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EXECUTIVE SUMMARY

The present report is focused on compiling the first results obtained from the characterization of

cathode active materials of the project, divided into 3 sections, the first part is related to physico-
chemical and includes X-Ray Diffraction (XRD), Scanning electronic microscopy (SEM) and Particle size
distribution (PSD) analyses of HLM and DRS materials. In the second section, related to performance
of HLM and DRS, the electrode preparation and electrochemical testing conditions and results are
presented. The third section is related to the safety characterization of the commercial NMC 811, the
thermal characterization by Thermogravimetric Analysis (TGA) and Differential scanning calorimmetry
(DSC) are reported as well as the gas evolution of the material by Online electrochemical mass

spectrometry (OEMS) technique.
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1. PHYSICO-CHEMICAL CHARACTERISATIONS
1.1. HLM and DRS starting materials

1.1.1. HLM Morphological, structural and elemental characterization
1.1.1.1. X-Ray Powder Diffraction (XRD)

X-ray powder diffraction was performed on a Briiker D8 advance diffractometer using a Cu
anticathode on a 10° - 90° 2-theta angular range, with a 0.02° step with a fixed slit. The

diffractogram of the HLM material is presented in Figure 1.

Intensity in log scale
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Figure 1. X-Ray diffractogram of the HLM material.

1.1.1.2.  Scanning Electronic Microscopy (SEM)

The morphology of DRS particles was observed in a Jeol Scanning Electronic Microscope.
Due to the low electronic conductivity and to avoid charging effects, measurements were
carried out at an acceleration voltage of 5kV. The resulting micrographs are presented in

Figure 2. The particles are spheres about 10pm in size, with some internal porosity.

Figure 2. SEM images of the HLM material
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1.1.1.3. Particle Size Distribution (PSD) & N2 physisorption

To confirm the size homogeneity of the sample, an analysis of the particle size distribution is
carried out on a Malvern MS3000 granulometer. Experimentally, the material is dispersed in
water, which may partially damage the structure but not the morphology. Acquisition was
repeated 3 times to ensure reproducibility, with an obscuration ranging from 8 to 15%. The
results presented in Table 1 confirm the particle size previously observed by SEM. The
porosity of the samples was measured via nitrogen physisorption using BET calculations

thanks to a TriStar Il 3020 from Micromeritics and gives a specific surface area of 0.98m?/g.

Table 1. Information on particle size distribution and surface are of HLM

PSD-Wet BET
Sample ID | p1o-w | D050-w | D90-w | D100-w 2

pum pm um um m7g

HLM 8.10 9.59 11.20 14.20 0.98

1.1.2. DRS Morphological, structural and elemental characterization
1.1.2.1. X-Ray Powder Diffraction (XRD)

X-ray powder diffraction is carried out on a Briiker D8 diffractometer equipped with a Cu
anticathode on a 10° - 87° 2-theta angular range, with a 0.03° step. A variable diffusion slit is
used to keep the illuminated area constant during acquisition. An air-tight sample holder from
Briiker is used. The PMMA dome create the amorphous bumps observed. The holder is filled

in an Ar-filled glovebox.

The diffractogram of the starting DRS and its refinement are given in Figure 33. The material

is pure.
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Figure 3. X-Ray diffractogram of the reference DRS and its refinement
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1.1.2.2. Scanning Electronic Microscopy (SEM)

The morphology of DRS particles is observed in a Zeiss Scanning Electronic Microscope
situated in a dry room with a -40°C dew point, to limit the interaction of atmosphere with the
DRS. The material being a poor electronic conductor the beam energy is kept low (5kV) to limit
the accumulation of charge. Several pictures with different magnitude are taken to have a

good overview of the general aspect of the powder (Figure 44).

The reference DRS material is constituted of nanoparticles aggregating in agglomerate of very

diverse sizes ranging from 1um to several tens of micrometers.

Width =571.6um  ERT = 500 kV Signal A = InLens 3 Apr 2025 =57.16 uym EHT = 5.00kV Signaf A = inLens 3 Apr 2025

Mag= 200X  wp= 4.3mm 100 um - Mag= 200KX wp= 43mm 10pm
| ———

Width =5.716 ym  EHT = 500KV Signal A = InLens 3 Apr 2025 =

Mag= 20.00KX wp= 4.3mm 1 m —

Figure 4. SEM images of the reference DRS material

1.1.2.3. Particle Size Distribution (PSD)

To complement the SEM imaging, a particle size distribution analysis is also carried out on a
Anton Paar Laser granulometer. For this analysis the material has to be dispersed in water (1

min with ultrasonic probe), what can damage the structure but should not change significantly
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the morphology on the time scale of the experiment (<5min). The acquisition is repeated 3
times to ensure reproducibility. The results presented in Figure 55 confirm the polydispersity
of the agglomerates and their quite strong cohesion as the ultrasonic treatment could not

break the agglomerates.
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Figure 5. Particle size distribution of the reference DRS

2. PERFORMANCES

2.1. HLM electrochemical characterization
2.1.1. Electrode preparation

The electrode is prepared through a two-step process. The entire process takes place in a dry

room with a dew point of -40°Cdp.

For the electrode fabrication, 92:3:5 wt.% of HLM, carbon black, and polyvinylidene difluoride
(PVDF) were dissolved in N-methyl-2-pyrrolidone (NMP) and mixed using a Thinky mixer. The
slurry was then casted onto an aluminium current collector, calendered using a roller at
230bar with a 10 pm roll gap and dried overnight in a vacuum oven. The electrodes obtained
have a loading of 12 mg/cm?. They are then punched to a diameter of 14 mm for coin cell

analysis.

2.1.2. Electrochemical testing

Electrochemical tests were carried out in CR2032-type coin cell with Celgard 2325 as the
separator and lithium foil as the counter electrode. LiPFs (1 M) dissolved in 3:7 v/v of ethylene

carbonate (EC) and diethyl carbonate (DMC) was applied as the electrolyte.
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The cycling performances were carried out in a potential operating window of 2.00 V-4.66 V
at C/10 and at 45°C for the first cycle. Subsequent cycles were run at 25°C with a voltage
windows ranging from 2.0 V to 4.4 V and still at C/10. Note that 200 mAh.g" were considered
at 1C for the cycling. Specific capacities were calculated according to the active material
loading on the cathode. The electrochemical performances of the HLM materials are

presented in the Figure 66.
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Figure 6. Electrochemical test of HLM. 1st cycle at C/10

2.2. DRS electrochemical characterization

2.2.1. Electrode preparation

The electrode is prepared in through a multistep process. All steps required to expose the
material to an atmosphere (Jar loading, ink coating...) are carried in an Ar-filled glovebox with
[02] and [H,0] below 0.1 ppm

First a DRS/C composite is realised by ball milling in cyclohexane with a ratio DRS/C = 8:1.
After hexane evaporation, the powder is added to a 10 wt% PVDF solution in nMP and
submitted to a planetary mixing in a Kurabo mixer. Supplementary nMP can be added to adjust

the viscosity of the ink.

The ink is then coated on an Al foil with a manual 100 pm doctor blade. The nMP is finally
evaporated in a vacuum oven connected to the glovebox. After drying, 14 mm diameter

electrodes are punched, pressed at 10T with a uniaxial press and weighted.
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2.2.2. Electrochemical testing

Half CR2032 coin cells are prepared by stacking the DRS electrode with a 2320 Celgard, a
Viledon separator and a 14 mm Li disk. 150 pL of electrolyte (LP100 has been used here, but

will be replaced by LP57 electrolyte from e-lyte as soon as it is received)

The testing protocol consists in a galvanostatic cycling in the 1.5V-4.8V range using a C/30

rate for the 15t cycle and C/10 rate for the subsequent cycles.

The performances of the reference DRS are presented in the Figure 7. These performances
are well aligned with previous experiments in our laboratory and with the literature. As
expected, the first delivered capacity is very high (>250mAh.g™") but the capacity retention

should be improved. This will be the main goal of the material development in the WP2.
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Figure 7. Performances of the reference DRS. 1st cycle at C/30 and then C/10

3. SAFETY OF NMC REFERENCE

3.1. Thermal characterization
3.1.1. TGA

Thermogravimetric analysis of commercial NMC 811 was performed in a TA instruments
model Q500, the analysis was carried out under nitrogen atmosphere and the temperature

range was from 25 °C to 1000 °C with a heating rate of 10 °C/min.

Figure 9 presents the curve obtained from the analysis, there we can observe that commercial

NMC is very stable at high temperatures, it is only after 750 °C where a thermal decomposition

D2.1 Safety and performance of the advanced SAGELi
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starts, this can be attributed to reduction reactions of metal oxides. Future work includes the

analysis of NCM 811 + electrolyte.
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Figure 8. TGA curve of commercial NMC 811

3.1.2. DSC

Differential scanning calorimetry of the NMC 811 was performed in a TA Instruments
Discovery DSC25 device, the heating ramp was 10 °C/min in a temperature range from 25 °C

to 500 °C under nitrogen atmosphere.

DSC curve obtained from NMC 811 is presented in figure 10, we can observe a very flat curve
that does not shows endothermic nor exothermic peaks, this is due to the stability of the

material in that temperature range, further experiments with active material + electrolyte are

programmed.
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Figure 9. DSC curve of commercial NMC 811
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3.2. Gas evolution

Online Electrochemical Mass Spectrometry (OEMS) measurements were incorporated into
WP2 under Task 2.3 (Safety and Performance Characterization of CAM). These
measurements track the evolution of gases during cycling and give the information on
possible safety issues and ageing due to gas generation. In this phase of the task, the
objective is to use a reference system, specifically NMC811 electrode, as a baseline. The
developed DRX materials from the project will later be compared against this reference to

assess its performance and safety characteristics.

3.2.1. Experimental details

A commercially available EL-CELL equipped with built-in gas inlet and outlet (https://www.el-
cell.com/products/test-cells/gas-analysis-test-cells/ecc-air/) was used for the OEMS
experiments. The negative electrode - delithiated LFP (¢ = 17 mm, potential 3.42 V vs Li/Li*) -
was placed at the bottom of the cell. A single layer Dreamweaver separator (¢ = 18 mm) was
placed between the negative electrode and the positive electrode (NMC811, ¢ = 16 mm). The
cell was filled with 100 pl of 1.3 M LiPFs in EC electrolyte. This configuration of the cell allowed
testing of the positive electrode without any impact of a negative electrode on gas generation.
It is known that LFP electrode does not give any gas at cycling. EC/LiPFs electrolyte has a very
low vapor pressure, which is beneficial for conducting OEMS measurements without a risk of

mass spectrometer contamination or gas signal hindering by volatile organic carbonates.

The EL-CELL was connected to the OEMS experimental setup as shown in Figure 10. High-
purity Ar gas (Ar 6.0) was continuously supplied through the gas line at a controlled rate of
1.2 ml/min, regulated by a mass flow controller. A six-hour period of open circuit voltage
(OCV) measurement was applied prior to charge-discharge cycles to allow the cell to
equilibrate and to establish stable baseline signals for each monitored gas species. For
electrochemical testing, the cell was connected to a Biologic SP-300 potentiostat. The cycling
protocol consisted of two charge-discharge cycles at C/10 between 2.5V and 4.3 V, followed
by a third cycle between 2.5 V and 4.8 V vs Li/Li*. Finally, an overcharge step was applied,
during which the cell was charged to 5.0 V and held for 15 minutes, then discharged to 2.5 V.
The potentials were recalculated vs Li/Li* for clarity of presentation. 0., CO,, and CO were
followed using signals m/z=32, m/z=44 and m/z=28, correspondingly. Mass spectrometer

Hiden HPR20 S1000 with ion count detector was used for the OEMS measurements.
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Probe of M3 Mass spectrometer Hiden HPR20 S1000

Figure 10. Photograph of the OEMS setup and of the mass spectrometer inside a dry room (DP < -40 °C).
3.2.2. Electrochemical Performances

The electrochemical performance of the baseline electrode, NMC 811, paired with a

delithiated LFP counter electrode is presented in Figure 11. The Initial Coulombic Efficiency

(ICE) was 86.7%. The discharge capacities of the cell increase with increasing cutoff potential,

as expected. Overall, the electrochemical performance was good.
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Figure 11. Electrochemical performance of NMC811 vs. delithiated LFP presented as a) voltage vs areal
capacity and b) voltage vs specific capacity. The cell was cycled in 1.3 M LiPF¢ in EC at room temperature
at a rate of C/10.

3.2.3. OEMS Measurements and Quantification

Gas evolution during cycling at various cutoff voltages is presented in Figure 3. To more
effectively identify the onset voltages and corresponding voltage regimes for each gas, the
voltage vs. time profile from the cycling process is overlaid on the gas evolution plots. From
the OEMS data in Figure 3, CO: is identified as the dominant gas evolved, with weaker CO

D2.1 Safety and performance of the advanced SAGELi
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signals appearing particularly at higher cutoff voltages such as 4.8 V and 5.0 V. Notably, there

is very low emission of O. detected across the tested voltage cutoffs.

As shown in Figure 3a, CO: evolution is observed during charging to 4.3 V in the first two
cycles. When the cutoff voltage is increased to 4.8 V, the CO: signal intensity increases
substantially, with a similar intensity observed during overcharge to 5.0 V. Major CO. evolution
is typically detected at voltages above 4.0 V. The typical onset of CO. evolution is at
approximately 3.8-3.9 V for all cycles. Notably, this potential aligns with the onset of CO
evolution, which occurs at approximately 4.0 V. The generation of CO. and CO is characteristic
of NMC cathodes and is attributed to electrolyte oxidation at high states of charge via reactive
oxygen evolution from the NMC lattice [DOI: 10.1149/2.0021707jes]. A closer examination of

the O: signal in Figure 3d reveals very weak signals emerging during charging to 4.8 V.
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Figure 12. Overlay of the voltage profile of the NMC811 vs delithiated LFP cell with a) CO2, b) CO, and c)
0, evolution during cycling at a rate of C/10 at room temperature in 1.3 M LiPF¢ in EC electrolyte.

The amount of evolved CO. was quantified using gas standards and is summarized in Table
2. Quantification of CO was not performed due to the low signal intensities, which can give
unreliable values. During the initial two formation cycles to 4.3 V, minor amounts of CO. were

observed: 0.64 pL in the first cycle and 0.35 pL in the second, corresponding to 0.71

D2.1 Safety and performance of the advanced SAGELi
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pumol/gnmecs11 and 0.39 pmol/gnmcsit, respectively. The higher CO- evolution in the first cycle is

attributed to NMC surface cleaning via oxidation of lithium carbonate.

Upon charging to 4.8 V, a notable increase in CO: evolution was observed, reaching 1.38 pL or
1.54 pmol/gnmcs. A comparable amount of CO. was generated during subsequent
overcharge to 5.0 V, with 1.31 pL (1.46 pmol/gnmcsi1) detected. As mentioned above, these
results highlight the increased gas evolution associated with higher voltages, likely due to
oxygen release from the NMC bulk structure which reacts with EC leading to electrolyte

degradation. At 4.8 V, the evolved O, was quantified at 0.11 pL, corresponding to 0.13

pumol/gnmcsi1.

Table 2. Quantity of detected CO; and O, for the NMC811 vs delithiated LFP cell during cycling at
different cutoff potentials in 1.3 M LiPF¢ in EC at a rate of C/10.

Gas Cycle Volume, pl Amount, pmol/gnmcs1
CO2 Cycle 1 (4.3V) 0.64 0.71
CO2 Cycle 2 (4.3 V) 0.35 0.39
CO2 Cycle 3 (4.8V) 1.38 1.54
CO2 Cycle 4 (5.0V) 1.31 1.46
TOTAL 3.68 4.10
0. Cycle 3 (4.8V) 0.11 0.13

Overall, high quality expected OEMS data was obtained in line with reported literature.

4. CONCLUSION

The material characterisation protocols are set up and the initial material have been

characterized. First characterisations of the safety at material level of our reference NMC811
have been realised and give us a good baseline to evaluate the materials in development.
Some more thermal characterization of the NMC in contact with electrolyte are planned to

compliment this study.
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