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Knowledge about degradation and failure of Li-ion batteries (LIBs) is of paramount
importance especially because failure can be accompanied by severe hazards. To
contribute to the understanding of such phenomena synchrotron in-line phase contrast X-
ray tomography was employed to investigate internal cell deformation and degradation
caused by an internal short circuit (ISC). The tomographic images taken from an uncycled
Li/Li cell and a short-circuited Li/Li cell reveal how lithium microstructures (LmS)
develop during electrochemical stripping and plating during discharge and charge and how
the three-layer separator used is damaged by growing LmSs and delaminates and melts as a
consequence of an ISC. Previously unknown insights into the internal cell degradation and
deformation mechanisms caused by an ISC are obtained and provide hints of how the
properties of the separator could be modified in order to improve the reliability and safety
of current and next-generation LIBs.



Safety and reliability of lithium ion batteries (LIBs) that are targeted for high-power and high-
energy applications are a major concern."™* For example, the most promising Li metal-based
battery technologies such as lithium-sulphur and lithium-air batteries have not been successfully
commercialized mainly because of the uncontrolled growth of lithium microstructures (LmSs)
such as dendrites, fibers, whiskers, moss, etc., which can cause internal short circuit (ISC) of a
cell and result in catastrophic fires or even explosions.*>*" Recent field incidents such as fires on
a Boeing 787 Dreamliner flight and in a Tesla electric vehicle (EV) or even in the Samsung Note
7 smartphone are believed to be closely linked to I1SCs in LIBs.**% Furthermore, the soaring
number of EVs in use additionally adds tremendous weight to safety and reliability in present-
and next-generation LIB technology. In order to gain a detailed understanding of internal cell
deformation and degradation leading to ISCs, various testing techniques such as using a blunt rod
to indent a cell as developed by the Underwrites Laboratory and the U.S. Advanced Battery
Consortium, surface indentation or pinch test as developed by Motorola, and the forced ISC
approach developed by the Battery Association of Japan have been employed.”* The purpose of
these tests is to create a small break in the separator by exerting an external force, mimicking ISC
events that may lead to failed incidents in LIBs. Unfortunately, recent investigations have
demonstrated that such mechanical intrusion methods are not entirely representative of true
spontaneous ISCs due to the destructive and post-mortem nature of characterization, which
eliminates much of the in situ deformation information.?* Although a non-mechanical approach
to initiate an ISC has been reported by Christopher et al. by using different melting point metals
and metal alloys,* the challenge of a detailed characterization of an ISC by sophisticated
characterization tool in a non-destructive way remains.

To this end, various investigations employing light microscopy,®* nuclear magnetic resonance®
(NMR) and ’Li magnetic resonance imaging® (MRI), scanning electron microscopy?’ 2% (SEM)
and transmission electron microscopy”®>° (TEM) have been carried out to characterize the
complicated LmS growth, which is thought to lead to the ultimate ISC event. However, these
reports mainly focus on the growth of LmSs and ignore the accompanying morphological
evolution of the separators as well as the correlation between growing LmS and cell failure.
Hitherto, no experiments have been reported in the battery community that aim at investigating
the mechanisms of ISCs leading to (internal) cell degradation. Whilst different strategies have
been proposed to avoid 1SC-induced battery failures,**® it remains of fundamental interest to
directly visualize the ISC caused by growing LmSs in order to fundamentally understand the
failure mechanism of LIBs and thereafter be able to improve their properties for current and

future usage.

Recently, synchrotron X-ray imaging has evolved into a powerful characterization tool in
materials science® and has enabled battery researchers to obtain unprecedented insights into the
underlying degradation mechanisms of LIBs non-destructively.*>** Among these, Eastwood et al.
have characterized the 3D microstructure of electrodeposited LmSs by synchrotron in-line phase
contrast X-ray tomography, demonstrating that this technique is a suitable tool for investigating
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LmSs without removing the sample from its as-grown environment.** Moreover, Harry et al.
have characterized both the LmS and the separator punctured by the LmS simultaneously, further
demonstrating that this technique is also suitable for studying the interaction between LmS and
separator simultaneously.”® Nevertheless, Harry et al. have employed a custom-made
polystyrene-block-poly (ethylene oxide) copolymer electrolyte as a separator and they conducted
their characterization ex situ. From a practical point of view though, non-destructive
investigations using widely adopted commercial separators would allow for more general
conclusions on how and why separators fail and 1SC develops. Obviously, fundamental research
on actual kinematic processes of 1ISC associated with commercial separators is highly desired.

Currently, the most widely used commercial separators in LIBs are made of polyolefin materials
such as polyethylene (PE) and polypropylene (PP) due to their proper pore structure, good
mechanical strength and acceptable costs.** ** In this work, the commercially available trilayer
Celgard® 2325 separator*** is studied. The mechanism of its failure that leads to an internal 1SC
caused by the growing LmS is investigated via in-line phase contrast X-ray tomography. The
separator investigated here is made of a PE layer of a low melting point (m.p. 135°C),
sandwiched between two PP layers of higher melting point (m.p. 165°C). In the case of over-
heating, the middle PE layer will shut down the cell automatically by blocking ionic pathways
upon melting, while the two PP layers can still provide mechanical strength to prevent physical
contact of the electrodes. This proposed shutdown function is meant to dispel safety concerns
related to ISCs in LIBs.

Here, we present a non-destructive characterization of an ISC in a Li/Li symmetrical cell for the
first time. We demonstrate that: 1) most of the electrochemically deposited LmSs are
electrochemically inert during ensuing Li stripping, 2) electrochemical stripping and plating
during discharge and charge are highly non-uniformly distributed, 3) delamination into three
native layers and partial melting of the trilayer Celgard® 2325 separator can develop in a real ISC
event, 4) decomposition of the solid electrolyte interface (SEI) covering the LmSs and partial
melting and re-solidifying of porous LmSs can also occur due to localized excessive Joule
heating resulting from the ISC. These unexpected findings, which are not accessible by
conventional electrochemical and morphological characterizations, shed new light on the
kinematic process of ISC and could open up new design principles and opportunities to
fundamentally improve the safety and reliability of current- and next-generation LIBs.

Cell preparation, imaging setup and data acquisition A proof-of-concept cell that is compatible
with synchrotron X-ray tomography is designed and fabricated as shown in Figure 1 along with a
schematic illustration of the synchrotron imaging setup at the BAMline, BESSY 11 in Berlin,
Germany.*®*® An electrochemical validation of the presently designed cell can be found in our
previous reports.*° SEM images of the surface and a cross-section of the employed trilayer
Celgard® 2325 separator are shown in Figure 2. From Figure 2a, the distinct slit-pore structure
that results from extrusion and unidirectional stretching during the dry-process manufacture
method is clearly observed.** The three-layer structure of the PP/PE/PP sandwich with a total
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thickness of ~25 pm is shown in Figure 2b.**> Symmetrical cells made of Li metal electrodes,
the trilayered separator and the standard electrolyte (1 M LiPFg in ethylene carbonate (EC) and
ethyl methyl carbonate (EMC) (EC/EMC=50/50 (vol/vol)) were assembled. Two Li symmetrical
cells were investigated here, one being in the pristine state (without any cycling, hereafter named
Li/Li-1) and the other one being short-circuited after 13.4 h charge (evidenced by a sudden
voltage drop shown in Figure 2d, hereafter named Li/Li-2). Both cells were mounted on the set-
up for characterization without prior disassembly. Every tomography was recorded by a detector
system with 0.438 um pixel size. 2200 projections covering 180° rotation angle were acquired.
The field of view (FoV) was (1.7x1.2) mm? (lengthxheight). Detailed cycling parameters and the

procedure of normalization, tomography reconstruction and 3D presentation are given in the
51-52

Experimental Methods section.
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Figure 1. a) Photograph of the fabricated proof-of-concept cell. b) Corresponding schematic
representation of the cell consisting of a polyamide-imide housing (brown), two screw electrodes
and retaining screws each on top (light grey), two sealing rings (yellow), a porous separator (white)
sandwiched between two electrodes (blue and green). c) Schematic representation of the
experimental setup of the tomography station at the BAMlIine at BESSY Il, Helmholtz-Zentrum
Berlin, Germany. Figure 1 has been adapted from Ref®, with permission by the American
Chemical Society.

Morphological characterization of Li/Li-1 cell and electrochemical characterization of Li/Li-2
cell A cross-sectional X-ray tomographic slice of the uncycled Li/Li-1 cell is shown in Figure 2c,
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in which the two Li electrodes and the separator are clearly discernable due to the partially light
and partially dark boundaries between them arising from in-line phase contrast.*> *® The interface
between the Li electrode and the separator of Li/Li-1 cell is flat and gapless. The Li/Li-2 cell was
galvanostatically “cycled” until an internal short circuit occurred. The voltage curve of the Li/Li-
2 cell measured at a current density of 0.3 mA cm™ for 18 h of discharge and then for 13.4 h of
charge is shown in Figure 2d (discharge corresponds to Li stripping from the Li negative
electrode, charge corresponds to Li plating onto the Li negative electrode. The “negative” Li
electrode and “positive” Li electrode are defined during the 1% discharge and are also used during
the 1% charge). As indicated by two black arrows, there is a steep voltage dip at the beginning of
Li metal deposition during both discharge and charge. The observed overpotential here is typical
of a nucleation mechanism, which signifies the initiation of the growth of Li nuclei.>*** During
the charge process, the sudden voltage drop marked by the red arrow in Figure 2d indicates that
ISC has occurred. The cross section of the short-circuited Li/Li-2 cell displays a significantly
different morphology compared to that of the Li/Li-1 cell. A panoramic view of this situation is
shown in Figure 3 (Figure 3b is a reconstructed raw data tomogram allowing for a comparison
with Figures 3c-h showing data after filtering and segmentation). Enlarged details are shown in
Figure 4 showing both reconstructed raw data as well as segmented data. The complete three-
dimensional visualization of the internal structure of the Li/Li-1 and Li/Li-2 cells is shown in a
supporting movie.
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Figure 2. a) Plane view and b) Cross-sectional view of the investigated trilayer Celgard® 2325
separator as obtained by scanning electron microscopy (SEM). ¢) Reconstructed in-line X-ray
phase contrast tomography slice of the pristine Li/Li-1 cell. d) Electrochemical characterization of
the investigated Li/Li-2 cell (the black arrows mark an abrupt voltage dip; the red arrow a sudden
internal short circuit). Scale bars in a), b), and c) are 1 um, 5 um, and 125 um long, respectively.
Figure 2b has been adopted from Ref.*, with permission by the American Chemical Society.

Preliminary inspection of morphological structures inside Li/Li-2 cell Based on our previous
investigation of the morphological evolution of electrochemically plated/stripped LmSs in Li/Li
symmetrical cells,* the mechanims of ISC formation induced by growing LmSs in Li/Li-2 cell is
elaborately studied. Figures 3 and 4 show various horizontal and cross-sectional slices of the
short-circuited Li/Li-2 cell. The initially flat electrode/separator interfaces have turned into
distinctively rugged interfaces with a large cavity within the Li negative electrode and numerous
electrochemically deposited LmSs on the surface of the Li positive electrode as shown in Figure
3b-e and Figure 4a,f (middle area of dark and light yellow LmS and deformed separator of gray).
During the 1% discharge, the total electron transfer (calculated from the external circuit) is
0.986 C assuming that the total charge transfer of Li* inside the Li/Li-2 sample during the 1°
discharge occurs within the FoV (the same assumption is made for the 1* charge). This results in
Mpositive = 10° mol of Li that is stripped from the negative (generating a large cavity) and
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subsequently plated onto the surface of the Li positive electrode (developing numerous LmSs).
Simultaneously, the separator is stretched and pushed into the cavity formed within the negative
by the growing LmSs. Furthermore, as can be clearly observed from Figure 3c,d (pink arrows)
and Figure 4e (light blue lines), cleavage of the separator into its three native layers takes place,
which contributes to a decreased chord length of the separator, see Figure 5b (orange line). The
notable deformation and unexpected cleavage of the separator implies that enormous mechanical
stresses are generated by the growing LmSs. According to the manufacturer,*“* Celgard®
separator has a high mechanical strength in terms of tensile strength along both the machine
direction (MD, 1900 kg/cm?) and the transverse direction (TD, 135 kg/cm?) and puncture strength
(300 g/cm?).* This observation suggests that the current separator cannot withstand the high
mechanical stress caused by the growing LmSs and thus has to be further improved. During the
1% charge, the total charge transfer after the short circuit is 0.788 C, i.e. about Miegative = 0.82%10°
> mol of Li is stripped from the positive and then plated onto the surface of the Li negative
electrode.

Two observations regarding the previously formed LmSs (on the surface of the Li positive
electrode, beneath the separator) and newly formed LmSs (on the surface of the Li negative
electrode, above the separator) are noted: 1) most of the previously formed LmS undergoes no
electrochemical dissolution (evidenced by the remaining LmSs, beneath the separator in the
middle of the FoV, dark yellow and light yellow shown in Figure 3b-e and Figure 4a,f). It is the
original Li bulk positive electrode to compensate for the depletion of Li ions in the electrolyte
used to conduct charge transfer (as evidenced by the newly formed cavities within the Li positive
electrode, marked by the white diamonds in Figure 3c-e and enlarged Figure 4d); 2) It is the
peripheral region of the Li negative onto which newly LmS is preferentially electrochemically
deposited (above the separator, shown by the white triangles in Figure 3c-e and enlarged Figure
4d), in correspondence to the regions of nascently formed cavities within the Li positive (as
marked by white diamonds in Figure 3c-e and Figure 4d). The non-uniform Li stripping/plating
during the 1% cycle is clearly shown in Figure 3h, where LmSs in the middle surrounded by the
separator are generated during the 1% discharge by deposition onto the surface of the Li positive
electrode. In the regions outside the separator, the LmSs are generated during the 1% charge by
deposition onto the surface of the Li negative electrode. By further calculating the volume
fraction of LmSs (deposited on the positive during the 1% discharge and deposited on the negative
during the 1% charge) as a function of radius r with respect to the central point located along z
direction as shown in Figure 5a, one obtains volume fractions (blue straight line and dashed line)
as shown in Figure 5b. Obviously, the positive LmSs are concentrated in the middle while the
negative LmSs are distributed in the peripheral region. From Figure 5b (orange line), one can also
observe the calculated chord length of the separator (orange line): the separator located in the
middle (small r) has delaminated into layers with small average thickness as deduced from the
low average chord length. The reason is that the separator in the middle undergoes cleavage (see
above) and partial melting (see below for more detailed explanation), while the separator in the
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peripheral region (large r) is nearly intact. The observed fluctuations between ~25 um to ~30 um
result from its morphological distortion.

Negaltive
LmS_ Separatator

[l Negative [l Positive [ Resolidified Li LmS Celgard Separator

Figure 3. a) 3D visualization of the short circuited Li/Li-2 cell. Letters b-e denote selected cross-
sectional planes; letters f-h selected horizontal planes. The planes in Figure b)-h) are all defined in
a). b) Reconstructed raw data to which neither phase filter nor segmentation was applied, it serves
as a comparison for the segmented figures ¢)-h). In the enlarged green rectangle, black arrows point
at a fiber that may be the remnant of a Li dendrite or molten separator material, white arrows point
at an irregular boundary resulting probably from a fused lithium dendrite. In c)-f), light blue arrows
point at the partially molten separator; purple arrows at dangling separator fibers, pink arrows at the
cleavage of the separator. The purple dotted line separates the resolidified Li and the porous LmSs.
The interesting region in figure f) is enlarged as indicated by a white dotted rectangle in the inset.
In g), the pink, black and green dotted lines denote the contour of the negative Li, the separator or
the LmSs, respectively. In h), the electrochemically deposited LmSs clearly appears heterogeneous.
All scale bars are 250 um long.
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Comparison of the amount of LmS determined by morphological and electrochemical
characterizations It has been reported that the electrochemically formed LmSs are still
chemically active and that they can easily react with the electrolyte to form a solid electrolyte
interface (SEI) coverage.”® As a result, the SEI formed on the surface of LmSs during the 1%
discharge electrically insulates most of the LmSs, thereby deactivating them electrochemically
during the 1% charge.>” Further confirmation of the electrochemical inertness of newly formed
LmSs during ensuing electrochemical reaction is obtained by comparing the volume ratio of
LmSs plated onto the positive and LmSs plated onto the negative (both calculated from X-ray
tomography data) with the analogous ratio calculated from the external electron transfer during
the 1% discharge and charge. The calculation of the volume ratio of the amount of LmSs via the
reconstructed tomography dataset was done by counting the number of voxels belonging to the
LmSs deposited onto the positive (Vpesiiive) and onto the negative (Vnegative). The reconstructed
volume ratio Vpsitive : Vhegative = 10:5.5 is obtained. The ratio calculated from the electrochemical
characterization with Mygsitive : Mnegative 1S 10:8. The tendency of the deviation between these two
ratios was expected and the reason is related to the limited FoV (see above). Nevertheless, the
comparison between these two ratios confirms that most of the LmSs electrochemically formed
during the 1% discharge become electrochemically inactive during the 1% charge while forming
the well-known “dead LmSs”.>® This is the first time that the amount of electrochemically
deposited LmSs calculated from morphological information is directly correlated with the amount
of external electron transfer measured electrochemically. Concerning the locations of preferential
Li dissolution and LmS deposition during cycling it has been suggested that such locations are
electrochemically more active™ or possess a high local ionic conductivity.”’ It has been also
suggested that a localized fracture in the SEI’® and the nucleated Li grain size during Li
deposition® may as well influence the growth of LmS. Characterization of Li/Li cells employing
differently shaped®®®! Li electrodes is planned for the future.
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Figure 4. a) Exemplary tomogram of the short circuited Li/Li-2 cell. b)-e) Zoom-in into regions
defined in a). b) The original Li negative has been electrochemically dissolved and partially filled
by the separator and LmSs. The partially molten separator forming dangling fibers can also be seen
(light blue and purple arrows). ¢) Exemplary slice shows electrochemically plated LmSs formed
during the first discharge. Deposited porous LmS and compact solid LmS can be observed
(separated by a purple dotted line). d) Newly formed cavities (diamonds) and LmSs (triangles)
during the first charge. e) Cleavage and partial melting of the separator. a)-e) Reconstructed raw
data without phase filtering and segmentation. f) Three-dimensional visualization of the segmented
data set. The scale bar in a) is 150 um and scale bars in b)-e) are 75 um long.
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Close-up inspection of morphological structures inside Li/Li-2 cell Apart from these findings, a
close-up inspection of Figure 3 and 4 further demonstrates: 3) there are two different phases of
electrodeposited LmSs, one being porous and the other solid and compact (both are shown in
Figure 3b-e and 4c,f in light yellow and dark yellow, respectively, separated by a purple dotted
line). 4) A part of the originally intact separator has completely disappeared (light blue arrows in
Figure 3c-e and enlarged in Figure 4b). At other positions, the separator has molten into
filamentary fibers that dangle into the solid and the compact LmS phase (purple arrows in Figure
3c-e and enlarged in Figure 4b). This also contributes to the decreased average chord length of
the separator in the middle region, see Figure 5b (orange line). The currently observed porous
LmS phase agrees well with previous characterizations* and the highlighted pore structures are
attributed to the high-surface area lithium (HSAL) compound that is composed of decomposed
lithium salt precipitates according to Eastwood et al.** We suspect that this HSAL compound
consists of porous LmSs covered by SEI formed during electrochemical plating of Li and
numerous voids within.*® If one compares porous LmS (light yellow) with solid and compact
LmS (dark yellow) one can conclude that the SEI and the voids in the porous LmS have
completely dissolved or depleted. Richard and Dahn have indeed identified an exothermic peak
due to SEI decomposition at ~100 °C in accelerating rate calorimetry (ARC) studies of the
thermal stability of LIBs.°? Furthermore, Maleki et al. have also confirmed exothermic SEI
decomposition peak at ~100 °C by differential scanning calorimetry (DSC).®® The currently
observed disappearance of both SEI and voids in porous LmS may be attributed to high-
temperature melting. Regarding the disappearance and the meltdown of the separator, Cai et al.**
and Malekei et al.®® have independently observed separator melting around the ISC location
inside LIBs by post-mortem light microscopy. They concluded that the thermal energy induced
by an ISC is sufficient to locally increase the temperature of a cell by 200 K, which can easily
melt PE (m.p. 135 °C), PP (m.p. 165 °C) and Li (m.p. 180 °C).%® Considering the decomposition of
SEI and the melting of the separator together with the electrochemical characterization (a sudden
voltage drop in Figure 2d), it can be concluded that an ISC occurs during charge. This is the first
experimental demonstration of the melting of the separator and the porous LmS phase in a non-
destructive and three-dimensional way.
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Figure 5. a) 3D visualization of the calculated LmS volume fraction (VF) deposited on both the
positive (here invisible, beneath the gray separator) and the negative (light yellow, above the
separator). The r and z directions are also shown. b) Calculated LmS volume fraction deposited on
both the Li positive (blue solid line) and Li negative (blue dashed line) as a function of r; the
calculated chord length of the separator in the z direction as a function of r is shown by the orange
line (the chord length of the separator in the central region is small due to partial separator cleavage
and melting, but is large in the peripheral region because the separator is intact there).

Discussion based on the inspection of short-circuited Li/Li-2 cell By checking intensively the
region of separator breakdown, one finds that one fiber remnant is located inside the delaminated
separator, pointing towards the positive LmS with the surrounding separator molten away. This
phenomenon is marked by black arrows in the green rectangle in Figure 3b. The diameter of this
fiber is about 2 um. In the green rectangle, the irregular boundaries, marked by white arrows, are
also shown. We suspect that the irregular boundaries result from the fusing of some Li dendrites
and that the remnant fiber is closely related to the ISC (due to a similar X-ray absorption
coefficient this fiber cannot be assigned to the separator or to Li with certainty). During charging
most of the LmSs are electrochemically deposited preferentially in the outer region, but one
dendrite is electrochemically generated in this specific area (lithium is probably supplied by the
electrolyte). During its growth it can easily penetrate the pores of this part of the separator since
this part has already been significantly stretched and its mechanical robustness has already been
weakened by the LmS growing during discharge.** Once this dendrite eventually perforates the
separator and bridges the Li negative and positive electrode the entire cell current (0.015 mA)
concentrates only on a spot with ~2 um diameter (the penetrating dendrite), which results in a
high current density of about 470 A cm™ and pronounced localized Joule heating around the 1SC
location. According to previous calculations,®’ within less than ~0.1 s the induced Joule heat will
lead to the decomposition of the SEI and the melting of both the separator and porous LmS phase.
Most of the energy is dissipated by the endothermic melting of the porous LmS and the separator
and within ~0.4 s, the temperature drops sharply.®” The above-observed results agree well with
previous simulations.™ %% Additionally, the direct internal view of the electrochemically short
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circuited Li/Li-2 cell suggests that the shutdown mechanism proposed by the sandwich structure
can hardly provide any protection from a real ISC, i.e. the considerable force accompanied by the
growing LmSs and the 1SC-induced high Joule heating easily destroy the trilayer separator that is
made by laminating PP and PE layers together by adhesion or welding.*"® The decomposition of
the SEI and the melting of the porous LmS to a more compact resolidified LmS will release most
of the mechanical stress that acted on the separator (the affine transformation between the
contours of the LmSs, separator and Li negative, as marked by a green dotted line, a black dotted
line and a pink dotted line in Figure 3g, provides evidence for the movement of the separator
during stress relief). In the Li/Li-2 cell investigated, most of the Joule heat is dissipated by the
endothermic melting of the separator’* after the penetrating Li dendrite has been fused.”
However, in real commercial LIBs containing normal cathode materials such as LiCoO,,
LiMn,O, and LiFePO, etc. and anode materials such as lithiated carbon, an ISC-induced Joule
heating will initiate the exothermic decomposition of some of the active materials including the
release of oxygen and flammable gas.” Such reactions can further increase the inner temperature
to above 200°C and lead to the exothermic decomposition or ignition of the flammable
electrolyte.? " Ultimately, without an effective heat dissipation or propagation within LIBs, the
lithium-dendrite induced ISC can eventually result in serious incidents. Table 1 summary some
particular parameters of commercial LIB components.** 747

Table 1. Specific property parameters of selected commercial LIB components.

Tensile strength | Puncture strength | Melting Decomposition
(kg cm?) (g cm™) temperature (°C) | temperature (°C)
Celgard® 2325 1900/135 300 135/165 (PE/PP) | -
PP/PE/PP (MD/TD)
separator
SEI (solid - - - 90-120°
electrolyte
interface)
Electrolyte - - - 130-230°
Lithium - - 180 -
Carbon (fully - - - 100-130
charged)
LiCoO; (fully - - - 178-250
charged)

a, electrolyte decomposition temperature varies among different electrolyte, this temperature
range is based on PC/EC/DMC (1/1/3)+LiPFg (LM)"*[PC: C4HgO3; EC: C3H403; DMC: C5HgOs]
b, SEI decomposition temperature depends on the electrolyte used, more information can be
found elsewhere.”
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In summary, for the first time, the underlying internal cell deformation and degradation caused by
an ISC has been experimentally visualized by using synchrotron X-ray phase contrast
tomography. By comparing reconstructed tomographies of an uncycled Li/Li cell and a short-
circuited Li/Li cell we experimentally demonstrate for the first time:

1. most of the electrochemically deposited lithium microstructures (LmSs) are
electrochemically inert during the following Li stripping,

2. electrochemical stripping and plating during discharge and charge are non-uniform in space,

3. delamination into three native layers and the partial melting of the commercial trilayer
Celgard® 2325 separator can develop during real ISC event,

4. decomposition of the solid electrolyte interface (SEI) covering the LmSs and partial melting
and re-solidification of porous LmSs can occur due to the localized excessive Joule heating
resulted from the ISC event.

These unexpected insights into the internal cell degradation and deformation mechanisms caused
by ISC shed new lights on enhancing the properties of separators and could open up new design
principles and opportunities to fundamentally improve the reliability and safety of current- and/or
next-generation LIBs. From the battery engineer’s point of view, the present study suggests three
potential ways to further enhance the safety and reliability of current and next-generation LIBS: i)
LmSs that are electrochemically plated on the surface of Li electrodes should be perfectly
manipulated or even completely avoided. There have been reports of a directly controlled plating
of LmSs on the surface of Li electrodes™ ® and the direct engineering of Li electrodes.”® The
room-temperature liquid alloy may also be a potential strategy to provide dendrite-free anode in
contact with an organic liquid electrolyte when serving as anode materials.”” ii) New kinds of
separators with considerably improved mechanical and puncture strength as well as higher
thermal stability (m.p. above 165 °C) are highly desired. Promising candidates are ceramic
separators which combine the characteristics of flexible polymers and excellent thermal
stability.”®™ iii) Novel electrolytes with enhanced thermal stability and non-flammability are
desired. Although adding fire retardant (FR) additives to lower the flammability of the liquid
electrolytes can, to some extent, reduce the flammability of liquid organic electrolytes,® the
recently emerging solid state electrolytes, which function as both electrolyte and separator, may
be the most promising option for current or next-generation LIBs with enhanced safety and
reliability.'® 82 From the battery tester’s point of view, the present investigation may open up
new opportunities for future standard battery testing procedures. Conventional mechanical
evaluation techniques have been criticized because they only show how the cells behave under an
abuse condition instead of truly replicating the conditions of a field failure.?? The first successful
direct visualization of an ISC conducted by synchrotron X-ray imaging may help in updating
existing testing standards and creating new ones for next-generation LIB technology.
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EXPERIMENTAL METHODS

Lithium and Celgard®2325 separator were purchased from MTI Corp. USA. The electrolyte is
1M LiPFg in a volume-ratio mixture (1:1) of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) and was purchased from Sigma Aldrich. The housing of the proof-of-concept beamline
battery was made of polyamide-imide (Torlon) provided by Drake Plastics Europe.

The lithium electrodes in both Li/Li cells (2.5 mm diameter) were punched out from a 1-mm
thick lithium plate. Both cells were assembled in an argon-filled glovebox with humidity and
oxygen levels below 0.1 ppm. The trilayer Celgard®2325 separator (3.5 mm in diameter and
~25 um thick) was placed between the Li/Li electrodes. All cells were assembled manually
without exerting forces. Finally, both cells were filled with 0.2 mL standard liquid electrolyte and
were sealed off before taking them out of the glovebox. In current investigation, the trilayer
separator is employed because of its proposed “shut-down” function. However, investigations of
other kinds of single layer separators made of PP or PE are planned in future work.

Galvanostatic charge and discharge of the Li/Li-2 battery was carried out using an IviumStat
from Ivium Technologies, Netherlands. The cells were discharged for 18 h and charged for 13.4 h
at a current density of 0.3 mA-cm. However, the effect of different current densities on the
growth of LmSs is worth studying in the future.

Synchrotron X-ray tomography was carried out at the BAMline at BESSY Il of the Helmholtz-
Centre Berlin, Germany. The synchrotron beam was monochromatized to 20 keV using a double
multilayer monochromator with an energy resolution of about 1.5%. The detector system
comprised a 60-um thick CdWQ, scintillator, a microscopic optic and a pco4000 camera
equipped with a 4008x2672 pixels CCD chip that is kept out of the direct beam by using a
mirror. For tomography measurements of both cells, 2200 projections with each 2.5 s exposure
time within a 180° battery rotation were recorded.

The raw tomography data was filtered, normalized and reconstructed using code programmed in
IDL 8.2. Three-dimensional segmentations of the separators were made using a grid of manually
marked points that were fitted with a biharmonic equation using MATLAB. For the segmentation
of LmSs, the statistical region merger tool implemented in Fiji®® was used followed by manual
removal of the bulk lithium background.
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