viscosity plot of the E3a anode slurry : S/L =1/0.94 (left) and S/L = 1/1.17 (right)

Thecathode slurry(E3 alt) has a shear thinning rheological behavior as can be sdegunelO.

GREENLION GEN3 CATHODE

Viscasity (Pas)

01 1 10 100 1000
Shear rate (1/)

Figure 10: Viscosity plot of the E3 cathode slurry
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3.4 Electrode slurry mixing for GEN3 cells

The finally selected E3 electrode slurries were prepared using commercial planetary mixers in CEGASA
(scheme shown in Figure 17).

!
= “— Tark

Blade edge locus per planatary orbit = P
9 e i 45 degree « 90degree twisted type blade

Figure 11: Scheme of the planetary mixers to prepare slurries in CEGASA

Since the pilot plant mixers have a volume capacity of 5 L (anode) and 15 L (cathode), slurriesvere mixed
in batches of approximately 3kg (anode) and 9 kg (cathode) to prepare the overall quantity needed for the
manufacturing of electrodes for at least 105 cells.

Final GEN3 electrode slurry compositions and mixing procedures are summarized and outlined in the
following pages.

Anode slurry mixing

The scaledup GEN3 anode composition and the aqueous slurry mixing process are presented in the
following T able 3 and Figure 12

Table 3 GEN3 Anode composition

Material Ratio - Weight % Solids batch/ g
Graphite 01 (SMG) 96.5 1447.5
Super C45 0.5 7.5
CMC (1.4wt% solution) 1 15

SBR (48wt% sol.) 2 30

11




ANODE MIXER (5 L)

Figure 12: GEN3 Anode slurry

Cathode slurry mixing

The scaledup GEN3 cathode composition and the aqueous slurry mixing process are presented in the

following Table 4 and Figure 13:

Table 4 GEN3 Cathode composition

Graphite 01+ C45
(Mix 10 min)

V.

N

AddCMC 1.4%
58%solids
(Mix 55 min)

J

N\
AddH,0
Mix 40 min
S/L-ratio=1/1

y,

N

Add SBR
Mix 50 min
+

Vacuum (15’)

y,

mixing procedure

Material Ratio - Weight % Sdids batch/ g
NMC - NM-3100 89 5000
Super C45 I 393
CMC (4wt% sol.) 2 112
BINDER (40wt% sol.) 2 112
H3PO, (25.5wt%) 1:0.005(to NMC) 25

12.
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CMC 4% + C45

- (Mix 20 min)
AddH;PQ, 25.5%

Mix 15 min

AddNMC
Mix 30 min

AddH,O
Mix 45 min
S/L-ratio=1/0.80

v

Pl Add BINDER 40%
e S/L=1/0.81
CATHODE MIXEES L) Y o,
Y Mix 20 min
+

Vacuumd H n1/Q

Figure 13: GEN3 Cathode slurry mixing procedure
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3.5 Coating and drying of the GEN3electrodes

The electrode coatingwas carried out on CEGASA modified Coatema Basecoater pilot machine, which is a
narrow width machine (up to 300 mm) with a dryer comprising 3 zones of 1 m length each. The pilot
coating line characteristics are summarized in Figure 14.

1 Knife, Comma-bar or slot-die
coating

1 Single-side coating with 2 passes
for double-side production

1 Expected low speed = 0.5i 2

m/min

Adjustable GAP over rollers

Drying 3m (1m/zone)

-

Figure 14: CEGASA pilot coating equipment and characteristics

Other aspects of the coating and drying process thatwere
taken into account are summarized below:

1 E3 electrode size and coating pattern: as for
GENZ2 cells, 275mm width current collectors were
used with a continuous coating pattern of
245mm width, as in Figure 15.

1 Following the experience in GEN2 electrodes and
cell manufacturing (see D5.4, same electrode

dimensions were maintained. GEN3 cell capacity
target was set at the previously expected 20Ah 242 X 77.5 mm
(1.9 mAh/cm2 with optimized electrode density

and anode/cathode balancing).

1 E3 production was done by single-side coating
with two passes in the coating line (see
characteristics in Table 5below).

1 Calculated net length double-side coated) for the
assembly of at least 105 GEN3 cells = 270/280
m.

22

45x%20

Figure 15: Dimensions of metal folil,
coating width, location of coated stripe,
electrode shape (for the anode; cathode

239x74.5 mm) and tab shape (not to scale).

14.
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The parameters used for the coating and drying of both anode and cathode are presented in Table 6. From
GEN2 experience, the aqueous cathode slurry was expected to show the highest difficulty to achieve the
targeted loading (>14mg/cm 2) without delamination or other dryi ng issues. However, the developed and

scaled-up formulation provided homogeneously coated electrodes, as shown at different stages of the
coating line in Figure 16.

Table 5 GEN3 electrode coating and drying parameters
Parameter \ Anode Cathode

Coating width / mm 245 245
Speed / m.mift 2 1
GAP (over head roller) /mm 180 250
Drying (3m) / °C 100/120/120 80/90/90

7 "™ e = ] ‘
Figure 16: GEN3 cathode coating. Left to right: at coating head, before drying zone and at the end, dry
and wound.

3.6 Postprocessing of the electrodes

After electrode coating and drying, the
electrodes were calendered to
compress the coated layers to the
target densities shown in Figure 17.
Since preliminary testing showed
particle damage above 1.7g/cm 3 for the
anode, calendering was set below that
limit. Porosity on the cathode was also
maintained by low densification to
allow high pulse power capability for
HEYV specifications.

Apart from thickness homogeneity and @ Anode: 1.61.7 g/cn‘?
as quality control before cell assembly, : Cathode: 2.12.2 g/cn?
the adhesion of the coated layer was

measured by peeling test. Peel
resistance values above 15 N/m vere achieved.

Figure 17: CEGASA calendering machine and density targets

15-
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3.7 GENS3electrode specifications

The manufactured electrode rolls with their characteristic parameters, ready for cell manufacturing, are
presented below:

ANODE
Graphite 01(SMG)/C45/CMC/SBR
96.5/0.5/1/2

Current collector Cu (W =275 mm; T =
10T m)

Double-side coated
Coated Width = 245 mm
Length = 280 m (3 rolls)

Loading = 8.0 mg/cm 2
Thickness (calendered) = 47mm
Density = 1.65 g/cm3

CATHODE
NM -3100/C45/CMC/BINDER
89/7/2/2

Current collector Al (W =275 mm; T =
207 m)

Double-side coated
Coated Width = 245 mm
Length = 270 m (2 rolls)

Loading = 14.7 mg/cm2 (~ 2.0 mAh/cm 2)
Thickness (calendered) = 67mm
Density = 2.1 g/cm3

Figure 18: Manufactured GENS3 anode and cathode characteristics
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