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Abstract

The 3D morphology of LiNiyzMni3C01302 (NMC), LiFePO4 (LFP) and blended
NMC/LFP electrodes envisioned for electric vehicles Li-ion batteries is characterized by
both synchrotron X-ray tomography and FIB/SEM tomography. The size distribution of
the active materials, the carbon phase and the pores, the specific surface area of the
different solid phases, the concentration variations of the various phases through the total
electrode thickness (X-ray tomography) or in smaller volumes (FIB/SEM tomography) are
quantified. Results are assessed in relationship with the electrode composition and with
their typical slurry rheological properties. Several heterogeneities are evidenced as the

fingerprint of phenomena associated with the different processing steps of the electrodes.
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1. Introduction

Li-ion batteries have adequate performance for most portable electronic devices but
cost-effective, high energy and power density devices are needed for new applications such
electric vehicles. This way, more efficient and economical electrode processing and
increase of the electrode thickness remains critically required to achieve the needs for
electric vehicles [1]. Slot-die coating process is commonly used for manufacturing Li-ion
battery electrodes. Slurries of active material and conductive additive particles, as well
dissolved or dispersed polymer binder are coated on a copper (anode) or aluminum
(cathode) current collector substrate. After drying, electrodes are usually compressed
(calendered) down to about 20-40 % porosity by passing them through a rolling machine.
The electrochemical performance of the resulting electrode is notably dependent on the
processing steps that significantly influence its morphology, which may contains defects
and heterogeneities. [2-16]. Indeed, the electrode composition, structure and morphology
plays a major rule on their electrochemical behavior [17-22].

Several phenomena are at the origin of defects or inhomogeneities. Phase
segregation or particles flocculation is usually a consequence of insufficient mixing of the
electrode slurry or of strong attractive interparticle forces that destabilize the electrode
slurry [4-12]. A gradient composition can also be observed, with generally the heaviest
active particles observed near the current collector and the lighter materials such as
conductive carbon and binder additives observed at the top of the electrode, as a
consequence of settling and/or solvent migration phenomena occurring at the beginning of
the drying step in slurries with non-optimized rheological properties and/or active mass

loading [13-16].



The calendering treatment is essential for obtaining simultaneously high energy,
high rate and good cycling stability. Pressing the electrode enhances the electronic wiring
of the active mass by improving the contacts between the particles within the electrode and
the contact at the interface between the electrode and the current collector, which all have
a favorable effect on the electrons distribution and collection [23-30]. However,
calendering can degrade the ionic wiring of the active mass due to decreased porosity and
increased tortuosity because of particles orientation, or squeezing of the binder phase over
the surface of the active mass, which all detrimentally modify the diffusion and
insertion/de-insertion of lithium salt species. Moreover, excessive calendering can also
cause particles break-up. The optimal performance is thus achieved for an optimal
calendering pressure that depends on various factors including the electrode composition,
the active material hardness and particle shape, the binder mechanical properties and the
type of battery (energy or power) that the electrode is targeted for.

The 3D morphology of various cathode materials for Li-ion batteries has recently
been intensively characterized by focused ion beam/scanning electron microscopy
(FIB/SEM) and X-ray computed tomography (XRCT). FIB/SEM tomography is
destructive but has the ability to provide three-dimensional images at high spatial
resolution (typically, a few tens of nm) [31]. XRCT is nondestructive and synchrotron
sources nowadays allow reaching a nanometer resolution [31-33]. 3D morphologies of
LiCoO2 (LCO) and LCO/NMC (LiNiy3sMny3C01/302) cathodes were first reconstructed
and quantified using both FIB/SEM [34-37] and X-ray tomography [37-40]. Zernike phase
contrast was furthermore used to visualize the distribution of the carbon phase (conductive

agent and binder) [40]. On the other hand, Zielke and al. [41] have input a carbon binder



modeling in 3D reconstruction of LCO electrode based on X-ray tomography and
investigated the influence of its morphology on the conductivity, tortuosity and active
surface. This initial work has then been completed by a study incorporating multiple scales
and information from X-ray tomography and FIB/SEM imaging combined with the
statistical modeling [42]. The microstructure of NMC-based cathodes has previously been
studied by synchrotron X-ray radiography and the influence of the weight percent of carbon
black (CB)/binder and the calendering pressure were investigated [43]. The morphology
evolution upon cycling of Li-rich NMC electrode has been studied by ex-situ FIB/SEM
analysis [44]. Channagiri et al. [45] have investigated LFP-based (LiFePO,) cathodes and
measured indirectly the porosity, despite the typical pore size much smaller than the
resolution. On the other hand, LFP electrode microstructure has been characterized by
FIB/SEM tomography [46, 47] and synchrotron X-ray tomography at high resolution
(20-50 nm) [48, 49]. The morphological parameters of LFP and the porosity have been
determined and the influence of the compaction has been investigated [49]. Heterogeneities
and defects in the electrodes morphology, nevertheless, have rarely been tackled by XRCT
and FIB/SEM tomography techniques, which however may provide new sets of
information to analyze the influence of the fabrication process.

In this paper, the 3D morphology of NMC, LFP and blended NMC/LFP electrodes
envisioned for electric vehicles Li-ion batteries is characterized by both synchrotron X-ray
tomography and FIB/SEM tomography. The principal focus of this work, from the battery
application point of view, is to study the morphology of electrodes containing a blend of
active materials, their particle size and density being different. As illustrated by the

literature cited above, the electrochemical performance of an electrode is significantly



affected by its morphology, which is critically dependent on the processing steps that are
themselves dependent on the electrode slurry composition and thus on the active particles
textural and colloidal properties. In the case at hand, it is well established that the
rheological properties of NMC- and LFP-based electrode slurries are markedly different,
which results in significant composition differences of the slurry when these active
materials are processed alone with the non-electroactive additives. Indeed, as a
consequence of the establishment of numerous polyvinylidene fluoride (PVdF) bridges
between the LFP and/or carbon black (CB) nanoparticles, LFP-based slurries show a
marked shear thinning behavior and a stronger elasticity than NMC-based ones with the
formation of a gel at rest [50]. As a consequence, LFP-based slurries must be richer in
solvent than NMC ones to avoid mixing inhomogeneities for example. On another hand,
NMC slurries that are too rich in solvent are prone to settling. Finally, it is also known that
the electrochemical performance of blended electrodes can be significantly influenced by
the spatial organization of the two active materials because they work (charge/discharge)
at different potentials [51, 52]. Therefore, spatial variations (heterogeneities) in the
distribution of both active materials in blended electrodes are likely to be observed. These
ones are finely characterized here, assessed in relationship with composition and discussed
with respect to typical slurry rheological properties.

2. Materials and Methods

2.1. Electrode preparation

Several samples with different compositions have been produced for the present study.
Electrodes with typical surface capacity of 2.5 mAh cm were produced on an industrial

pilot line (several kg of slurry per electrode batch). Their porosities have been tailored by



using a roll press. Some samples have been supercalendered using a bench-top hydraulic
press in the lab. Table 1 summarizes composition and calculated porosity of all the studied
electrodes, which include NMC (samples (A-D)), LFP (samples (J-K) and blended
NMC/LFP electrodes (samples (D-1)). The porosity derives from the electrode weight,
thickness (measured with a micrometer) and materials density. These electrodes were
prepared with a LiNizMn13Co1302 (NMC) compound and/or a LiFePO4 (LFP) one, both
supplied by UMICORE. The NMC is a micrometric material in the form of dense spherical
particles whose size ranges from5to 17 pm (D1o = 5.6 pum, Dso = 9.7 um, Dgo = 16.7 um).
The LFP is a nanometric material that is more or less agglomerated, with a
particles/agglomerates sizes range from 0.5 to 10 um (Dso = 2.4 um), and coated with a
few nanometers thick carbon layer. The measured BET specific surfaces are 0.28 and 18.3
m2 g for NMC and LFP, respectively. Carbon black (CB, BET specific surface of 65 m2
gl) was used as conductive additive, polyvinylidene difluoride (PVdF) as binder and
aluminum foil as substrate.
2.2. SEM observations

The electrodes were observed in Scanning electron microscopy (SEM) by using a
JSM 7600 (JEOL Ltd, Tokyo, Japan). A polished cross-section of the 50/50 NMC/LFP (F)
electrode was also performed using a Broad lon Beam (BIB) milling system (Ilion 11 /
model 697, Gatan Inc., Pleasanton, US). In this case, the sample was first cut to about 5 x
5 mm size and glue to a shield plate with silver dag (Agar silver paint G3691). With such
a device, the final cross-section is comparable to a Focus lon Beam (FIB) cross-section,
but it is wider (roughly 500-1000um). Moreover, the ion guns operated with argon ionizing

gas. The accelerating voltage was set to 6 kV and the sputter time was 2 hours. This sample



was analyzed in SEM with a Supra 55VP (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany).
2.3. BET surface measurements

A Micrometrics TriStar 11 3020 was used to obtain adsorption isotherms of the
electrodes mixtures. Measurements were performed at 77 K under nitrogen, after two hours
degassing.
2.4. Synchrotron X-ray tomography

X-ray tomography was performed at the TOMCAT beamline of the Swiss Light
Source at the Paul Scherrer Institute in Villigen, Switzerland. The electrodes were scanned
with a monochromatic X-ray beam at an X-ray energy of 20 keV. X-rays were converted
in visible light through a Th:LSO 5.9 pm thick scintillator and detected by a CMOS camera
(PCO Edge 5.5) scintillator screen at a distance of 10 mm from the sample. The projection
images were magnified 40 times, resulting in voxels with a side length of 0.16 um. The
exposure time was 600 ms for each projection and 1001 projections were acquired over a
sample rotation of 180°.

The X-ray imaging projections were acquired at a single sample/detector distance
(30 mm) so a phase component is present in the images. The reconstruction of both
attenuation and phase (Paganin) was then possible. The contrast observed in the attenuation
mode is explained by the Beer-Lambert law. The attenuation coefficient of the Beer-
Lambert law, which is represented in the X-ray radiograph in this mode, is proportional for
our energy range to the fourth power of the atomic number (Z*) and the density (p) of the
investigated material [53]. The phase contrast mode is especially useful as a way of

increasing the contrast between objects that attenuate the beam similarly [54]. The



propagation phase contrast, used in this paper, exploits the Fresnel diffraction of X-rays
[32]. Using the single-distance phase retrieval approach developed by Paganin, the
resulting images have enhanced edge contrast which allows easier processing and
segmenting.

For the quantitative analysis, the tomographic reconstructions were rescaled,
resulting in a voxel length of 0.32 um, and cropped to obtain a volume of 128 um*160
pm*thickness.

2.5. FIB/SEM tomography

FIB/SEM tomography was performed for four of the samples: NMC (sample (A)),
as-received blended NMC/LFP (sample (F)), supercalendered blended NMC/LFP (sample
(H)) and LFP (sample (J) electrodes). Serial FIB/SEM imaging was performed using a
FIB/SEM workstation (NVision 40; Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) combining a SIINT zeta FIB column (Seiko Instruments Inc. NanoTechnology,
Japan) with a Gemini I SEM column. The NVision 40 platform is also equipped with a
multi-nozzle SIINT gas injection system (GIS). The angle between the FIB and SEM
columns was 54°. Al NMC and blended NMC/LFP electrodes were preliminarily polished
with the focus ions beam to decrease the surface irregularity. A carbon layer (25x25x1
um3) was then deposited on the top of the sample by in situ ion beam induced deposition
(IBID) to protect the surface during slicing in order to achieve sharp upper edges and
minimize curtaining artifacts. Three reference lines were imprinted into the carbon layer
for post alignment of the image stack. SEM imaging was done in both secondary electrons
(SE) and backscattered electron (BSE) modes with an accelerating voltage of 1.5 keV.

Prior to serial sectioning, a trench was milled to a depth that freed up a sufficient cross-



sectional surface. This step was performed with a coarse ion beam current of 27 nA with
an accelerating voltage of 30 keV. Then, serial FIB sectioning was done with a current of
3 nA at 30 keV and an increment step of 10 nm (z-spacing). 3D reconstruction of the
composite electrode was performed with a voxel size of 10x10x10 nm® from stacks
corresponding to a volume of 441 pm? (10.0x9.0x4.9um) for (A), 284 um? (10.0%4.0*7.1
um) for (F), 327 um? (10.1x6.0x5.4um) for (H) and 440 pm? (10.0x8.0x5.5 um) for (J).
After acquisition, the image processing and analysis were performed with the Fiji
free software [55]. In a first step, the images were aligned based on the reference lines to
correct small x-y drifts. The image contrast was then adjusted to correct its evolution upon
ablation (z direction) and the shade effect (y direction) associated with the acquisition
geometry. Finally, vertical stripes (curtaining effect) on the SEM images, associated with
the FIB ablation, were removed using a variational algorithm Fiji plug-in [56].
3. Results
3.1. Electrodes microstructure
3.1.1. SEM observations
Scanning electron microscopy (SEM) was used for preliminary observation of the
electrodes and SEM images of the cross-section of various electrodes are shown in Figure
1. The NMC electrode has a well-defined morphology (Figure 1a). The large spherical
NMC particles are about 10 um in size and their packing determines micrometric voids
(cavities). The PVdF binder and CB conductive carbon additives are coagulated together
to form a second phase that is spread throughout the electrode between the NMC particles,
gluing them (sample A). When the additives content increases (samples B, C and D) the

CB+PVdF phase fills the micrometric cavities between the NMC particles and is more
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spread over their surfaces (Figure 1b). In the LFP electrode the packing of the nanometric
LFP primary particles, some of them being aggregated in secondary particles of a few
micrometers, leaves space for small voids (of size less than about 100 nm) and the
CB+PVdF phase is hardly discernible, as it is diluted within the network of LFP primary
and secondary particles (Figure 1f). The blended NMC/LFP electrodes have intermediate
morphologies that vary gradually between NMC and LFP ones (Figure 1c-e). Furthermore,
voids like microcracks at interfaces between NMC particles and the LFP/CB+PVdF matrix
are also evidenced (Figure S1).

These SEM observations are however poorly informative and only qualitative with
respect to the morphology of these electrodes. To characterize quantitatively the electrodes
microstructure, X-ray and FIB/SEM topographies have thus been performed.

3.1.2. Tomography analysis

An electrode X-ray cross-section of each sample is shown for phase contrast in
Figure 2 and attenuation contrast in Supplementary Information (Figure S2). Same gray
scale ranges were used for all the samples. The left side (x =0) corresponds to the
aluminum current collector (Al) and the right side to the electrolyte. A key step of the
process to reconstruct and quantify the 3D structure is the segmentation of the various
phases within the electrode (NMC, LFP, CB+PVdF carbon phase and porosity). The NMC
spherical particles can be quite easily distinguished as the brightest voxels in the phase
contrast image (Figure 2). The intensity at the minimum between the two characteristic
peaks of the grey scale histograms (not shown) is selected as threshold to segment the NMC
particles and the other phases (LFP, carbon phase and porosity). The resolution used for

obtaining the images above is one of the best achievable using parallel beam synchrotron
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X-Rays to date. Note that this resolution is not good enough to provide a satisfying image
of the smallest constituents of our electrodes i.e. porosity and LFP. FIB/SEM is then
mandatory to analyze the structure at this smallest scale.

It is not straightforward to segment the SEM images obtained by FIB/SEM
tomography due to the presence of the pores, as shown in Figure 3. This is due to the so-
called “shine through artifacts’’ (i.e. in SEM image, the solid phase located below the
observed plane is visible through the porosity). This prevents efficient image segmentation
based on the classic grey value threshold. Thus, a Fiji software macro has been developed,
based on the segmentation method described in ref. [57], and implemented in order to
precisely identify the pores and the solid phase. The resulting segmentation outline of the
pores, shown in red in some of the typical SEM images (Figure 3), demonstrates the
efficiency of this method. Active materials (NMC and LFP) and CB+PVdF carbon phase
were clearly identified by thresholding of BSE grey level images. Finally, NMC and LFP
particles were distinguished by both thresholding of BSE images grey level and manual
image proceeding. Note however that the size of the NMC particles is very large and only
one or two particles are present in each FIB/SEM tomography, hence the interest of the
preceding X-Ray images.

3D multiscale quantitative analyses could be performed thanks to efficient
segmentation of X-ray and FIB/SEM tomography reconstructions. X-ray tomography
reconstructions of NMC particles are shown in Figure 4a-d for various electrode
compositions. The FIB/SEM tomograph reconstructions of the active material, the
CB+PVdF phase and porosity are shown in Figure 4 for NMC (e-g), as-received

NMC/LFP 50/50 (h-j), supercalendered NMC/LFP 50/50 (k-m) and LFP electrodes (n-p).
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The samples composition and morphological parameters extracted from these analyses are
summarized in Table 1-4.
3.2. Material size distribution

The particle size distribution can be measured using sequential opening operations.
This process consists in a combination, with successive structural elements of size (n), of
image erosion followed by dilation. The difference between the dilated and the initial
image allows retrieving the fraction of elements of thickness 2n in the image [58]. Another
particle size characterization consists in the identification of each particle using the cell
segmentation (watershed) of a 3D morphological free software (iMorph) [59]. This allows
us to label differently each particle, even if they are connected, and hence to quantify their
volume. Surface and volume were determined using marching cube algorithms [60]. The
particle size distributions for NMC, LFP and PVdF+CB particles are shown in Figure 5.
3D views of the NMC and LFP particles size distribution (sample F) are shown in
Supplementary Information (Figure S3). The cumulative distribution of NMC particles
volume for all the compositions is also superimposed in Supplementary Information
(Figure S4).

NMC particles exhibit spherical shape with typical sizes from ~1um to ~20um
(Figure 5a, X-Ray tomography). The NMC particle size distribution is similar whatever
the sample, which is in accordance with the identical source of powder used for the
electrode preparation. The median particle size (Dso) is estimated by this image processing
at around 7 um. The LFP particle size distribution (Figure 5b, FIB/SEM tomography)
varies from few ten nanometers to around 800nm. The LFP particle size distribution for

the as received NMC/LFP (F) and LFP (J) are also similar. All this confirms that processing

13



doesn't change the size distribution of the active particles except for super-calendering
(electrode H) for which the LFP particle size is smaller. This could be explained by the
fragmentation of LFP secondary particles during the bench-top hydraulic pressing.

The comparison of NMC (A) and NMC/LFP (H) electrodes, having both same
CB+PVdF mixture amount (in %wt, see Table 1), shows that the CB+PVdF phase (Figure
5¢, FIB/SEM tomography) is much more finely distributed (clusters smaller than 200nm)
in NMC/LFP electrode as a consequence of the presence of LFP nanoparticles that play the
role of a dilution media. In NMC (A) electrode, the CB+PVdF phase is in the form of larger
clusters up to 1 um. The comparison of NMC/LFP (H) and LFP (J) electrode, having both
same CB+PVdF mixture amount (in wt%), shows that in LFP electrode there is nearly 20%
of the CB+PVdF phase that is in the form of clusters larger than 200 nm (see also Figure
40). This result suggests that the PVdF content was too low in this electrode to achieve a
good distribution of the CB particles. Finally, for the NMC/LFP electrode, although there
is more CB+PVdF mixture in (F) than in (H), this phase is similarly finely well distributed
in the two electrodes.

The specific surface area values measured for the different materials and for the
different electrodes are compared in Table 3 and Table 4, respectively. The theoretical
value is determined from the BET surface area of the pristine powders and their weight
fraction in the electrode composition. For LFP, two theoretical values are given, as the
carbon coating significantly contributes to the powder BET surface area that is thus more
than two times higher than the value calculated from mean particle size. For electrode, the
one labeled “BET” is measured by the BET technique, and the one labeled “FIB/SEM” is

measured by image analysis of FIB/SEM tomography reconstructions. FIB/SEM specific
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surface area of the electrodes is calculated using a marching cube algorithm on the open
pores, while FIB/SEM specific surface area of NMC, LFP and CB+PVdF is calculated
separately for each phase after segmentation. The resulting surface area (in pm?2.jum>materiar)
is divided by the average density, estimated from volume contribution of each phase in the
studied reconstruction, for the electrode specific surface area and divided by the material
density for NMC, LFP and CB+PVdF specific surface area. FIB/SEM shows that the
specific surface area of the NMC particles is close to expected value (Table 3), except for
(H), where a higher value may reflects the cracking of the active particles by super-
calendering. The specific surface area of the LFP particles is about 1.5 to 2 times lower
than the value expected based on the size of the LFP particles, which reflects some
agglomeration of LFP particles. The experimental BET specific surface is a factor of 2.35
(A) to 1.25 (J) lower than the theoretical value based on the pristine powder BET surface
areas (Table 4). For the NMC (A) electrode, FIB/SEM image analysis reveals that the large
difference between the theoretical and measured values is due to the significant CB
agglomeration into large CB+PVdF clusters (Table 3). Indeed, the specific surface area
developed by these CB+PVdF clusters is only 3 m2 g, which is to be compared to the BET
surface area of the CB powder (65 m? g*). Taking into account the specific surface area
measured by FIB/SEM and the weight contribution in the electrode composition of NMC
and CB+PVdF, the respective contribution of these two phases to the specific surface area
of the electrode mixture (0.44 m2 g?) is calculated to be 42% for NMC and 58% for
CB+PVdF. For the LFP (J) electrode there is little difference between the theoretical and
measured values if one considers a value of 8 m2 g for the pristine powder. Such an

assumption is justified because the PVdF binder likely adsorb at the surface of the particles
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closing the carbon coating microporosity. Both the CB and the LFP particles are
agglomerated to some extent. CB is however significantly less agglomerated with PVdF
than in NMC (A) electrode. Indeed, in (J) the specific surface area developed by these
CB+PVdF masses is 20 m2 g (Table 3), which represents about 26% of the specific
surface area of the electrode mixture. The LFP particles show a specific surface of 4.4 m?
g, which is around 2 times less than the LFP powder specific surface calculated from the
particles diameter (8 m2 g*) and represents about 74% of the specific surface area of the
electrode mixture. The NMC/LFP blended electrodes (F) and (H) show intermediate BET
surface areas between the two reference electrodes, which is obviously due to the 50/50
weight ratio of two active materials. The respective contribution of the different phases to
the specific surface area of the electrode mixture (3.52 and 4.79 m2.g™ for F and H,
respectively) is calculated to be 3% and 3% for NMC, 59% and 69% for LFP, and 38%
and 28% for CB+PVdF, in F and H, respectively.
3.3. Material concentration distribution

To characterize the volumetric spatial distribution inside the electrode, the NMC
density, estimated by X-ray tomography, has been calculated in slices perpendicular to the
thickness direction (x) and then plotted as density value profiles along this axis.
Attenuation mode may provide information on the densities, due to the theoretical
proportionality of the voxel value with the average attenuation coefficient. This
characteristic can be affected by the phase contrast phenomenon, which enhances the
contrast of the surfaces even in the attenuation mode. The use of monochromatic X-ray in
synchrotron beamline however allows correlating, in a first approximation, the average

grey values and the theoretical LFP volume density. We use the fact that the carbon phase
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of the electrodes (CB and PVdF) exhibits negligible attenuation, comparably close to the
porosity one (same grey value) [53]. Also, average grey value as a function of the
theoretical LFP density for blended NMC/LFP and all LFP electrodes shows that the Beer
Lambert law is rather well respected as a linear evolution is observed (Supplementary
Information, Figure S5b). The grey value of the LFP-PVdF-CB-porosity phase has been
averaged in slices perpendicular to the thickness direction (x) (Figure S5a) and then plotted
as LFP density value profiles along this axis, based on the linear correlation described
above (Figure S5c). For all the compositions and compactions, the identical LFP volume
density (~45 %) at null thickness is an artifact associated with the aluminum current
collector, which cannot be segmented. The profiles at low thickness are also affected by
the aluminum surface irregularity. In addition, an abrupt peak of LFP density is observed
at the surface for all the composition. This can be related to the phase contrast, which is
particularly pronounced between inside and outside the electrode.

NMC profiles through the electrode thickness are shown in Figure 6a and 6b for
NMC and blended NMC/LFP electrodes, respectively. LFP profiles are shown in Figure
6¢ and 6d for LFP and blended NMC/LFP electrodes, respectively. The average NMC and
LFP density, the relative standard deviations (RSD) and the density profiles slopes in the
electrode bulk are summarized in Table 1. The average NMC densities, estimated by X-
ray tomography, are close to the ones calculated from the electrode weight, thickness and
material density but however appear slightly lower for all the compositions. It could be
associated with some inaccuracy in the estimation of the density due to the irregular
thickness of the deposit. The NMC density fraction of the 25% least and most voluminous

NMC particles has been calculated in slices perpendicular to the thickness direction (x) and
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then plotted as density fraction value profiles along this axis for all NMC (Figure 6e-f) and
blended NMC/LFP electrodes (Figure 6g-h).

In order to characterize precisely the LFP and PVdF+CB carbon phase density
distribution, FIB/SEM tomography analysis was performed. The NMC, LFP, PVdF+CB
carbon phase density and the porosity have been calculated in slices perpendicular to the
depth direction (y) and then plotted as density value profiles along this axis. The top side
(y=0) of the studied volume corresponds to the surface closest to the electrode surface. The
profiles for all NMC, as-received blended NMC/LFP, supercalendered blended NMC/LFP
and all LFP electrodes are shown in Figure 7. The average densities and porosity with the
relative standard deviation are summarized in Table 2.

The average density estimated by FIB/SEM tomography is affected by the NMC
particles due to their large size compared to the studied volume. The LFP density/porosity
and LFP density/PVdF+CB density ratio, given in Table 2, was therefore used to evaluate
the electrode homogeneity.

3.3.1. Current collector/electrode interfaces

For all the compositions and compactions, the NMC density (Figure 6 a-b) is very
low near the current collector and increases quickly over a thickness of ~10 um. In
addition, the NMC density fraction of the smallest particles (Figure 6e and 6g) is high near
the current collector and then decreases, while the NMC density of the biggest particles
(Figure 6f and 6h) is low near the current collector and then increases. These profiles
reflect an accumulation of smaller particles at the current collector surface as well as a low
contact surface area between the current collector and the first layer of NMC particles, due

to their spherical shape and micrometric size. This observation is illustrated on the
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tomogram at a thickness of 4 um for the sample (C) (Figure S6a). In complement, SEM
investigations show that the NMC (A) to (D) electrodes have a CB+PVdF layer
accumulated near the current collector (Figure S7a and S7b). No information could be
obtained for the LFP density near the current collector (see experimental section).
However, it is likely that a same phenomenon could occur, with an accumulation near the
current collector of a layer rich in LFP/CB+PVdF and depleted in NMC.
3.3.2. Density profiles in NMC electrodes

For the NMC (B) to (D) electrodes with the higher PVVdF and CB contents (Figure
6a), the NMC density in the bulk tends to decrease through the electrode thickness from
above the current collector toward the top of the electrode. This evolution is clearly
discernible when comparing the X-ray tomograms of (C) at a thickness of 18 um and at
60 pum (Figure S6b and c). The slope of NMC density through the electrode thickness,
estimated by linear correlation of the density profiles, is summarized in Table 1. For the
(B) to (D) electrodes, the relative variation of the volume density of NMC particles through
the electrode thickness is ~0.1%.um™. In addition, the NMC density fraction of the smallest
particles increases (Figure 6e), while the NMC density of the biggest particles decreases
(Figure 6f), from the current collector towards the top of the electrode, whatever the PVdF
and CB contents. These phenomena are however less severe for (A) that contains less
binder and conductive carbon additives. Zooming in the bulk of the electrode by FIB/SEM
tomography shows large and opposite variations of NMC and CB+PVdF density in the
scanned volume (Figure 7a). The PVdF binder and CB conductive carbon particles are
coagulated all together as shown by the low specific surface area displayed by this phase

compared to the nanometric size of the CB powder (Table 3). This phase forms micrometer

19



thick strands (Figure 5c) that are spread at the surface of NMC particles or between the
NMC particles, gluing them, throughout the whole electrode, as shown in the 3D
reconstruction (Figure 4f) and SEM images (Figure 1a-b).
3.3.3. Density profiles in LFP electrodes

For LFP (J) electrode, the LFP volume density (Figure 6c¢) is constant in the bulk
with low relative standard derivation (RSD < 2 %). At a smaller scale and within an 8 um
thick layer close to the electrode surface (FIB/SEM tomography was done in a volume at
the surface of the electrode), subtle and smooth density variations of the LFP and
CB+PVdF phases are observed (Figure 7d). Table 2 gives the LFP/porosity and the
LFP/CB+PVdF mixture ratio, estimated by FIB/SEM tomography and calculated from the
electrode composition, materials density, the electrode weight and thickness. Moreover,
Table 1 and Table 2 allow us to compare the LFP volume density averaged over the whole
electrode (Table 1, X-Ray tomography) and at the electrode surface (Table 2, FIB/SEM
tomography), which values are 52.6 and 58.5%, respectively. The higher LFP volume
density and higher LFP/porosity ratio at the electrode surface reflect the higher
densification induced by the roll pressing step compared to what it is in the bulk of the
electrode. The slightly different LFP/CB+PVdF ratio at the electrode surface and in the
electrode bulk (6.7 and 5.9, respectively) reflects some spatial variations in the electrode
slurry composition.
3.3.4. Density profiles in NMC/LFP blended electrodes

With respect to the NMC/LFP blends, the situation seems similar to the NMC
electrodes for the 75/25 composition (E). From the bottom to the top of the electrode, the

NMC density clearly decreases (Figure 6b), while the LFP density increases (Figure 6d).
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Moreover, the NMC density fraction of the smallest particles (Figure 6g) increases and the
biggest particles (Figure 6h) are mostly observed at the bottom part of the electrode. The
NMC (Figure 6b) and LFP density (Figure 6d) vary less through the electrode bulk for
the 50/50 and 25/75 compositions with a slight decrease of NMC density for the as-
received (F) and (G) electrodes when looking closer to the electrode surface. In addition,
the density fraction of the smallest (Figure 6g) and biggest NMC particles (Figure 6h)
appear also fairly constant through the electrode thickness. Quantitatively, the relative
variation of the volume density of NMC particles through the electrode thickness is only
~0.05%.um™* for (F) to (I), compared to more than ~0.10%.um* for (B) to (D). The
electrode blends also show stronger local variations in the LFP volume density profiles
than for all LFP electrodes (relative standard deviation values in Table 1). This is likely to
be associated with the distribution of the micrometric NMC particles that delimit volumes
from which LFP particles are excluded. Such local variations in the density profiles from
X-Ray tomography are also observable in the density profiles at smaller scale from
FIB/SEM tomography (Figure 7b-c). SEM image of FIB polished (F) cross-section
(Figure S1) reveals other kinds of morphological heterogeneities at the origin of local
variations in the density profiles, such as large agglomerates of LFP particles (typically 10
pum in size) and large cavities in NMC rich-zones. The latter are probably a consequence
of the mismatch in the NMC and LFP particles size and hardness. The stacking of the
bigger and harder NMC particles can trap voids in their inter spaces, which induce locally
higher porosity values. The homogeneity of LFP density, characterized by the relative
standard deviation (Table 2), decreases as the NMC density decreases. This reflects the

influence of the NMC particle presence in the slurry on the distribution of the LFP cluster
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in the electrode due to the formation of cavities. The increase of conductive agent and
binder contents seems to paradoxically increase the LFP volume density heterogeneity
(sample (F) vs. (H)).

3.4. Influence of supercalendering

Comparison of as-received (B) and (C) and supercalendered (D) NMC electrodes
shows that using a bench-top hydraulic press is clearly less efficient than a rolling press for
increasing the electrode density. Indeed, supercalendering (C) (to form sample (D)) doesn’t
show significant change of thickness and density distribution, while roll-pressing allowed
reaching a higher density for the same electrode composition (B) (Figure 6a). This could
be related to the already high compaction of the NMC particles in the as-received electrodes
which prevents sliding when a vertical stress is applied to the active layer with the bench-
top. Moreover, observation of the X-ray tomograms taken at the surface of (D) (Figure
S6d) reveals that supercalendering induces the cracking of NMC particles at the electrode
surface.

As for the all NMC samples, the supercalendering of the 50/50 composition
electrode with a bench-top vertical press doesn’t modify significantly the electrode
thickness. However, it increases the NMC density both at the surface and near the current
collector as highlighted by the small arrows on NMC density profiles in Figure 6b. The
effect of this treatment, which induces the cracking of NMC particle at the surface, is also
illustrated in Figure S6e and S6f. Moreover, FIB/SEM tomography clearly shows that the
porosity is lower at the electrode surface in the case of supercalendered (H) (Figure 7c)
compared to as-received (F) (Figure 7b). In addition, the LFP density/porosity ratio (Table

2), estimated by FIB/SEM tomography, is close to the one calculated from the electrode
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weight, thickness and material density for the as-received NMC/LFP (F). In comparison,
the LFP density/porosity ratio, estimated by X-ray tomography, for the supercalendered
NMC/LFP (H) at its surface is much higher than the expected one, i.e. 3.6 vs. 1.9. This all
shows that the bench-top hydraulic pressing induced a densification of the electrode
surface, as well as near the current collector in the case of the 50/50 composition. This
process also induces the cracking at the electrode surface of NMC particles (Figure S6f)
and LFP agglomerates, which leads to an increase of their specific surface area (Table 3).
For the LFP electrode, supercalendering (J) to (K) with a bench-top press leads to a
decrease of the electrode thickness and to an increase of the LFP volume density (i.e. a
decrease in the porosity) homogeneously.
4. Discussion

Electrode microstructure is known to be strongly affected by many factors of the
Slot-die coating process. In the following discussion we suggest the possible causes at the
origin of the heterogeneities detected and quantified by the tomography characterizations.

Near to the current collector, the lower NMC density and the occurrence of an
accumulated layer of CB+PVdF (or LFP/CB+PVdF) could result from the migration of the
NMC particles during the casting step. Indeed, when a slurry is forced to flow against a
solid substrate, the stress field around a particle can interact with the substrate, causing it
to migrate inward [61], the larger the particle, the more significant this phenomenon. In
general nanometric particles are not affected by migration phenomenon. The density and
particles size gradients through the electrode thickness could be associated with the
sedimentation of the NMC particles during the slurry casting and drying [13, 14], and/or

to the migration of the lighter CB+PVdF phase with the NMP solvent during drying [15],
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a sharper density gradient being observed for (B) to (D) containing more binder and

conductive carbon additives.

LFP electrodes appears highly homogeneous and there is less sedimentation and
migration phenomena in the slurries containing blends of NMC and LFP, provided that the
LFP fraction is high enough, here at least half of the active mass quantity. This could be
related to the nanometric size of the LFP particles that are neither prone to migration during
casting nor to settling. Such a result could also be due to a higher viscosity of the LFP-rich
slurries as a consequence of the establishment of a physical gel, formed by the LFP and
CB nanoparticles bridged by the PVdF polymer chains, able to sustain the weight of the
heaviest NMC particles and to prevent their settling [14, 50].

5. Conclusions

3D morphology of NMC, LFP and blended NMC/LFP electrodes has been
characterized by both synchrotron X-ray tomography and FIB/SEM tomography. Several
morphological heterogeneities have been detected and quantified for these 2.6 mAh cm
electrodes manufactured on an industrial pilot fabrication line (see also scheme in Figure
8):

- Inelectrodes containing NMC, the layer close to the current collector (thickness up to
about 10um) is depleted in the biggest NMC particles and is enriched in the smallest
NMC and the smaller LFP particles, as well as in the CB+PVdF /phase, reflecting a
rheological induced segregation phenomenon. This feature likely plays on the electrical
contact resistance with the current collector.

- Above this NMC depleted layer, the electrode composition is close to its nominal value

but the NMC density and the mean NMC particle size decrease through the electrode
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thickness toward its top surface, reflecting a settling phenomenon. This gradient in

NMC density has been quantified between 0.05 and 0.1% per um. The occurrence of
density gradient for electrodes prepared through conventional casting process is a
limitation toward the fabrication of very thick electrodes for high energy density
batteries. This gradient in NMC density and particle size is however less severe in the
LFP-richer blends. The LFP electrode shows no gradient in LFP density through its
thickness, a feature associated with the nanometric size of these active particles that are
not prone to settling. At the electrode surface a higher LFP density than in the bulk is
observed, 58.5 vs. 52.6% (corresponding porosity of 33.8 vs. 37%), respectively, as a
consequence of the calendering.

Furthermore, local morphological heterogeneities, such as large agglomerates of LFP
particles (typically 10 um in size) and large cavities in NMC rich-zones, were observed.
Supercalendering with bench-top hydraulic pressing could induce a densification of the
electrode but mostly at its surface and near the current collector for LFP, and for the
50/50 and 25/75 NMC/LFP blended electrodes. However, in the case of the NMC
electrode it only resulted in the cracking of NMC particles at the electrode surface.
The specific surface area of the electrodes has been characterized and the value from
image analysis appears in the same order of magnitude as BET measurements. Ratio of
theoretical to measured values varies for NMC, NMC/LFP and LFP electrodes. In
NMC electrode, ratio equal to 2.35 reflects the significant coagulation of the CB
particles by the PVdF binder into micrometric conductive strands. In LFP electrode,
ratio is 1.25 as the CB particles are much less coagulated and more finely dispersed.

An intermediate ratio value is found for NMC/LFP electrodes.
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These results demonstrate the efficiency of XRCT and FIB/SEM tomography techniques
to analyze the architecture of composite electrodes for Li-ion batteries and evidenced
heterogeneities in relationships with the fabrication process. Future work will focus on the

electrochemical performance of the same electrodes.
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Table captions

Table 1.

Table 2.

Table 3.

Table 4.

Composition, porosity and thickness (without aluminum collector) of NMC,
LFP and blended NMC/LFP cathodes.

Morphological characteristics evaluated by FIB/SEM tomography.
Specific surface area of the NMC particles, LFP particles and CB+PVdF
phase, as as calculated from FIB/SEM tomography reconstructions.
Specific surface area of the electrodes, as calculated from the BET specific
surface areas and the weight fractions of the powders, as measured by the

BET technique, as calculated from FIB/SEM tomography reconstructions.

Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

SEM images of (a) NMC (A) electrode, (b) NMC (B) electrode, (c) 75/25
(E) NMC/LFP electrode, (d) 50/50 NMC/LFP (G) electrode, (e) 25/75 (1)

NMC/LFP electrode and (f) LFP (J) electrode cross-sections.

Grey-scale X-ray attenuation image of a cross-section slice for (a-d) NMC

(electrodes A-D), (e-i)) NMC/LFP (E-I) and (j-k)) LFP (J-K) electrodes.

FIB/SEM Image segmentation process: grey-scale SEM image (BSE mode)
of a slice of the electrode with pores segmentation outlines (red) for (a)
NMC (A), (b) LFP (J), (c) as-received NMC/LFP (F) and (d)
supercalendered NMC/LFP (H) electrodes.

(a-d) 3D XCT reconstructed views of the NMC particles in the electrode for

various compositions and 3D FIB/SEM reconstructed views of (e-g) NMC

37



Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

(A), (h-j) as-received NMC/LFP 50/50 (F), (k-m) supercalendered
NMC/LFP 50/50 (H) and (n-p) LFP (J) electrodes.

Size distributions of (a) NMC particles, (b) LFP particles and (c) CB+PVdF
mixture in electrodes A, F, H and J.

NMC density profiles along the thickness (XCT) of (a) NMC and (b)
blended NMC/LFP electrodes. LFP density profiles along the thickness
(XCT) of (c) LFP and (d) blended NMC/LFP electrodes. NMC density
fraction profiles along the thickness of the 25% least and most voluminous
NMC particles of (e-f) NMC and (g-h) blended NMC/LFP electrodes.
NMC, LFP, CB+PVdF and pores density profiles along the thickness of a
sample volume located at the surface (FIB/SEM) of (a) NMC (A), (b) as-
received NMC/LFP (F), (c) supercalendered NMC/LFP (H) and (d) LFP (J)
electrodes.

Schematic drawing of the typical features in (a) NMC, (b) LFP and (c)

NMC/LFP composite electrodes.
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Table 1

Ref C’:\cl)'\rgcggt'i:g)n Content |Porosity| Thickness [NMC vol. density | LFP vol. density
| P (W.%6)/(v%0)*|(vol. %) (nm) (vol. %0) (vol. %0)
NMC
LFP Micrometer XCT XCT
RSD RSD
PVdF XCT 1 1
CB Slope (um™) Slope (um™)
100/0 92l 84'2 6 54.7
A As-received 34 10.8 X
5/7.6 73 0.05
3/4.2 '
100/0 88/ 82'2 1s 477
B As-received 75/115 30 81 %)0191 X
4.5/6.3 '
88/44.7
41.8
100/0 0 83
c As-received 7.5/9.9 40 81 %2112 X
4.5/5.4 )
100/0 88/48.5
41.6
Super 0 75
D calendered 7.5/10.7 35 76 %1088 X
4.5/5.8 '
69/38.5
75/25 23/16.4 73 384 14.3
E ) 34 12.0 25.2
As-received 5/7.2 77 0411 0.06
3/3.9 ' '
44/24.0
. 50/50 441306 | g 77 ﬂg 39156
As-received 7.5/10.6 78 2 (')5 0 62
4.5/5.8 ' '
46/24.0
50/50 46/30.6 77 22.0 338
G ) 35 13.8 7.7
As-received 5/6.7 77 20.08 0.04
3/3.7 ' '
50/50 46/25.5
Super 46/32.5 71 24.0 34.0
H 31 12.8 5.6
calendered 5/7.1 73 20.04 0.01
3/3.9 ' '
23/11.4
25/75 60/43.7 83 9.3 47.2
I ; 35 24.2 3.6
As-received 5/6.4 81 -0.05 0.00
3/35 ' '
0 52.6
3 0/100 92/53.9 37 88 X 1 7
As-received 5/5.9 95 0 'OO
3/3.2 '
0/100 0
< Super 020598 | oo 78 “ P
calendered 5/6.6 80 0 'OO
3/3.6 '

*The v% takes into consideration the sample porosity
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Table 2

Ref NMC vol. Iaiﬁs\i/toll CB+PVdF vol. | Porosity | LFP/porosity | LFP/CB+PVdF
" | density (%) (% )y density (%0) (%0) ratio ratio
Average Average Average Average composition composition
RSD RSD RSD RSD FIB/SEM FIB/SEM
A 67.2 X 21.1 11.6 X X
19.2 X 39.1 69.8 X X
E 20.4 36.1 10.0 335 1.1 1.9
33.6 4.2 13.5 15.3 1.1 3.6
H 15.3 49.6 10.6 24.5 1.1 3.0
75.4 24.1 11.6 6.9 2.0 4.6
3 X 58.5 8.7 33.8 1.5 5.9
X 9.6 39.7 10.7 1.8 6.7
Table 3
Ref. NMC (mz.g'l) LFP (mz.g'l) CB+PVdF (mz.g'l)
Powders (BET) 0.3 18.3/8* CB: 65
A 0.3 - 3.3
F 0.4 5.5 25.0
H 0.8 6.3 23.6
J - 4.4 20.0

* For LFP, the BET surface area takes into consideration the contribution of the carbon
coating. Based on the LFP particles diameter, dso = 200nm (Figure 5b), the geometrical
surface area S can be calculated from the well-known equation S = 6/(dxp), where p = 3.57
gcm?,

Table 4
Ref. Theoretical (m2.g?) BET (m2.g?) FIB/SEM (m2.g?)
A 2.2 0.93 0.44
F 11.1/6.6 3.86 3.52
H 10.5/5.7 - 4.79
J 18.8/9.3* 7.41 3.88
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Figure 7

Density (vol. %)

Density (vol. %)

a (all NMC (A)) b (NMC/LFP 50/50 (F))
100 100
- gg/lfI;VdF ST NMe
801 . Porosity 01 - -(L);F:-PVdF
‘\\ -’ —— Porosity
60 - T . R SN
\‘\ ,I, é
\\ /I g
40 =
A

0 T
10 0 1 4
Thickness (um) Thickness (um)
. € (NMCILFP 50/50 (H)) . d (all LFP (J))
- - LFP
- - - NMC - ---CB+PVdF
804 |..-.. LFP 084 | —— Porosity
————— CB+PVdF ; —~ -
- i AR S > ST
604 Porosity : 2 06 . | RS
/~‘, \>/ o ".“Ou\ st '_", '..", P B
2 \
40 1 . a £ 04+
s [a)
201 02{
0 . . iR et 0.0 T 7
0 1 2 4 5 6 0 2 8

Thickness (um)

Thickness (um)



Figure 8
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