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Abstract

Lithium (Li) metal is the most promising negative electrode to be implemented in
batteries for stationary and electric vehicle applications. For years, its use and subse-
quent industrialization was hampered because of the inhomogeneous Li* ion reduction
upon recharge onto Li metal leading to dendrite growth. The use of solid polymer elec-
trolyte is a solution to mitigate dendrite growth. Li reduction leads typically to dense
Li deposits but the Li stripping and plating process remain non-uniform with local cur-
rent heterogeneities. A precise characterization of the behavior of these heterogeneities
during cycling is then essential to move towards an optimized negative electrode. In this
work, we have developed a characterization method based on X-ray tomography applied

to model Li symmetric cells to quantify and spatially probe the Li stripping/plating



processes. Ante- and post-mortem cells are recut in smaller cells in order to allow a
1 pm voxel size resolution in a conventional laboratory scanner. The reconstructed
cell volume is post-processed to numerically re-flatten the Li electrodes, allowing us
a subsequent precise measurement of the electrode and electrolyte thicknesses and re-
vealing local interface modifications. This in-depth analysis brings information on the
location of heterogeneities and their impact on the electrode microstructure both at the
electrode grains and grain boundaries. We show that the plating process (reduction) in-
duces more pronounced heterogeneities compared to the stripping (oxidation) one. The
existence of cross-talking between the electrodes is also highlighted. In addition, this
simple methodology permits to finely retrieve and then surface-map the local current

density at both electrodes based on the local thickness change during the redox process.
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1 Introduction

The current issues related to climate change are leading the society to rethink its trans-
portation modes.! Indeed, oil resources are limited and gasoline vehicles have a high carbon
impact. High energy density, long cycle life, and low cost batteries are thus needed to re-
place the conventional oil based applications. One solution is the development of lithium
(Li) metal based batteries. Li metal is the most promising negative electrode thanks to
its high theoretical capacity and low electrochemical potential.?? The development of these
batteries has been downplayed due to the heterogeneous Li electrodeposits formed at the

Li electrode in combination with conventional liquid-based electrolytes. This process leads



to the growth of dendrites inducing a short-circuit.# Heterogeneous deposition on the Li
metal surface during battery charge results in low coulombic efficiency, limited cycle life,
and safety hazards.® So far, to prevent dendrite growth, the main solutions consist in the ad-
dition of electrolyte additives,®® the anode surface modification,®'? and the replacement of
the conventional flammable liquid electrolyte.® 6 Theoretically, the use of a non-flammable
solid polymer electrolyte, whose shear modulus is sufficiently high, should prevent dendrite
growth.!” Since the first poly(ethylene oxide)-based polymer electrolyte proposed by Armand
et al.,'® numerous studies have led to the analysis of a wide variety of polymer electrolytes.
The combination of both high mechanical resistance and descent ionic conductivity is difficult
to obtain'*?° but Li metal battery comprising solid polymer electrolyte is commercialy avail-
able.?! However, characterization and understanding of redox processes at the Li electrode
remains essential for battery optimization. Many different techniques are employed to char-
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acterize the morphology of the deposits including optical microscopy,?? scanning electron

2324 atomic force microscopy (AFM)? and Fourier transform infrared

microscopy (SEM),
spectroscopy (FTIR).?® The main disadvantage of these methods is that they are invasive
and can deteriorate the probed interfaces during measurement. Non-invasive techniques are
thus of interest and among those X-ray tomography combines the advantage of being non-
intrusive and particularly well-suited to probe interfaces between soft materials.?”?® The
group of Balsara et al., have performed synchrotron X-ray tomography on Li symmetric and
battery cells comprising a solid polymer electrolyte. They have shown the strong impact of

2931 Using SEM the same group

impurities located within the Li bulk on dendrite growth.
reported that Li grain boundaries control the deposit heterogeneities; the reduction reaction
kinetic at grain boundaries is slower than on the crystal faces; reciprocally Li is more easily
oxidized from the crystal faces.3?

In this work, we report on Li plating and stripping processes through a solid polymer elec-
trolyte using model Li symmetric cells. Redox processes have led to dense deposits associated

with slight heterogeneous morphologies. We have quantified through a simple methodology



the Li surface heterogeneities induced by oxidation and reduction reactions by means of X-
ray tomography performed on a laboratory scanner. Li symmetric cells comprising a solid
polymer electrolyte were assembled to characterize both electrodes, anode and cathode,
simultaneously and thus both redox processes, i.e. oxidation and reduction. The strong ad-
vantage of these model electrochemical cells is the absence of heavy elements usually present
in battery cathode materials (Fe, Ni, Mn, or Co). This absence permits to easily optimize
the X-ray contrasts and obtain highly defined tomographic images. However, the characteri-
zation of complete batteries will be possible using the same analytical method to understand
the evolution of Li electrode morphologies, with an optimization of the acquisition parame-
ters or the use of synchrotron sources. We have developed a new image analysis method to
spatially resolve preferential reaction zones. The experimental process using post-mortem
imaging, the measurements take into account the accumulation of the entire reaction process.
Despite the fact that our methodology does not give access to information on the dynamics
of redox processes, it has the advantage, contrary to operando measurements, of being rep-
resentative of phenomena in real batteries (no edge effect due to sample size). In addition,
our analysis gives access to quantitative information such as local current density changes,
allowing us to compare different cycling parameters (current density, temperature, pressure)

on the behavior of the Li heterogeneities.

2 Results and discussions

2.1 Quantification of surface heterogeneity

All the Li symmetric cells were polarized at a fixed current density (Jaero) of 0.1 mA/cm?
in one direction, i.e. one electrode acted as a cathode and the other as an anode. The
current was applied for a duration necessary to displace 21.6 um of Li from the anode to the
cathode. Prior to the polarization step, the two Li electrodes had an equal thickness. After

polarization, the anode thickness decreased while that of the cathode increased. During the



polarization step, the cell potential (E) was recorded. A typical potential profile, E as a
function of the quantity of charge passed (@), is shown in Figure 1. The potential sharply
decreases when the polarization starts. It reaches a minimum at about 1.5 C. Then the
potential smoothly increases in a linear fashion for higher charge passed values. Such a
behavior is typical of a polarization step in Li symmetric comprising liquid- and solid-based

33,34

electrolytes. During the galvanostatic step, the macroscopic thickness (thqcro) Of the Li

stripped from the anode and plated on the cathode is given by the Faraday equation :
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with At the polarization time, Mp; the Li molar mass, F' the Faraday constant, and py; the
Li density.
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Figure 1: Typical evolution of the Li symmetric cell potential (F) as a function of the charge
passed (Q).

After the electrochemical step, the Li symmetric cells were opened in an Argon glove box
and a portion of the cells located in its middle was cut out. This cell portion was placed in a
sealed polypropylene tube (a 5 mm diameter tube) and then mounted on a laboratory X-ray
tomography scanner to be imaged at room temperature. After computing reconstruction,
a 3D volume of the illuminated sample was obtained. Typical tomographic slices, along a

(x,z) plane, of an uncycled and a cycled cell obtained after 3D reconstruction are presented



in Figures 2.a and c¢. The pixel size was set to 1 um. At a specific position in the (x,z)
coordinates the gray value of a pixel is related to the linear X-ray absorption coefficient that
mostly depends on the electron density of the considered material. Li, a lightweight element
(atomic number 3), is a low X-rays absorbent material and appears dark gray in Figures 2.a
and c, while oxygen- and carbon-rich electrolyte material appears brighter. The thickness
of the electrolyte is about 14 pym. The resolution of 1 pm is then more than enough to
visualize this layer. The electrolyte absorbs X-rays much more than the Li so the contrast

in the images is due to attenuation contrasts.

100 pm i 100 pm

Figure 2: Typical X-ray tomography images (a) uncycled cell, (b) after flattening of the
uncycled cell, (c) cycled cell, (d) after flattening of the cycled cell.

Because of the softness of the Li electrodes and flexibility of the polymer electrolyte, the
preparation of the sample for tomography analysis often induces a slight curvature of the
samples. This effect is clearly seen in Figures 2.a and ¢ in which the polymer electrolyte layer
is bended. To correct for this, as a first step, all the tomographic images were numerically
processed using a Python routine developed aiming at flattening the interfaces. This method
is relevant if two hypotheses are respected: (i) the average curvature of the film is small; (ii)
the film thickness is small with respect to the radius of curvature. In short, one of the curved
Li surfaces in contact with the argon atmosphere inside the polypropylene tube is taken as
a reference surface for the Python routine (corresponding to the surface of Li opposite the
Li-electrolyte interface). Note that these surfaces are out of the field of view in Figures 2.a
and c as these figures show a zoom around the electrolyte. The z positions of each voxel

composing this surface are recorded and placed in a new (x,y) planar surface. The selection
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of this surface is made by segmentation of the Li/argon interface. This step is crucial and
selection errors can locally induce important defects on the surface. It is therefore necessary
to smooth the surface (by a low pass filter) to satisfy hypothesis (i) (see scheme on Supporting
information Figure S1). A distance map to the curved reference surface is then calculated.
The numerical flattening process consists in considering the reference surface as perfectly
flat, i.e. each (x,y) position has identical z coordinate. Then the coordinates (x,y,z) of
each other voxels are recalculated to preserve their distance from the initial reference surface
along a normal to this surface. The result of this numerical flattening process is a new stack
of tomograms made of flat electrodes. The result of this process is shown in Figures 2.b
and d which correspond to the tomograms shown in Figures 2.a and c, respectively, after
application of the numerical flattening process. The main interest of this routine is that
whilst the Li electrodes are both flats, the two interfaces in between the Li electrode and

the solid polymer electrolyte that contain some defects (Figure 2.c) are preserved by the

flattening routine (Figure 2.d).
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Figure 3: Image segmentation and process of the X-Ray tomogram (a) X-ray absoprtion
tomography image, (b) thresholded binarized image, (c) thickness measurement principle,
(d) 2D map of the cathode thickness in arbitrary unit.



The second step in the X-ray image analysis is the segmentation of the electrodes. By ad-
justing a threshold gray value, the voxels corresponding to the Li electrodes can be separated
from those of the polymer electrolyte and the argon. Manual cleaning eliminates segmenta-
tion errors. In the literature, a similar routine was proven effective on Li symmetric and Li
metal based batteries.3%3! As an example, Figure 3.a shows a typical tomographic image of
a Li symmetric cell. The segmentation process leads to a binary image: Figure 3.b shows
the binarized version of Figure 3.a in which the color of the Li electrodes and the electrolyte
are black and white, respectively.

The third step consists in the calculation of the thicknesses of each electrode. On the binary
images (see Figure 3.b) at each black voxel the arbitrary value of 1 is assigned and all the
white voxels are set to 0 as shown schematically in Figure 3.c. By summing the voxel values
in each column along the z axis, we obtain for each (x,y) coordinate the number of black
voxels. The experimental isotropic voxel size being equal to 1 um for our X-ray tomography
setup, the sum of the voxels according to z is directly the electrode thickness (see the last
line in Figure 3.c). This tomographic image analysis produces a 2D topological map in the
(x,y) plane for both Li electrodes for which each pixel contains the local electrode thickness
value. Those pixels can then be scaled in gray, or color, values to highlight the presence of
local thickness changes. An example of a 2D topological map, scaled in gray values, of a
cathode electrode after cell polarization is shown in Figure 3.d. In this figure the white and

black pixels correspond to the highest and lowest thickness areas, respectively.

Figure 4: 3D visualization of the Li surface: (a) initial state (fresh cell), (b) final state
(cycled cell).

To go further and conclude on the cause of the local thickness variation observed in Figure



3.d, the initial state of the Li surface must be determined on a fresh cell, 7.e. uncycled Li
symmetric cell. Our methodology being post-mortem by nature, the initial state of Li surface
electrodes facing the polymer electrolyte was determined on a Li symmetric cell replicate
placed under similar pressure and temperature to match the initial state of the cycled cell.
3D global overviews of the scanned electrode surface after flattening and segmentation are
displayed in Figure 4.a and b for the uncycled and cycled Li surface, respectively. The
contrasts in this figure reflect the roughness of the Li/electrolyte interface with an arbitrary
scale. In Figure 4.a, the initial morphology of the Li electrodes has very little variations in
thickness which are at the limit of the measurement sensitivity (~ 1 um). These variations
are much smaller than the fluctuations measured on cycled cells (Figure 4.b). In addition,
the grain boundaries of the uncycled electrodes are not revealed. Since the electrodes are
initially rather flat, we thus attribute the local thickness variations on the cycled cell (Figure
3.d) to the impact of the redox processes. In Figure 3.d, the regions of small thicknesses
(black pixels) are thus attributed to area where lesser Li is reduced. Conversely, regions of
large thicknesses (white pixels) are areas with a stronger reduction. In summary, through
the methodology presented here, the topology of the rendered surface permits to finely track
the heterogeneity in the stripping and plating electrochemical processes at the Li/electrolyte
interfaces. In all the tomographic slices showed in Figures 2 and 3, dark/bright fringes can
be seen at each interface. These are typical "phase contrast" fringes, very frequent in highly
coherent synchrotron X-Ray sources,® and also present in our case because of the very small
size of our focal point.

The Faraday’s law (see Equation 1) can allow us to establish a direct theoretical relationship
between the thickness of Li displaced and the current density. We can suppose that it remains
valid at both macroscopic (cell) and microscopic (local) scale. We can then in principle
directly convert local thickness changes (Ath, ,) into local current density variations (AJ, ).
The local thickness change at a specific (x,y) pixel is calculated as the difference between

the initial thickness of the electrode and the local thickness extracted on the tomography
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Figure 5: (a) 2D map of local current density variations overlaped with Li grain boundaries,
(b) histogram of variations extracted from the map.

image using our mapping procedure (see Figure 3). The initial thickness has been measured
macroscopically prior to the assembly of the cell. It is assumed to be constant in every
location (x,y) of the cell. The calculation of the average between the anode and cathode
thickness is similar to the initial thickness. Lateral effects are then negligible at the scale of
the 2D map. Equation 2 is then used in a straightforward manner to link the macroscopic
and the local scale:

Jmacro o AJz,y - FXpLi

_ 2
thmeere  Athg,  Mp; x Al @)

Using Equation 2, the map of cathode thickness (see Figure 3.d) can be converted into a
local current density variations map as shown in Figure 5.a. The color scale in this figure
is the variations of the local current density with respect to the average current density,
i.e. AJ,,. The white areas correspond to locations where the Faraday’s law is exactly that
obtained at the macroscopic scale. Favored reduction sites where the local current densities
are higher appear as a gradient ranging from green up to red. Conversely, weakly reduced
areas, corresponding to small thicknesses are colorized by a gradient from blue to purple
and were therefore subjected to local current densities lower than the average. This detailed
image processing provides information about the location of Li deposits. In addition, to
gather qualitative information on the location of Li deposits, the image analysis can also
give quantitative information. Figure 5.b shows the histograms of the variations calculated

on the map of Figure 5.a. The standard deviation (SD) of this distribution can then be
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calculated. In the case of this cathode, SD of the local current density variations is 0.0078
mA/cm?.

To tackle the issue of the non-homogeneous redox processes at stake in the Li metal, the local
variations in thicknesses, or current densities, can be compared with the Li microstructure.
The pattern of the grain boundaries can also be extracted from the X-ray tomography
stack, as exemplified in Figure S2, where the grains are clearly visible at Li/electrolyte
interface by a human’s eye. Automatic detection of these grains is impossible however so
their outlining has to be performed manually. In Figure 5.a such a manually outlined pattern
is overlapped with the local current density variations map. We observe that the grains
and grain boundaries have a minor correlation with the electroactivity of the Li electrode.
Some grains are more reduced than others. In a given grain, the reduction process can also
be spatially non homogeneous. The reasons for this behavior is outside the scope of this
paper and will be analyzed further in the future. The use of a Li metal electrode requires
consideration of its reactivity with the electrolyte. To the best of our knowledge, all of
the electrolytes, from conventional liquid to the polymer as PEO, naturally reacts when in
contact with Li metal generating the so-called SEI (Solid Electrolyte Interphase) layer.3¢ This
SEI layer is known to play an important role on the Coulombic efficiency and morphology of
the electrodeposits. However, after the initial SEI formation,3” PEO based electrolytes are
electrochemically stable towards Li metal as reported by cyclic voltammetry experiments at
the low potential of Li*/Li® and by the cycling of a Li/LiFePOy battery for more than 600
cycles associated with a very low capacity fading (~ 0.02% per cycle) and a faradic efficiency
of 99.98%.3 Looking at interfacial reactions to characterize the few nanometer thick SEI
layer would require a chemically-sensitive surface technique (XPS). So far at synchrotron,
X-ray nanotomography is only able to go down to a 50 nm voxel size which is still too
large to get insight on the interfacial Li/electrolyte reactions. This new image analysis
method allows us the visualization of preferential electrochemical activity zones and leads to

a fundamental understanding of the consequences of electrochemical processes on the surface
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morphology of Li metal electrodes. It also gives direct access to quantitative data that makes
it possible to compare different parameters (temperature, current density,...) as well as the
direct comparison of local thickness variation of two electrodes (anode and cathode) facing

each other.

2.2 Comparison of the heterogeneities induced by oxidation and

reduction

It is possible to apply our new analysis method to the complete cell after polarization. We
can thus compare the impact of oxidation and reduction. Figure 6.a shows the map of
the local current density variations of the anode relative to the average current density. It
should be noted that in the case of the anode, the high local current densities correspond
to small electrode thicknesses after polarization. Indeed, these zones correspond to regions
where a larger quantity of Li was oxidized. For the cathode, the high local current densities
are the high electrode thicknesses after polarization (larger quantity of Li reduced). Figure
6.b shows the result of a similar analysis performed on the cathode side of the same cell.
Both electrodes, anode and cathode, display thickness variations showing that reduction and
oxidation are spatially heterogeneous processes. The outline of the grains is superimposed on
both local current density variations maps in Figures 6.a and b. For the electrochemical cells
studied here, the comparison of the local current density variations and the Li microstructures
show that the redox processes do not occur at particular locations, i.e. inside grains and/or
at grain boundaries. This result does not correlate the observations made by the group of
Balsara et al., where Li reduction at grain boundaries was slower than on the crystal faces
and Li oxidation faster on crystal faces. It should be noted that the group of Balsara et al.
was using a different solid polymer electrolyte and that their SEM observations were only
qualitative.3? In addition, we believe that this non-correlation can also be explained by the
difference in Li origin and especially, its microstructure in terms of grains, precipitates and

inclusions. Further investigations are needed to fully understand this behavior.
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Figure 6: 2D map of local current density variations for (a) the anode with grain boundaries
pattern in red, (b) the cathode with grain boundaries pattern in blue; (c) highlight of cross-
talking anode//cathode (subtraction of the local current densities of the anode (Figure 6.a)
by those of the cathode (Figure 6.b)) with grain boundaries patterns of the anode (red) and
the cathode (blue); (d) histogram of local current density variations.

The distributions of local current density variations are given in Figure 6.d, the red line cor-
responds to the anode and the blue line to the cathode. For both electrodes, statistical data
such as minimal value (Min value), maximal value (Maz value), full-width-at-half-maximum
(FWHM), and standard deviation (SD) can be extracted from these histograms (Figure 6.d)
and are reported in Table 1. The cathode has a lower Min value and a higher Max value.
This means that the reduction leads to more extreme local current densities. The cathode
has also a higher SD and a higher FIWHM. In terms of surface area, the cathode is therefore
more subject to current densities far from the average than the anode. The different statis-
tical parameters all demonstrate the presence of more heterogeneities during the reduction
process. The analysis presented here corresponds to one cell but the analysis of 9 other cells

leads to similar conclusions; reduction leads to more thickness heterogeneities than oxidation.
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Table 1: Statistical values extracted from the histogram (Figure 6.d).

Local current density variations (mA/cm?)

Anode Cathode Anode//Cathode

Min value -0.0340 -0.0370 -0.0330
Mazx value 0.0200 0.0260 0.0400
FWHM 0.0125  0.0228 0.0165
SD 0.0071  0.0087 0.0071

Another feature that can be extracted from this image analysis is the cross-talking between
the Li electrodes. Figure 6.c corresponds to the subtraction of the local current densities
of the anode by that of the cathode. This anode//cathode mapping directly shows the link
between the anode and the cathode. On the one hand, in Figure 6.c, the red (+ 0.025
mA/cm?) and purple (— 0.025 mA/cm?) zones are the zones of strong fluctuations between
anode and cathode. In these areas, the cross-talking between the two electrodes is weak: the
morphology caused by the oxidation of Li is independent of that caused by the reduction. On
the other hand, in the white areas, the difference in current density between the anode and
the cathode is small (close to 0 mA/cm?). These are areas where the places of oxidation and
reduction are strongly linked. In Figure 6.c, we can therefore see that despite the presence
of a few red and purple areas, a large part of the surface analyzed is close to a fluctuation
around 0 mA/cm?. This is an illustration of the existence of cross-talking between the anode
and the cathode. Grain boundaries patterns of the anode (red) and the cathode (blue) are
superimposed to the local current density variations of anode//cathode. At this stage of our
work, the impact of anode and cathode microstructure on cross-talking location is yet to be
determined.

The proof of the existence of this cross-talking can be brought by the comparison of the
histograms of local current densities. The distribution of local current densities of Figure 6.c
is represented by the black dash line in Figure 6.d. In the same way as above, it is possible
to extract statistical parameters from it (see the Anode//Cathode column in Table 1). The
anode/ /cathode mapping is characterized by a Min value closer to 0 mA/cm? than the anode

and the cathode as well as by a lower SD than that of the cathode and equal to that of the
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anode. These two parameters indicate that the anode//cathode parallel is less heterogeneous
than the anode and the cathode taken separately. If there was no correlation between the
electrodes, the heterogeneities should be amplified and therefore the SD should be twice that
of the electrodes alone. This proves the existence of cross-talking: the variations in surface
morphology created by oxidation and reduction are interdependent. The FWHM value is
between that of the anode and the cathode. This also seems to indicate the interdependence
between the two electrodes since the combination of the two electrodes generally minimizes
large variations in current densities. Only the Max value of the anode//cathode distribution
is greater than the anode and the cathode taken separately. The cross-talking between the
two electrodes is therefore not perfect over the entire surface and, in certain areas, oxidation
and reduction are independent. The fact that this non-symmetry between the two electrodes
can only be quantified by the Maz value indicates that this is an occasional phenomenon.

On most of the surface, cross-talking exists between the two electrodes.

3 Conclusion

The use of a solid polymer electrolyte leads to dense but irregular Li deposits upon cycling.
Indeed, small heterogeneities at the Li surface are induced by both oxidation and reduction
processes. Until now, their characterization was only qualitative. Our research focused on
the quantification of the Li surface heterogeneities after oxidation and reduction, using sym-
metric Li-electrolyte-Li cells. We put these cells under a constant polarization in order to
move Li from the anode to the cathode. Our characterization technique consisted in X-ray
imaging in order to visualize interfaces in a non-intrusive way without modifying the fragile
interfaces of interest during sample preparation. Unlike SEM or AFM, X-ray tomography
allows us to characterize the microstructure in a "quasi non-destructive" way and in 3D,
which would be difficult with other methods. We have developed an image analysis method

based on the creation of 2D mapping of electrode thicknesses. These maps could be trans-
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formed into local current density variations, and directly give information on the location of
the preferential zones of oxidation and reduction. Our analysis method also gives access to
quantitative information on the thickness heterogeneities. The comparison of different pa-
rameters is thus made possible. We have compared the impact of oxidation and reduction.
We have shown that both processes lead to heterogeneities of electrode thicknesses. These
two electrochemical processes are therefore governed by variations in local current densities.
In both cases, the microstructure of Li is correlated with heterogeneities. Some grains are
more electrochemically active than others. The reasons for this behavior are still unknown
but will be the subject of future studies. We have also shown through the quantitative
comparison of the two electrodes that the reduction leads to more important heterogeneities
than the oxidation. This study has also highlighted the existence of cross-talking between
the electrodes showing a correlation between the places of oxidation and reduction. Our
future work will consist in the study of other external parameters that can modify the be-
havior of Li in oxidation and reduction, as well as in the study of the impact of cycling
on the morphology of Li electrodes. We believe that this type characterization will bring

fundamental understanding on Li behavior.

4 Experimental section

4.1 Sample preparation

Li symmetric cells comprising a solid polymer electrolyte were assembled in an Argon filled
glove box (Jacomex). There, a Li metal foil (of 60 £+ 5 pwm thick) was pressed onto a
poly(ethylene oxide)-based solid electrolyte layer (of 14 pm thick) then laminated to ensure
good adhesion. A second Li foil was added onto the electrolyte side before a second lami-
nating step. Copper current collectors were then attached on both Li electrode edges. The

resulting assembly is shown in Figure 7.a. The Li symmetric cell was placed in a pouch

16



% % D L ~__ —— Sealant

% ?é Solid polymer Arcon ~—— Polypropylene
%E % D electrolyte gé as ™ tube holder

%i ig o - Analyzed sample
Z; Eé @ Current collector Anode - Cathode

%ﬁ .

|:| Analyzed sample

NN
AR

NN

Figure 7: (a) Li symmetric cell assembly ; (b) schematic representation of X-ray tomography
sample preparation

bag and vacuum sealed. Before cycling, the Li symmetric cells were placed in a compres-
sion home-made cell holder applying a constant external pressure of 2 bars. Fach cell were
placed in an oven (Memmert) held at a temperature of 80°C and the current collectors were
connected to a VMP3 potentiostat (BioLogic SAS). The Li symmetric cells were galvanos-
tatically polarized at a constant current density of 0.1 mA/cm? in order to move a 21.6 um
layer of Li from the anode to the cathode side. To study the initial state, the cell was placed
under pressure and temperature for several days without applying any current before being
analyzed. After polarization, the cells were taken out of the holder and transferred back to
the glove box to be removed from the pouch bag. A rectangle, typically of 3 mm per 10
mm, was cut at the center of the cell and gently placed in a polypropylene tube holder (a 5
mm diameter tube). Both extremities of the tube were then sealed using epoxy resin that
was dried for a sufficient amount of time in the glove box. To avoid sample motion during
the acquisition, the two short edges of the cutted sample are glued with the resin sealing
the tube (see Figure 7.b). This operation is performed in the Argon filled glove box. All the
tubes were stored safely inside the glove box. When necessary, the samples were taken out of

the glove box and transferred to a laboratory X-ray tomograph (EasyTom, RX Solutions).

4.2 X-Ray tomography imaging

All the sample were imaged at room temperature. To ensure a vertical position of the

sample, the sample-containing tube was glued to an alumina stem. This stem was itself

17



fixed to the rotation platform of the tomograph. A tension of 50 kV was used to acquire the
scan with a voxel size of 1 um. The acquisition was made with a continuous mode recording
4000 images for a 360° rotation. An exposure time of 0.60 s provided enough X-ray flux to
ensure a good acquisition of the radiographs. The active surface area of 1880 pum x 1120 um
was imaged in 40 min. The collected radiographs were reconstructed using the commercial
software provided by RX solutions to produce a 3D stack. The contrast in the images is due
to attenuation contrast. The attenuation contrast is very small in both Li and PEO at 50
kV but the difference between the two materials can still easily be made (see the difference

in gray level in Figure 2). Further image analysis was performed using the Fiji shareware.3?

Supporting Information Available

Scheme of the condition necessary for flattening (Figure S1) ; Grain boundaries visualization

(Figure S2).
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