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Abstract

Silicon lithiation induces a high material expansion which leads to significant swelling and mechanical
pressure at the anode and cell level. In this study, the effect of the various mechanical constrains on
the swelling behaviour of pouch cell and cylindrical cell (18650) with high performance silicon carbon
graphite (Si-C/G) anode material was evaluated. In case of 18650 cells, strain gauges were used to
evaluate the strains and pressure generated from anode swelling during cycling process; in addition,
individual cell components thickness change was captured at 8 different states of charge (SOC) during
a cycle by in situ 3D imaging with X-Ray micro computed-tomography (voxel size 1.6pum) combined
with a specific image treatment. For bi-layer pouch cells, operando swelling was measured using an in-
house high precision (< 0.1um) compression set-up with simultaneous pressure and thickness
recording as well as dynamic pressure regulation system. Combining these unique experimental
techniques and the modelling of Si-C/G active material swelling in function of the SOC we were able to

provide insights in porosity changes of anodes for the two cell formats.
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1. Introduction

The strong demand for electric mobility is driving the frenetic development of battery production lines
installation with ever-greater scales and robotization. These gigafactories have enabled production
costs to fall at the cell level. On the other hand, active material structures have changed very little
since the first commercial in 1991[1]. At the cathode side, the LiCoO, lamellar material has shown
substitution of the transition metal by high content of Ni (up to 90%) and Mn or Al leading to
LiNixMn,Co,0, (NMC) or LiNixCo,Al,0, (NCA) materials. At the anode side, graphite is still dominant
with introduction of silicon oxide as additive from 2013, typically with 2 wt. %. The anode active
materials evolution was not the main driver of the energy density increasing but much more the
inactive material proportion decrease and the end of charge voltage cut-off increase.

However, the introduction of silicon at the anode represents a significant potential for improvement.
This improvement is as high as 10, 20 and even 30% in terms of volumetric energy density with silicon
proportions in the anode of 6, 14 and 40%, respectively. This theoretical estimation is based on thick
and dense anode with high active material content and low irreversible first cycle[2]. Numerous works
suggest interesting solutions in terms of material design, electrode binders, or electrolyte
composition[3,4]. Nevertheless, the high swelling of silicon of 280% during lithiation remains a
challenge, not only for the stability of the solid electrolyte interphase (SEIl) at particle level but also for
the anode thickness variations at the cell level.

The study of swelling during the alloying of silicon with lithium is undoubtedly associated with the
works of Jeff Dahn et al. starting in 2001[5] by “Colossal reversible volume changes in lithium alloys”
observed by in situ atomic force microscopy (AFM) on alloy films. In 2003, using continuous and
patterned films of alloy electrodes and still by in situ AFM, they proposed that silicon swelling was
linear, reversible and closed to 300%[6]. More recently in 2017, they followed the volume expansion
by in situ pressure measurements of pouch cells with NCA or LCO cathodes and SiO-G, Si alloy-graphite
or nano Si-C anodes|[7]. They explained the asymmetric nature of the volume expansion in charge and

discharge is a consequence of the different active materials in the cells, with linear swelling of silicon,



the particular 2L-2 staging of graphite which does not induce volume variation and NCA contraction at
the end of charge.

Based on this approach, we propose in this work to compare the porosity evolution at anode level
when cycling in pouch cell at various constant pressures and in cylindrical hard casing. Different groups
have already investigated the pressure impact on cell capacity retention[8-12] or the anode
morphology evolution[13,14]. It is generally assumed that active material expansion leads to both
anode swelling and porosity accommodation, which generate stress on other components[7,15-17]
and anode cracks and delamination[18,19]. However, it is still poorly understood how this swelling
takes place in the porous structure of the electrode during cycling, and how electrodes materials are
affected. In particular, some studies conclude that the separator morphology evolution could be
responsible of the accelerated degradation at the anode side.

In this study, compared cells (bi-layer pouch cell and 18650 cylindrical cell) are composed of the same
electrodes with NMC622 cathode material and silicon carbon composite blended with graphite (Si-C/G
based anode) to have a reversible specific capacity of 500 mAh.g* for the anode. Capacity retention
and resistance evolution are presented in a first part for different cells conditions. The modelling of
the active materials volume expansion as a function of the state of charge (SOC) is then described.

To follow the electrode thickness evolution in pouch cell with a pressure of 0.1 and 1 MPa, we have
developed an operando compression set-up with highly planar conception and high sensitivity of the
sensors, having a final precision of 100 nm. In parallel, we have performed 3D imaging by X-ray micro
computed-tomography (micro-CT) analysis on the same 18650 cylindrical cell at different states of
lithiation (SOL) using last generation of 3D imaging equipment and a deep image analysis to study the
in situ variation of electrode and separator thickness. Gauges were fixed on the rigid casing to take
into account its deformation. The global anode porosity is finally extracted for all the cells cycled at
constant volume or constant pressure from experimental swelling measurements and active material

swelling modelling.



1. Experimental procedures

1.1. Electrode preparation
The Si-C/G anode was formulated with 90% of active material (mixture of silicon carbon composite
with silicon particles inside carbon matrix (Umicore, Dgo=30 um) and graphite (Hitachi, Dsp=21 pm) to
reach 500 mAh.g* reversible discharge capacity), 2 wt. % carbon black or CB (C65 from Imerys), 1 wt. %
vapour grown carbon fibres or VGCF and 7 wt. % of Na-PAA (from Aldrich) as binder. More details on
electrode preparation are presented in supporting information. All electrodes’ properties are

summarized in Table 1.

Table 1: Electrode’s loadings, thicknesses, porosities and areal capacities.

Cathode Anode
One-side Double-side One-side Double-side
coated coated coated coated
Loading (mg.cm™) 16.5 16.4 6.3 6.2
Areal total capacity (mAh.cm) 2.9 2.9 3.3 3.2
Areal reversible capacity (mAh.cm?) 2.6 2.6 2.84 2.8
Thickness with Al or Cu foil (um) 79 136 58 105
Porosity (%) 32 33 38 40

1.2. Testcells

Different cell definitions are presented in supporting information.

1.3. Test procedure
1.3.1. Electrochemical tests
After a 2h rest, all full-cells (with NMC622 cathode) were formed at C/20 up to 4.2 V and next
discharged to 2.5 V at C/20 in a climate chamber at 45°C. The 2" and 3™ formation cycles were
performed at room temperature in the same voltage condition at C/10 and C/5, respectively. Each
charge step was ended by a floating voltage step up to hold down to current of C/50.
Additional cycles for various testing were completed at room temperature with the same voltage and
a floating step conditions. Current rates and state of charge (SOC) were calculated based on the

capacity measured during the first cycle at C/5 post-formation.



Formation for half-cells (with Li metal) was performed after a rest of 4h and consisted of one cycle at
C/20 and 2 cycles at C/5. A third cycle at C/5 was performed for dQ/dV analysis. Each lithiation step
was followed by a floating step up to hold down a current of C/100 and every cycle was performed at
room temperature. A voltage window of 0.01V to 1V was used for graphite and silicon-carbon
composite whereas a voltage window of 0.05V to 1V was used for silicon in order to avoid formation

of the Li1sSis crystalline phase.

1.3.2. Compression setup for bi-layer pouch cell

The testing of pouch cell was conducted under constant pressure of 0.1 MPa and 1 MPa in a flexible
compression mode.

For electrochemical cycling, two calibrated clips applying 100N on 10cm? surface of cathode were used
to impose 0.1 MPa whereas a calibrated spring with a lever arm effect was used to apply 1 MPa. Those
tools exhibit a theoretical force variation of 0.3% for a maximum expansion of 30% of the anode
holding the pressure constant during electrochemical testing.

For swelling measurement, an in-house operando compression set-up presented in Figure S1 was
designed. The set-up is composed of a dynamic pressure regulation system from 0.05 to 10 MPa and
records simultaneously pressure and thickness. It was designed with highly planar conception and high
sensitivity of the thickness sensors, having a precision of 100 nm. 3 linear variable differential
transformers are placed around the samples to measure the thickness changes and correct an eventual
flatness issue. Low pressure tests were always performed before high pressure tests in order to avoid

possible irreversible changes in the electrode microstructure due to higher pressure.

1.3.3. Strain gauge
A 45° rectangular single-plane rosette strain gauge (C2A-06-125LR-120 from MICRO-MEASUREMENT)
was used in order to measure the main strains of the 18650 casing and assess the rigidity of its hard

metal casing (Erreur ! Source du renvoi introuvable.).



Considering the casing material as homogeneous in composition, having isotropic mechanical
properties and stress proportional to strain, Hooke’s law can be used to convert the principal strains
Ep and Eq into principal stresses a;, and g,. Knowing the elastic modulus E and the Poisson’s ratio v,

the Hooke’s law for biaxial stress state can be expressed as follow:
(1) o, = % (Ep +vEq) and g, = % (Eq + VEp) with Egpe; = 205 GPa and vgppe; = 0.29

Finally, the thin-walled pressure vessel theory gives the following relation for our cylindrical casing:

P.r

(2) 09 =—
With the circumferential stress gy, the internal pressure P, the inner radius r and the thickness of the

casing t.

1.3.4. Insitu 3D imaging by X-ray micro-CT
Micro-CT, a non-destructive 3D imaging technique, was used to in situ determine electrodes and
separator thickness evolution with SOC in cylindrical hard casing (18650 format).

1.3.4.1. 3D image acquisition

The same cylindrical cell was 3D-scanned using a Zeiss microXCT-400 system during a charge/discharge
cycle. All scans were acquired at 140 kV and 10W (W target). After formation, the whole cylindrical
cell was first quickly scanned in large field-of-view (LFOV) with an isotropic voxel size of 42.4 pm using
the x0.4 magnification optical objective. From this LFOV scan, a volume of interest (VOI) was selected
for high-resolution imaging (Figure S3). The x10 objective was then used to achieve an isotropic voxel
of 1.6 pm and a VOI of 1.6x1.6x1.6 mm?3. A total of 2001 projections were collected through 360°
rotation with an exposure time of 60 s per projection, for a total acquisition time of 38 hours (Figure
S3a). This acquisition time being very long, operando measurement was impossible, thus scans were
performed at 8 various SOCs upon one cycle. Floating steps up to C/100 were performed at each
chosen SOC before scanning in order to study an electrochemically stable state of the battery.

High-resolution 3D imaging at micrometre-scale is required to distinguish the various components in

the cell and to measure their thickness variation during charge/discharge cycle (Figure S3b).



1.3.4.2. 3D image reconstruction and analyse

Volume reconstruction was performed with XMReconstructed-Parallel Beam-9.0.6445 software using
a filtered back projection algorithm.

The histogram of the reconstructed volume represents the X-ray absorption in each voxel (expressed
as an arbitrary Gray Scale Value, GSV) as function of the number of voxels for each GSV (intensity). The
GSV depend on material composition (density) and thickness.

The Fiji free software was then used to analyse the reconstructed volumes[22]. A specific image
processing procedure was developed to determine thickness of each component and is described in

the Results part.

2. Results & discussion

2.1. Electrochemical behaviour of Si-C/G composite anode

The active material of the anode is a blend of a silicon carbon composite with graphite. The electrode
contains 90 wt. % of active material and has a global reversible specific capacity of 500 mAh.g™*. The
electrochemical behaviour of the anode in half-cell is presented in Figure 1a. The 4™ cycle was chosen
to avoid considerations of the first cycle with silicon irreversible amorphization. Graphite and pure
silicon materials behaviours are also reported in this Figure 1a with half-cell evaluation in the same
conditions in order to identify electrochemical contributions in this blended anode. The Si-C/G
composite anode shows a mixed behaviour with three peaks in delithiation between 70 and 250 mV
corresponding to phase transitions in graphite[23] and a sharp peak around 0.45 V corresponding to
Li;sSia crystallized phase delithiation[24,25]. The anode contained in total around 6.5 wt. % of silicon.

For the pure silicon electrochemical behaviour reported in Figure 1a, a second peak can be observed
at around 280 mV corresponding to amorphous LiSi phase delithiation[26]. The presented
electrochemical behaviour of pure silicon does not show full crystallization as the lithiation is stopped
at 50 mV. This electrochemical behaviour is representative to what happens in a Li-ion cell and will be

useful for further calculation. Indeed, LiisSis crystallisation do not occur in a typical Li-ion cell



configuration as the cell balancing is of 1.10 and Li loss happens at the first cycle. Moreover, it is
noteworthy that the lithiation of both silicon and graphite happens simultaneously in the anode
whereas delithiation occurs first for graphite at low potential considering half-cell configuration and
then for silicon at higher potential as already reported in literature[27,28]. It means that, for a given
potential, graphite state of lithiation (SOL) will be different from silicon SOL and from Si-C/G anode
SOL. The SOL of both materials in the Si-C/G anode was estimated from pure graphite and silicon
potential behavior at the 4™ cycle considering 6.5 wt.% of silicon, and 83.5 wt.% of graphite in the
formulation. Potential of the Si-C/G anode in the Figure S4 fits pretty well at low potential and is quite
different regarding silicon contribution especially in delithiation. Pure silicon anode does not crystallize
and also carbon not fully graphitized in the composite should explain that higher capacity is obtained
between 500 and 700 mV vs Li*/Li in delithiation or 300 and 700mV vs Li*/Li in lithiation. The obtained
SOL of both materials in the anode is plotted for the fourth cycle on Figure 1b. The anode specific
capacity considered is the one actually used in Li-ion cell design having a balancing of 1.10 and an
irreversible capacity loss at the first cycle of 13%. This is the reason why the reversible anode specific
capacity considered here is of 442 mAh.g™. Lithiation of the anode starts mainly with silicon lithiation
until 100 mAh.g* followed by a lithiation of both materials with quite similar pace keeping silicon SOL
at higher values than graphite SOL and finally reaches an equal SOL of 86% which is a fortunate
coincidence. The delithiation profile is strongly different with graphite delithiation starting up to 24%
SOL before silicon significantly starts to delithiate. This result matches what can be found in
literature[7,27]. Obviously, each material will undergo different volume changes relative to their

respective SOL in the composite anode.
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Figure 1: a) Incremental capacity at C/5 and RT of half-cells with working electrodes containing graphite (blue), Si-C/G
composite anode (red) and silicon electrode (green) after 3 cycles of formation. Potential profiles are shown in Sl (Figure S4a).

b) Component’s state of lithiation vs composite capacity in full-cell configuration. Arrows show lithiation/delithiation cycle.

Cycle life of NMC622 based cathode versus Si-C/G based anode was evaluated in 18650 cells of 2 Ah
and 170 Wh.kg? at C and in pouch cells of 27 mAh at C/2 when applying a constant pressure of 0.1
MPa or 1 MPa. For these cycling tests, a C/5 cycle is done every 20 cycles with a resistance
measurement at 50% SOC with a 30s pulse at 2C. Results obtained for cycles at C/5 presented on Figure
2a are representative of one of the three cells (not shown) which have demonstrated very good
reproducibility. In 18650 cells, pressure was not controlled and was generated internally as it will be
presented later in the paper.

The normalized capacity evolution in 18650 cells seems more stable with 90% and 80% of the initial
capacity recovered at C/5 after 220 and 420 cycles at 1C, respectively. The pouch cells have very similar
capacity retention for both applied pressures, with 80% of the initial capacity after 310 cycles at C/2.
Concerning resistance evolution higher initial resistance is observed for 18650 cells with also stronger
increase upon cycling. Regarding pouch cells results, similar initial resistance is measured for both
applied pressure whereas lower pressure leads to lower resistance during extended cycling.
Considering that the resistance is measured for a 30s pulse at 2C, electrolyte conductivity limitation is
usually observed. A first explanation could be that a high pressure leads to a lower electrodes and
separator thickness. This is associated with ionic pore resistance and charge transfer resistance

increasing for both electrodes and separator, finally increasing the overall cell resistance[29]. However,



such decreased ion mobility does not seem to impact the cycle life which even shows a slightly better
capacity retention when higher pressure is applied. This could be linked to a more resilient electronic

conduction network to keep particles connected while SEl layer is growing upon cycling.

100 =g

e, 600 LI—— SOH 100%
or Ty S 180 -~ - SOH 80%
1 | = ] LAY N
ey e 18650

X sl L B R N L q1600 £ 400 H—— 0.1 MPa
= SRS T > {——1wPa
£ e 140 8 <
S 70 L[ = Pouch-cell - 0.1MPa "y 3 o
4 = Pouch-cell - 1MPa o0 B <
© __g-oA 3
O ol = 18650 g g £
g -g-0-9-g-? 4100 & >
g 50 . o )T g E
£ oo™ {80 & g.
S 4o - 00 Y
= Cmo.nTre 0 TET 460§
= | o2 0 -0 e N

W pd BT {40

20 L L 1 L ' 20 600 1 1 L 1 1 1 1 1

0 100 200 300 400 500 26 28 30 32 34 36 38 40 472
a) Cycle b) Voltage (V)

Figure 2: a) Normalized discharge capacity for cycles at C/5 and resistance (2C, 30s at 50% SOC) evolution upon cycling of
18650 cells at C and pouch cells at C/2 under constant pressure of 0.1 MPa and 1 MPa b) incremental capacity at state of
health (SOH) of 100% (15t post-formation cycle) and 80% (after 310 and 420 cycles for pouch and cylindrical cells, respectively)
for various cells. SOH is defined as the capacity retention at C/5 in comparison to initial capacity at C/5. 18650 cell plots are

shifted to +200 in charge and -200 mAh.g-1.V-1 in discharge to ease reading the curves.

Differential capacity as a function of the voltage of the full-cells at 100% and 80% SOH are plotted on
Figure 2b in order to give some insight on the origin of the capacity fade. The peaks on the fresh cell
at ~3.7 Vin charge and at ~3.6 V in discharge correspond to redox transitions of NMC622[30]. For the
negative electrode, the peaks observed at ~3.55 V in charge and discharge corresponds to Li
(de)intercalation in graphite[31] while the peak at 3.15 V in discharge that could be attributed to silicon
dealloying. A global attenuation of the peaks and smoothing of the curve is visible after 420 cycles,
which is certainly linked to lithium loss and heterogeneity appearing in the electrode. In addition, peaks
shift to higher voltage, indicating an increase of both electrode resistance, which is consistent with the
increasing resistance measured for the full-cell. However, silicon is still significantly active with low loss

of active material after 420 cycles. The main degradation appears to be related to lithium trapping,



typically due to SEI growing at the anode during repeated the contraction/expansion cycles. However,

materials appear to be still electrochemically active and silicon particles successfully connected.

2.2. Swelling behaviour of full-cell containing Si-C/G composite anode and NMC622 cathode
Each component SOL and their respective volume change at a given SOC can be combined to determine
the swelling of each electrode of a bi-layer full-cell considering the following assumptions:

- Cells were designed with a balancing superior to 1.10 meaning that none of the negative
electrode components can access their full capacity, therefore no component was ever 100%
lithiated. In particular, the lithiated crystalline phase LiisSis was never fully formed and a model
using 0.05V as lower voltage cut-off is appropriate[26,32];

- The cut-off voltage at 4.2V in full-cell corresponds to a relative change of crystallographic unit
cell volume smaller than 1.5% for NMC622 particles[33] (see Figure S5);

- Amorphous silicon undergoes a 280% linear and reversible volume expansion/contraction
during post formation lithiation/delithiation process[6,26]. No plastic deformation of silicon is
considered;

- Graphite and carbon undergo a 10% linear and reversible swelling during lithiation/delithiation
with a plateau between 25% and 50% of lithiation corresponding to phase transformation
2L->2[23] (see Figure S5);

- Binder and electronic conductors’ volume are considered constant during formation and
post-formation cycling. No porosity or microstructural rearrangements are accounted for,

- The SEl thickness being generally reported of nanometre scale[34—37], it is negligible for first
post-formation cycles;

- No external stress is applied, and pores volume is considered constant, meaning that porosity
will decrease theoretically during materials expansion.

Anisotropic volume change in the direction perpendicular to the current collector is considered only

as expansion/contraction of the electrode takes place mainly in the transversal direction[38]. Hence,



there is a linear equation (3) between the electrode volume and its thickness where S is the surface
and remains constant, and h is the average thickness. The total thickness of the Si-C/G electrode can
be expressed as function of all solid phases and porosity proportions in equation (4). Each solid phase
contribution in the pristine electrode is obtained from the proportion in the formulation, d the solid
phase density and / the electrode loading (5). Finally, the thickness change at different SOL is the sum
of the thickness variation of all active materials at this SOL as the thickness attributed to porosity and
inactive components are considered constant (6). Graphite and silicon swellings are calculated
according to literature reported in Figure S5 or by equation from (6a) to (6d).

(3) Veitectrode =S X Reectroae

(4) helectrode = hG + hSi + hbinder + hEC + hSEI + hpores

wt%;
d;

(5) hisoL=0%= x

(6) Ah = Ahg; + Ahg; with:

a. Ahg = hgsor=09 X (1 + 0.2 X SOLg) for graphite SOL from 0 to 25%

b. Ahg = 1.2 X hggop=09 for graphite SOL from 25 to 50%

c. Ahg = hgsor=09% X (1 + 0.1 X SOLg)for graphite SOL from 50 to 100%

d. Ahg; = hsisor=09% X (1 + 2.8 X SOLg;)
The calculated swelling of the Si-C/G composite electrode and the full-cell containing this anode and a
NMC622 cathode after formation during the 4" cycle is presented in Figure 3. Input data of the model
are the state of lithiation of graphite and silicon material presented in the Figure 1b and the parameters
of the bi-layer pouch cell presented in the Table 1 in order to have relevant comparison with

experimental swelling data presented thereafter.
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Figure 3: Modelled swelling of the Si-C/G composite anode and a bi-layer pouch cell containing the same anode and an

NMC622 cathode, during one cycle at C/5 post formation.

The awaited total anode expansion is about 26.5% with 18.2% due to silicon material and 8.3%
attributed to graphite. Considering the effective balancing of 1.10, the calculated electrode thickness
increases by 7.21 um corresponding to 24.3% expansion of the active anode layer as we do not
consider full lithiation. Regarding the swelling profile, the slope depends on the state of lithiation of
both materials and on their respective swelling profiles. With a swelling of 280%, silicon
lithiation/delithiation corresponds to sharper slopes than graphite that undergoes an expansion of
10% when lithiated. During lithiation, silicon is the main active material up to 100 mAh.g* with sharp
slope, followed by a mixed behaviour of graphite and silicon for the rest of lithiation with a plateau
corresponding to 2L->2 phase transition in graphite between 180 and 280 mAh.g*. During discharge,
two distinct regions are shown: a first one between 450 and 250 mAh.g* with only graphite delithiation
and the 2L->2 phase transition between 330 and 250 mAh.g* followed by a second one with a sharp
slope corresponding to silicon delithiation.

In full-cell configuration, the cathode contraction effect is limited, reducing by 0.63 um the overall
expansion, and having no impact on the global swelling profile. Therefore, full-cell swelling is mainly
due to Si-C/G anode contribution.

This simulated expansion will now be compared to experimental results upon one charge/discharge

cycle of a pouch cell swelling from operando compression setup and in situ thickness measurements



of the anode inside an 18650 cylindrical cell from 3D imaging. In order to deeper understand cell design
or pressure impact on the electrode microstructure, the Si-C/G electrode porosity will be estimated by

subtracting computed values from experimental data of swelling.

h
(7) Porosity = —2=—

hetectrode

(8) Ahpores = Ahgiectroae — Ahg — Ahg;

2.3. Swelling of pouch cells under constant applied pressure

Figure 4a shows operando swelling measurement of the same pouch cell under a controlled constant
pressure of 0.1 MPa then 1 MPa for 3 consecutive cycles at a low C-rate of C/5.

The stabilized initial thickness of the total pouch cell after applying 0.1 MPa is 377.8 um. Three
formation cycles are firstly applied at respectively C/20, C/10 and C/5 with a pressure of 0.1 MPa before
recording the 4" cycle at C/5 and 0.1 MPa. The initial thickness of the 4" cycle is of 385.6 um, indicating
an irreversible thickness increase of 7.8 um during formation step of the cell, which can be related to
particle rearrangement and a lack of pressure to recover the compactness of the particles stacking
after swelling. If assigned to anode expansion only, this represents an increase of +15.6% of the active
layer. The swelling is not entirely reversible with still +0.9 um, +0.5 um and +0.4 um of deviation for
the initial thickness of the 4™, 5™ and 6" cycles presented which might be due to a pressure too low to
come back at the initial anode thickness. However, compared with the simulated or modelled swelling
in Figure 4b, similar amplitude during a post-formation cycle of 6.3 um for the experimental swelling
is observed validating our assumptions of part 2.2 and meaning the anode pores volume should not

be overly impacted during lithiation/delithiation cycles under this pressure.
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Figure 4: a) Total swelling of the same bi-layer pouch cell under 0.1 MPa and then 1MPa during post-formation cycles at C/5;
b) corresponding relative thickness change during the 4th and 17th cycle comparison with the modelled swelling of a bilayer

pouch cell presented Figure 3.

Moreover, some similar features can be spotted especially the alternation of intercalation in graphite
and alloying of silicon during charge of the cell. Also, the two different slopes in discharge fairly confirm
that graphite is firstly delithiated. Two main differences with the modelled swelling are spotted. One
concerns graphite 2L -> 2 phase transition which is not so visible in discharge. This could be explained
by graphite particles not being homogeneously delithiated in the electrode, smoothing the swelling.
The other discrepancy is the smaller experimental swelling than expected during the whole lithiation.
One explanation could be a change in porosity accommodating particles swelling. Another one could
be the fact that our model only considers 1D expansion which is not truly representative of the complex
real swelling occurring at particles level, with particle-particle friction and rearrangement. Finally, it
could be related to the design of Si-C composite which partially suppresses the Si expansion.

When the pressure applied increases to 1 MPa, a drop of 5.4 um is observed with a stabilized thickness
of 381.7 um at beginning of the 16" cycle. This contraction is probably due to particles rearrangement
in the electrodes along with separator contraction as the pressure is significantly higher than the one
applied in the previous test. It should be noted that cycles 7 to 15 (not shown here) are perfectly
reversible and do not participate in this thickness change. The first charge under 1 MPa shows the

same alternating silicon/graphite lithiation with a swelling amplitude of 5 um. Contrary to cycles under



low pressure, the first discharge under 1 MPa presents a higher contraction amplitude than expansion
amplitude with an irreversible swelling of -1.1 pm but a similar reversible capacity. The following 17"
and 18" exhibit a behaviour closer to the one under 0.1 MPa. Main differences are a swelling amplitude
decreased to 5.3 um and a small irreversible compression of 0.3 um and 0.1 um instead of expansion
at each cycle. Both phenomena can be linked to the higher applied pressure limiting the anode
expansion during charge, especially for capacities higher than 300 mAh.g? and accompanying its
contraction during discharge. This behaviour is more pronounced during the first cycle after pressure
change, where the majority of particle rearrangements due to higher pressure takes place during
discharge. It is important to notice that the more reversible swelling is not necessarily correlated with
some discontinuous SEI formation. In fact, because of the limited vertical expansion imposed by the
applied pressure, graphite and silicon particles will have to expand by filling the pores of the electrode
which will also be filled by continuous SEI growth to a lesser extent. A great impact on porosity is
expected and will be calculated hereafter for both pressures.

Supplemental measurements were performed to address contribution of the pouch bag and separator
in order to calculate the porosity change (Figure S6). Results show that the compression of one layer
of pouch bag is of 0.25 um, 1.46 um and 2.47 um at 0.1, 1 and 6 MPa after 8h with an initial thickness
of 110 um. One layer separator with an initial thickness of 20 um, shows a compression of 0.04 um,
0.23 um and 1 um at 0.1, 1 and 6 MPa respectively. The porosity decrease can be calculated to less
than 1% for 0.1 and 1 MPa and of 3% at 6 MPa on the 39% initial porosity and should not significantly

impact the lithium conductivity.

2.4. Swelling of the jellyroll inside a constrained volume

2.4.1. Rigidity of the hard metal casing

To evaluate components thickness evolution of cylindrical hard casing in 18650 format due to the
anode swelling during lithiation/delithiation, a preliminary study focuses on the investigation of the

casing deformation during successive charge discharge cycles. To that end, information on the main



strains of the casing Ep and Eq and their orientation were collected using a rosette strain gauge.
Results obtained using equations (S1), (S2), (53), (1) and (2) for the 3 cycles of the formation protocol
and three additional cycles at C/10 are presented on Figure 5a. Because the measured deformation
takes place in a cylindrical coordinate system, the calculated main strains Ep and Eq are in axial and
orthoradial direction respectively (Figure 5a). The temperature dependence of the measured strains
has been studied in a preliminary study and all data are corrected in order to only observe the strain
variation due to electrochemical processes. As the internal void between the jelly roll and the casing
in the z-direction is quite important and also because the negative electrode is expanding in the
direction perpendicular to the current collector[6,15], it is consistent to observe a larger amplitude for
the orthoradial strain Eq than for axial strain Ep. However, we do not explain the negative sign of the
strain of Eq. Preliminary test has shown positive and negative strains of Eq when temperature is
increased and decreased, respectively, but it is evident that Eq must be positive during anode
expansion. The axial strain Ep is globally positive and follows Eq variations.

During the formation step with 3 cycles and an increasing C-rate, a rise of the maximum and minimum
strains for each cycle is observed. For the next 3 cycles, maximum strains continue to slightly increase
but the hoop strain amplitude reaches a steady value of 600 um.m™ corresponding to 0.06% or 10 um
variation of the cell diameter. This very low strain amplitude value allows us to assume that the metal
casing is stiff, and that anode materials expansion is exclusively accommodated inside the constant
volume of the steel case. Also note that the same number of 3 cycles is necessary to stabilize the
mechanical behaviour as observed for pouch cells when applying a constant pressure. With negative
values and variations opposite to those observed in the literature[39—41], we chose to use a factor -1
for further calculations in order to observe an increase of the strain in charge and a decrease in
discharge.

The corresponding pressure P can be calculated from the mains strains Ep and Eq via principal stresses
0, and g, calculation using equations (1) and (2). The relationship between strains, stresses and

pressure being linear, the radial pressure curves is very similar to the hoop strain curve Eq. During 3



formation cycles, the maximum pressure (observed at 100% SOC) increases until it reaches a steady
value of 4.5 MPa for the next cycles, as shown in Figure 5b for the 4" cycle. The silicon and graphite
swelling added to SEI formation takes place inside a constrained volume fixed by the rigid casing
imposing high pressure over the jellyroll. At the end of formation, the pressure in discharged state is
of 0.3 MPa and is related to particles rearrangement which is associated to an irreversible expansion
of the jellyroll.

The shape of the pressure measurement in Figure 5b shows that the expansion is neither linear nor
symmetrical with the state of lithiation of the negative electrode revealing a hysteresis between charge
and discharge. Before 25% SOL of the anode, low pressure is observed. This might come from porosity
being high enough to accommodate particle swelling. At higher states of anode lithiation, the pressure
can be correlated to graphite and silicon SOL in the electrode presented earlier. During charge, as
observed previously, graphite and silicon lithiation happens simultaneously with a slope related to the
active material being simultaneously lithiated, the highest slope being associated to silicon, typically
between 60 and 70% of SOL. The slight pressure drop at the end of charge (98% SOC) corresponds to
the floating step: with decreasing C-rate, Li* diffusion in the electrode is no longer limited[42,43].
Consequently, the lithium concentration inside the negative electrode tends to homogenise between
Si-C and graphite particles, causing a relaxation of the constraints inside the electrode. During
discharge, two distinct regions are shown: a first one between 100% and 45% SOL with a steady slope
corresponding to graphite delithiation, and a second one after 45% SOL with a sharper slope
corresponding to silicon delithiation. Finally, although the evolution of pressure is different from the
variation of thickness, similarities are evident as a result of the different variations of SOL of graphite
and silicon in charge and in discharge.

It should be noted that cathode and separator contraction could also play a role in the overall swelling
of the jellyroll considering the high achieved pressure. Hence, each component contribution must be
studied separately to fully understand the full-cell expansion behaviour and its impact on porosity of

the components.



Si-C/G electrode state of lithiation (%)

a)
100 . . . . b) 0 20 40 60 80 100

T T T T
14 4l Charge
0 Cischarge
-100 —
= 43 - & 3+
€ o =
£ -200 & <
= 2 o
2 5 > Vg
£ .300 42 2 2 2
2 2 o
%) e o
-400
Potential 41 1r
-500
_600 1 1 1 1 1 1 1 0 O 1 Il 1 1 1
0 20 40 60 80 100 120 140 0 100 200 300 400 500
Time (h) Reversible Si-C/G electrode capacity (mAh.g™")
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C/5) and 3 additional cycles at C/10 - b) Radial pressure of a cylindrical cell vs SOC during 4t cycle at C/10. Radial pressure for

each cycle is presented in Sl (Figure S7).

2.4.2. 3D image analyses: methodology to determine in situ components thickness
evolution during one charge discharge cycle

The theoretical anode expansion considering constant pores volume is estimated up to 23.4% (Figure
3), exclusively accommodated inside the hard metal casing of the cylindrical cell. Therefore, an
experimental study focusing on each components thickness change during one charge/discharge cycle
was performed by using 3D X-ray micro-CT. The obtained reconstructed 3D image required a specific
image treatment and analyse procedure using FlJI software to extract quantitative measurements on
each components thickness.
At first, the whole 3D volume was processed in order to facilitate data treatment and to ensure the
good quality of the 2D slices stack. The reconstructed 3D image being a large data set of 1000 2D slices
in 16 bits, the processing on FlJI software was eased by converting it to a set of slices in 8 bits without
losing too much detail (Figure S8). Some slices with artefacts were deleted to not locally alter the data
(Figure S9). Those came from the 3D image reconstruction step of a small VOI in such a large object

surrounded by a dense metal casing. The alignment of all 2D slices along z-axis testifying the 18650 did



not tilt during the data acquisition was confirmed using the orthogonal views tool. No filter was applied
to not alter the data.

Next, by looking at the histogram of one slice it was impossible to distinguish five populations of grey
level corresponding to the five components of the jellyroll — cathode, anode, Cu and Al current
collectors and separator. To overcome this problem, slices representing the average grey level
intensity of ~325 slices were created by using the Z-project tool to generate three smaller volumes
(Figure S10a). The resulting ortho slice (Figure S10c) is more contrasted and the corresponding
histogram exhibits three broad peaks, making it easier to distinguish the five components of the cell
(Figure S9b).

A longitudinal profile from a 100 px width line perpendicular to the enrolment was then used to
determine the thickness of each component (Figure S10c). The obtained profile (Figure 6) clearly
reveals the alternation of the 5 components within the jellyroll (cathode, anode, Cu and Al current
collectors and separator). The slight tilt of the profile mean slope coming from high absorption of the
components was mathematically corrected. Light grey (GSV above 180) matches the Cu current
collector (Cu foil) sandwiched between two layers of anode (GSV between 153 and 156). The other
stack corresponds to the Al current collector (grey value between 156 and 160) sandwiched between
two layers of cathode (grey values between 166 and 170). Finally, the darkest layers correspond to the
separator (grey value below 153). The interface position between two consecutive layers was
identified from local maxima of the first derivative of the line-profile with a precision of 1 pixel
corresponding to 1.6 um (Figure S11). The measured thicknesses (between two interfaces) were
mathematically corrected considering the Al and Cu current collector incompressible with a steady
thickness of 20 um and 10 um respectively.

This image and data processing (Z-project and 100 px longitudinal line-profile) is done for each 3
sub-volume, giving numerous measurements of each components thickness for one given SOC. One
sub-volume contains an alternation of 5 Cu-collectors, 10 cathodes, 5 Al-collector, 9 anodes and 9

separator). Thus, all following results are average values of multiple measurements with a precision of



1 pixel, i.e. 1.6 um, and are presented along with the associated standard deviation. This is a way to
overcome the relatively large voxel size (1.6 um) compared to the layer’s thicknesses (20-60 um) and

have a representative measurement of the components thicknesses in the overall volume.

230 Fociiiieaas

220

210 b 1
200 b ‘
190 | .
180 |
170 |
160-%

. ! L L . )

150
0\\ 200 400 "690.‘,‘@00 1000 1200 1400
’ Longitudinal position (um)...___

Grey Value

Separator

20 T

220 |

210 |-
S 200} | a: Cu current collector
2 ]
i 1900 L " PR ! b: Anode
@ c e c a c: Separator
O el d: Cathode
> > >
0 b d d b e: Al current collector
- LV
150 L :
200 400
Longitudinal position (um) X longitudinal position

Figure 6: right. Left) Example of longitudinal line-profile obtained from the yellow stripe (width: 100 px); right) Ortho slice
obtained from a projection method (Z-project, average pixel intensity) applied on a sub-volume (stack of 325 ortho slices). The
sub volume is extracted from a high-resolution scan of the 18650 cylindrical cell at SOC 0% (voxel size of 1.6 um). The inset

shows the position of the VOI selected for high resolution scan.

2.4.3. Components thickness variation during a cycle and resulting effect on porosity
As shown in the study of the hard casing rigidity, the jellyroll experiences first an increase of the
maximum pressure during the 3 formation cycles with a most likely increase of the components
thickness as there is a necessary initial void in between the jelly roll and the steel case to enable their
assembly. Internal components thickness variation was firstly measured by micro-CT after the 3 cycles
of formation at 0% SOC for comparison with the initial values measured before assembling using a
micrometre (Table 2). No thickness difference was spotted regarding the inner or outer position of the

active layer for both anode and cathode.



Table 2: Thickness of bi-layer cathode, bi-layer anode and separator before winding from Lhomargy micrometre
measurements with a precision of 1 um and after 3 formation cycles at SOC 0% from micro-CT measurements with a voxel size

of 1.6 um.

Cathode Anode Separator

Before assembling 137 +1 um 100+ 1 um 20+ 1 pum

At 0% SOC after 3
formation cycles

134+1.1 um 106 £ 0.7 um 20+ 0.8 um

At the remaining pressure of 0.3 MPa when discharged, the anode exhibits an irreversible swelling of
+6 um (Table 2). This expansion corresponds to an increase of 6.6% of the active layer thickness
compared to the value measured during assembling. Regarding the cathode, a contraction of 3 um,
i.e., 2.5% of active layer, is observed and no significant thickness change can be noted for the
separator. So, the irreversible swelling of the anode is compensated equally by the cathode contraction
and by filling the void between the jellyroll and the steel case.

Then the reversible swelling of the anode during a charge/discharge cycle, was measured by micro-CT
at 8 different SOC (4 in charge and 4 in discharge) for one cycle and is depicted in Figure 7. For anode
and cathode, the plotted thickness change is reported considering only one of the 2 active layers of
double side coated electrodes, as it will be compared with pouch cells results with single side coated
ones, with respectively 45 and 58.5 um for anode and cathode thicknesses measured during
assembling.

The 8 SOC (and corresponding anode SOL) have been chosen from results at constant pressure in the
aim to have similar swelling, in particular for the SOC points corresponding to 39% in charge and 27%
in discharge, and for those corresponding to 74% in charge and 39% in discharge. The swelling is not
that asymmetric between charge and discharge in 18650 cylindrical cell as observed at constant
pressure in 0.1 or 1 MPa for pouch cell. More precisely, the anode shows a linear and reversible
expansion/contraction process correlated with the lithiation/delithiation electrochemical process. A
maximum amplitude of this expansion (+2.3 um) is measured at 100% SOC or SOL, corresponding to

+4.8% compared to the initial thickness measured at the end of 3 formation cycles (0% SOC, Table 2).



The absence of hysteresis between the lithiation and delithiation processes might have two
explanations: either voxel size is too large to distinguish the hysteresis, or the constant rise of the
pressure up to 4.5 MPa during lithiation leads to different steps in the lithiation/delithiation process

of the two components.
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Figure 7: Thickness variation of cylindrical cell internal components (NMC cathode, Si-C/G anode and separator) measured
from in situ micro-CT measurements (voxel size: 1.6um?3) upon one cycle of charge/discharge (at 8 various SOL %) at C/10 after
formation. Swelling of one active layer is plotted for anode and cathode (not the bi-layer swelling). Total swelling is obtained

by summing swelling of each component (anode, cathode, and separator).

In contrast, the cathode and the separator undergo a contraction of -1 um and -0.8 um of the initial
measured thickness at the end of 3 formation cycles (-1.7% and -4%) respectively which is coherent
with values obtained in compression set-up in Figure S6. Their swelling profile is not as linear as the
anode one, especially for the separator, showing a slight hysteresis in the process. Cathode contraction
comes from both structural changes in the material lattice[33] and mechanical elastic deformation or
shrinkage, whereas the separator shrinkage is only a consequence of anode expansion but remains
very low, contrary to what was reported for others separators[44,45]. The impact on separator
porosity should be a reduction from 39 to 35%. Finally, the sum of all variation is close to zero (Figure

7) which is expected since the whole process takes place in an almost constant volume.



It is important to note here the small swelling amplitude of the anode compared to the swelling
amplitude measured for the pouch cells under both 0.1 MPa and 1 MPa (Figure 4). This is certainly a
direct consequence of the high pressure applied by the jellyroll during cycling and may have a

significant impact on the electrode porosity.

2.5. Impact of internal components deformations on their porosity
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Figure 8: Comparison of the porosity change upon one cycle at C/5 after formation in pouch cell and cylindrical design.

Simple subtraction between the experimental swelling and the theoretical swelling calculated in part
2.2 allows an estimation of the anode pores volume and porosity (equations 7 and 8) presented in
Figure 8.

All anode porosities were set to 40% during cell assembly. When assembled in 18650 cylindrical hard
casing, the necessary initial void between the jelly roll and the steel case explains the initial 44% anode
porosity, while the cathode porosity slightly decreases from 32 to 31% which might be due to
remaining pressure of 0.3 MPa in the cell at 0% SOC. The separator has kept its initial porosity of 39%.
For the pouch cell cycled under constant pressure of 0.1 MPa and then 1 MPa, the anode porosity has
increased to 49% and 44%, respectively. For such cycling conditions, the residual anode porosity
appears to be directly linked to the pressure applied during the test. A pressure of 0.1 MPa is not
enough to stabilize the anode porosity at 0% SOC after 4 cycles, while 3 cycles at 1 MPa can stabilize it

at shown on Figure 4a. Then for these cycling conditions at constant pressure, the porosity slightly



decreases in the first half of the lithiation and remains stable then at 45 and 38% for 0.1 MPa and 1
MPa respectively; for hard casing cell, the anode porosity decreases all along the lithiation. Contraction
of the separator and the cathode remains low. While the porosity evolution is similar for the first half
of lithiation between anode cycled at a constant pressure of 1 MPa and in hard casing, the final porosity
is fairly lower for this last one, with a value of 35%. This confirms the explanation of the higher
resistance at 50% SOC for the hard casing cell. The anode porosity is lower which might lower ion
mobility and increase charge transfer. Then, during ageing, as the hard casing cell is rigid, SEI
accumulation will lead to a reduction of anode porosity while for constant pressure in pouch cell, it

might be compensated by a thickness increasing.

3. Conclusion

A system based on the same NMC622 cathode, separator, and Si-C/G anode (having a reversible
specific capacity of 500 mAh.g?) was evaluated at constant volume in 18650 cylindrical casing and in
pouch cells under constant pressures of 0.1 and 1 MPa. Results reveal a long lifespan of all cells with
more than 80% of the initial capacity after 400 cycles in 18650 casing. Despite a higher capacity loss at
the first cycles, cells tested at constant pressures show similar capacity retention after 500 cycles
similar to what is observed in hard casing. The highest pressure shows a better capacity retention but
also higher resistance at 2C for a 30s pulse.

Swelling of anodes at constant pressure was measured for the initial cycle after formation using an in-
house high precision compression set-up. Swelling is directly linked to the state of lithiation of the
active materials and is an original way to distinguish the active materials contribution as a function of
SOC for a composite anode. The swelling is not symmetric in charge and discharge as silicon is lithiated
simultaneously with graphite, while being delithiated after graphite. The test at 0.1 MPa has shown
that the pore volume changes at low SOL before reaching a plateau at higher SOL. This pressure was
also too low to recover the initial anode porosity of 38% after a cycle. After 4 cycles the remaining

porosity at 0% SOC, calculated using a model developed based on Dahn et al. works, is ~49%. Then



when applying cycles at 1 MPa, the remaining porosity decreases down to 44% and 38% respectively
at 0% and 100% SOC.

High-resolution 3D imaging at micrometre-scale allowed us to distinguish the various components in
the rigid 18650 casing and measuring their thickness variation during one charge/discharge cycle
despite of the large scale of the cylindrical cell. 8 SOC points were chosen on the electrochemical cycle
(4 in charge, 4 in discharge) and the thickness of each component was extracted by using a specific
image processing. The 3 layers separator used in this study has a low compression of less than 1um at
4.5 MPa, the maximum pressure measured in hard casing. Anode has the highest swelling, which is in
this case linked to pressure generated by the active materials expansion. Anode assembled in cell at a
porosity of 40% with the necessary void between the jelly roll and the rigid casing shows a porosity
evolution up to 44% at 0% SOC while a remaining pressure of 0.3 MPa was measured on the casing.
The cell charge leads to an anode porosity decrease down to 35% and the active cathode thickness
contraction of less than 1 um.

Upon cycling, while SEl is generated, pores volume should decrease in hard casing, which is not so
obvious for constant pressure tests. However electrochemical results did not show any sudden
capacity fading or resistance increasing. Our future works will be focused on the estimation of the SEI
properties in the anode in order to estimate the remaining porosity after cycling, and electrode and

cell design parameters influence, such as initial anode porosity, on the swelling at constant pressure.
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