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| CONTEXT

VSAMS Project Scope:
Overall material developement:

TRL1-3 TRL4-5
Concept Scalable Applied -
g PP DOE validation P Development
validation research research
Validation of Rapid, facile, lab- +  Upscaling Upscaling Confirmation of
experiment level + Identify key » Statistical analysis Work with results Ad d
* Initial * Use potentially parameters of experimental industrial +  Test /analyse Vance
development scalable route « Optimisation conditions partners / large scale and development
* Explore material » Sufficient for (morphology, * Generate Design clients batch-to-batch
potential initial research electrochemistry, of Experiment * Industrial transfer Industrial targets
etc.) manifold
1-2g ' 1-2¢g 10-100 g >100 g 100g — 1 kg

VSAMS project Scope

To accomplish this TRL 1 to 3 evaluation, the following tasks were carried out:

- Characterization and comparison of Verkor and reference MnS04 precursors (V-MnS0O4 and REF-MnS04)
- Synthesis and characterization of NMC622 using reference salt (REF-NMC)

- Synthesis and characterization of NMC622 using Verkor salt (V-NMC)

- Formulation and coin cell tests of the 2 different NMC622 (REF-NMC and V-NMC)






Overall Project organization
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Cooperation between:

CIC

energi
GUNE

e VERKOR

V-MnS0, analysis REF-NMC622 REF-NMC622

TGA: water content
XRD: mineral impurities |:>
ICP: chemical impurities

SEM-EDX: impurities;
physical properties

Task 1
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Task 1:1.1 XRD

Intensity (a.u.)

WV-Mn30,
REF-Mn30,
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No crystalline impurities detected
in samples

Pattern in keeping with that
reported for MnSO, . H.,O

Validates purity of salt v
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Task 1:1.2 SEM & EDX

SEM: V-MnSO, exhibits
slightly “agglomerated”
nature

EDX: no other elements
detected

Validates salt composition
and purity v
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Task1:1.3 ICP

ICP (elemental analysis characteristics)

“ Based on concentration of elements:

Theoretical
‘ (for MnS0, . H,0) 100 58.36
100 58.48

(£ 1%)

58.01
vreso [

“ Values in keeping with those expected for MnSO, . H,0
“ Mo other elements detected

“ Validates salt composition and purity +

/A
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Task 1:1.4 TGA

) ] 100 V-MNSO,
TGA analysis reveals mass loss with temperature ——

Analysis of V-MnS0, is consistent with

monohydrate [1]. a0

Implies V-MnS0O, exists in monohydrate form —
i.e. MnS0O,.H,0

Mns0O, . H,O0 — MnS0, + H,0O7

aa

Weigh loss (%)

Validates salt hydration, and enables mass
calculations for synthesis v

7o I ' I I I Y
100 200 300 400 500 600 VOO

Temperature (°C)
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Task 1: Conclusion remarks

Analysis of V-MnS0O, indicates material is pure, and implies composition is
manganese sulphate monohydrate

Versus comparable material tests, those results are very positive

Characteristics sufficiently identified to enable use in Task 3 (synthesis of
NMCE22)

” - VERKOR CONFIDENTIAL -







W

WERIIGR

Task 2 : Material synthesis

¢

Material synthesis done using classic method

CoS04
MnSO4
H

Overall process ok

Reference and V samples material done.

/— 3 NiSO4
\v/

To be used in Task 3 : material analysis

Temperature
control

NaOH + NH40H ey
Phcontrol'n g o NS

2

Nucleation
Precursor particle
Growth | < P
* evolution

Agglomeration
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Task 3 : XRD - Ref

Intensity (a.u.)

REF-MMCE22-a

— NMCE22Z - ICSD standard
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40 a0 &0 7 an
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MNo crystalline impurities detected
in samples

Pattern in good agreement with
that reported for NMC622

Scherrer equation (based on
FWHM) suggests crystallite size
ca. 84 nm
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Task 3 : SEM and EDX - Ref

REF-NMC622-a

SEM: powder consists of individual particles (<4 pym). Appear to be areas where
some particles may have aggregated.

EDX: shows Ni:Mn:Co ratio of 6.2 : 1.7 : 2.1 — /.e. slight Mn deficiency
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Task 3 : Summary on XRD, EDX and SEM for Ref

Analysis of REF-NMC622-a XRD indicates material is pure, and in good
agreement with the literature.

From EDZX, it seems Mn deficient (ca. 1.7 instead of 2).

Does this reguire further action?
Possible actions:
Verify with ICP?
Optimise further?

From SEM, particles appear to be <4 pm, fairly angular with a moderate
aspect ratio.
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Task 3 : XRD Ref - reproductibility
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N

80

Mo crystalline impurities detected
in samples

Patterns in good agreement with
that reported for NMCg22

Patterns show good
reproducibility between
syntheses
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Task 3 : SEM and EDX Ref - reproductibility

22| REF-NMC622-b
6.3 6.3

Mn LB 1.7 2.7
Co 2.0 2.0 2.0
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Variations, but within
instrumental error.

Planned ICP verification.
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Task 3 : Mastersizer Ref (extra measure for powder size)

—— REF-NMCE22-a
§ REF-MMCE22-b
FEF-MMCEZ2-c

In (%)

L T T T T
oM 0.1 1 10 100 000

Size classes (um)
Mastersizer: powder size analysis gives D¢y of 2 - 4 pym (in keeping with SEM).

While some differences, good reproducibility for lab-scale experiments (not in
equilibrated tank reactor)
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Task 3 : XRD for V sample

Intensity (a.u.)

WEMMCEZ2-b

VM-MMGEZE-a

— MMCE22 - |CE0 standard

1Q

&0 7 an
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Mo crystalline impurities detected
in samples

Patterns in good agreement with
that reported for NMCG622

Patterns show good
reproducibility between
syntheses
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Task 3 : SEM and EDX for V Sample

V-NMC622-a

Variations, but within instrumental error.

EOX | VNMCE2b
Ni 6.3 6.3

Mn 1.7 1.7
Co 2.0 2.0
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Planned ICP verification.



Task 3 : Mastersizer for V Sample

vy

— -NMOE22-3
§ V-NMOEZ2-b
i
6
E 5
E 4
3
2 1
0.m 0.1 1 10 103 1000

Size classes (pm)
Mastersizer: powder size analysis gives D¢y of 2.5 - 3 pm (in keeping with SEM).

While moderate reproducibility for lab-scale experiments, there are more noticeable
differences between a and b. Work will continue with ¢ (to be made), with a possibility to
extend to d (time permitting) to determine if variations are common or anomalous.
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Task 3:ICP Ref and V Sample

ICP (elemental analysis characteristics)

“ Based on concentration of elements:

. V-NMC622-0

Cecppm | Cc ppm Ccppm | Cc ppm
\mm siidiomecry m e
381.49 38607 052 34274 3!1 a7 .81

-E_ 105.33 10540 nns 018 -_ 100.78 10090 m 0.13
T 1201 12470 039 020 B 11357 11350 004 0.20

“ Values in keeping with those expected (based on target stoichiometry and EDX)

“ No other elements detected

“ Differences may be due to instrumental or weighing error, experimental conditions, etc.
Further ICP to be carried out on remaining samples to identify if trend present.

/A



Task 3 : XRD V Samples Reproductibility
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Mo crystalline impurities detected
in samples

Patterns in good agresment with
that reported for NMCG22

Patterns show good
reproducibility between
syntheses



Task 3 : SEM and EDX V Sample - Reproductibility

EDX | | v-NMCE22< | V-NMCE22d
Ni 6.3 6.3 6.3

Mn 1.7 1.7 1.7
Co 2.0 2.0 2.0
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Vorations, but within
nstrumental eror

Flonned ICP wenfication
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Task 3 : Mastersizer for V Sample - reproductibility
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Mastersizer: powder size analysis gives Dy, of 1.5 — 2.5 pm (in keeping with SEM ).

While some differences, good reproducibility for lab-scale experiments (nat in
equilibrated tank reactor). V-NMCE22-b appears to have been an anomalous result, as
discussed in previous report.
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Task 3: IPC

ICP ({elemental analysis characteristics)

Based on concentration of elements

13 Mi Kl L]

REF-NMC622-a 137 a8l 0.1 0.20
REF-NML&ZZ 0 113 062 0.18 0.20
REF-NMC62E < 118 081 .14 Q.20
V- NI 52 23 114 o0&l 0.19 0.20
- NMIC62 2-¢ 1% 0,60 0.20 020
- NI 52 24 1 051 0.19 0.20
. Y
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Li eomes likely due to MMC content in pre-calcination
intermediate being estimated from ideal compaosition.
Future waork could indude more precise measurement [e.q.
ICF) to enable acourate determination of lithiating agant
requirements,

Multielamental ICP revealed anly contributions fram thesa
alemeant.

Fa, Ca, Zn, Pb negligible: likely due to carbonate
precipitating agent (higher purity possible with higher
purity agant)

S traces (<1%): likely due to sulfate precursors (additional
washing steps might help improve)

Al traces (= 1%): likely due from ceramic boat. Future

work muld check with more stable boat (e.g. Pt foil) to
determing if this is indeed source,
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Formulation conditions:

Very thin electrodes : 2,5 to 6 mg/cm2 — high error on the mass measurement of each electrode
May lead to error in final capacity

Electrode's formulation:

REF \'
AM 95,9 95,9
SP 2,1 2,3
PVDF 2,1 1,8

Cycling conditions:

25-425V
C/10 floating at discharge until C/20

C =166,2 mAh.g

vy
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Cycling for Reference cell:

Ecell vs. (Q-Qo)
—NMC-622-REF_4 _CC5.mpr —NMC-622-REF_3_CC4.mpr —NMC-622-REF_2_CB6.mpr #

421
Ecell vs. (Q-Qo) 44
—NMC-622-REF_4_CC5.mpr —NMC-622-REF_3_CC4.mpr —NMC-622-REF_2_CB6.mpr #
3,84
o ‘.‘,‘_,-;,—:1;:;:;:” =
42 2 6] ]
1 > /
! =34 5
[ v
S 7
3.8 321 7/
il i
381 34 | j / |
S 54 iy
P 28 i
S j
3.2 2,6/ [
3,
0 50 100 150
(Q-Qo)/mA.hig
2,84
2,61
0 0,2 0,4 0,6
(@-Qo)/mA.h

High polarization
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Ecell for Reference Cell

NMC-622-REF_3_CC4.mpr
—Ecell vs. Capacity, cycle 1
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Cycling for V sample

Ecell vs. (Q-Qo)
—NMC-622-V_1_CC8.mpr —NMC-622-V_2_CC7.mpr —NMC-622-V_3_CC8.mpr #

Ecell vs. (Q-Qo)
—NMC-622-V_1_CCB.mpr —NMC-622-V_2_CCT.mpr —NMC-622-V_3_CC8.mpr #

[
(==}

(9]
=2}

100 150 200
(Q-Qo)/mA.hig

Ecell/V
w
.

(Q-Qo)/mA.h
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NMC-622-V_3_CC8.mpr
Ecell for V Sample —Eoellve Capasity, oycle 0
42 |
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Comparison between Ref and V Sample

—NMC-622-V_3_CC8.mpr : Ecell vs. Capacity, cycle O #
—NMC-622-REF_3 CC4.mpr : Ecell vs. Capacity, cycle 0

) \ ,—;////;’_‘/_I

T
| \\\\

0 100
Capacity/mA.h/g

/A



Comparison between REF and V sample

Cycling

- 100
@ - 80 —-REF 2 Discharge

- 60 -=-REF 2 Charge
- 40 —-V3 Discharge
- 20 —+-V3 Charge

0 —<CEREF3
0 5 10 —--CE V3

RN
nn O
o O

U
o

Capacity (mAh/g)
[EN
o
o

o

Cycle number
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Conclusion

Project conclusion:
Material MNSO4 purity is ok
Material synthesis process of NMC 622 is ok

NMC reference and NMC V samples characterisation done

with limited differences.

NMC reference and NMC V samples compared in coin cell :

- Same cycling behavior

Difference in capacity could be due to lab NMC synthesis mass limitation. More tests should be done in
more reproductible and « at-scale » process to validate MNSO4 from GITA for NMC battery material.
This option was not possible in the timing of VSAMS Project.

TRL3 achieved - could be continued in the following months to achieve TRL4
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Project follow-up options

“ OPTION A: Repeated Lab-scale NMC 622 batch synthesis
v ca. 1g product (sufficient for basic characterisation - e.g. purity, etc.)
¥ Rapid and facile
v Sufficient for basic half-cell characterisation TRL3
% Not necessarily representative of “at-scale” material

> X 20

“ Option B: Larger scale CSTR synthesis
v Basic material optimisation {e.g. purity, morphology, etc.)
v lLarger scale per batch (100s g already validated In system, for other materlals
v Establish parameters for future work
% |ncreased time + cost

TRL4
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