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Abstract

Cross-sections of plastic rechargeable Li-cells were observed in a quasi in situ mode by means of a scanning electron microscope. All
cells were composed of a composite cathode, containing LiMn O as active material, and of a hybrid polymer electrolyte consisting of a2 4

Ž .polymer matrix embedded with a solution of lithium salt. At the negative side, three kinds of anodes Li, Cu and graphite were
successively used. The influence of the current density on the morphology of the lithium deposit was studied from these three different

Ž . Ž . Ž .configurations. Scanning Electron Microscopy SEM evidences for 1 the accumulation of mossy lithium, and 2 the Li-dendrites
growth at the interface between Li and electrolyte are given, and correlated to the poor cell cyclability. This deterioration of the interface
was confirmed by AC-impedance measurements. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The development of the portable electronics market
requires high energy density batteries. While being theoret-
ically the most promising, rechargeable batteries based on
Li as the negative electrode encounter difficulties to reach
the market place, because of safety and cyclability issues.
These problems are associated to the reactivity of Li and to

0 w xthe growth of dendrites at the Li -anode upon cycling 1 .
Thus, solving the dendrite growth at the metallic lithium
electrode remains a serious challenge.

A partial solution to this problem that consists of using
a polymeric electrolyte rather than a liquid electrolyte was

w xproposed two decades ago 2 . However, the application of
these batteries will be limited to high temperatures
Ž .)808C because of the limited ionic conductivity of the

) Corresponding author. Tel.: q33-3-2282-7571; Fax: q33-3-2282-
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polymer electrolyte at room temperature. Thus, while al-
ready intensely studied, we decided to further address the
non-uniform Li-plating issue, by means of advanced tech-
niques such as electron microscopy, X-ray microanalysis,
and impedance spectroscopy. More precisely, we studied
the lithium deposition process on Li, Cu and graphite at
different current densities to better understand the mecha-
nism of the dendrite growth. Indeed, it has been shown
that the morphology of the Li-deposit depends on both the

w xcurrent density 3 and the native state of the metallic
w xsurface 4 . More specifically, the reactivity of the lithium

with the organic electrolytes leads to a passivating layer
whose thickness and nature influence the further Li deposi-

w xtion 5–8 . Besides the correlations current densitiesrden-
drites and passivating layerrdendrites, some authors tried
to precisely explain the mechanism of the dendritic deposi-

w xtion 9 : the velocity of the anions, the gradient of salt
concentration and the motion of the electrolyte were re-
lated to a theoretical model of the dendrite growth.

Studies of lithium surfaces by microscopy techniques
Ž .such as Scanning Electron Microscopy SEM or Atomic
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Ž . w xForce Microscopy AFM have already been done 10,11 .
However, most of these studies were carried out on lithi-
ated surfaces that were shortly exposed to air during the
transfer from the electrochemical cell to the microscope
antechamber, therefore risks of surface contamination were
always present. In this paper, we report high quality

Ž .images obtained from a Field Emission Gun FEG micro-
scope on pristine surfacesrinterfaces. Air exposure was
prevented with a special system designed by Philips, which
allowed the transfer of the cell from a glove box into the
SEM by means of a movable airlock. Moreover, the

Ž .sample was cooled down ;y208C to prevent any dam-
age or electrolyte evaporation due to the vacuum in the
antechamber during the observation. Finally, this equip-
ment allowed us to observe cell cross-sections without
preparation, since the cooling system spared us any wash-
ing and drying, usually necessary to obtain a sufficient
vacuum value in a reasonable time.

The battery samples used in the present study were
w xmade by the plastic laminate technology 12 . With such a

configuration, the interfaces were observable just after a
simple cut with a razor blade.

2. Experimental

All the cells were assembled according to Bellcore’s
plastic Li-ion technology, using as separator a copolymer

Ž Ž .matrix Polyvinylidene fluoride PVdF –Hexafluoropropy-
Ž ..lene HFP mixed with SiO as filler, and dibutyl phtalate2

Ž . 2DBP as plasticizer. The 15=15 mm plastic cathode
laminates were prepared outside the glove box from a

Ž .mixture of LiMn O homemade , PVDF–HFP copoly-2 4

mer, DBP, and carbon black. The cathode laminate to-
gether with an aluminium grid on one side, and the
separator on the opposite side, were fed through a heated
double-roll laminator to produce the cathode-separator
laminate, common to all the cells investigated. This lami-
nate was coupled with lithium, copper or graphite anode to
produce what will be denoted in the following as lithium

Ž . Ž .batteries Fig. 1a , copper cells Fig. 1b , and lithium ion

Ž . Ž . Ž .Fig. 1. Schematic cross-section of a lithium battery, b copper cell, c lithium ion battery.
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Ž .batteries Fig. 1c , respectively. After the DBP extraction
by means of ether, the cells were swollen in an ECrDMC

Ž .mixture 2r1 in weight ratio containing a dissolved salt
Ž .LiPF 1 M .6

More specifically, the lithium batteries were assembled
Ž 2in an argon glove box as follows: the anode 15=15 mm

.Li-foil was first laminated at 1508C with its collector
Ž . Ža Cu grid . Then a few drops of NMP 1-methyl-2-pyrro-

.lidinone were deposited onto the lithium surface to en-
hance the further polymer adhesion onto metallic lithium.
The cathode-separator laminate, previously DBP-extracted,
was manually pressed onto the anode. The obtained cell
was then impregnated with the liquid electrolyte. After 30
min, the electrolyte activation was completed and the
battery was laminated at 1308C with an additional external
polymer laminate on the Li side. This extra layer was used
to obtain a better polymerrmetal contact. Afterwards, the
cell was sealed in a hermetic bag and taken out of the
glove box to be cycled.

The copper cells were fully assembled outside the glove
box by laminating a 15=15 mm2 Cu-grid with the cath-
ode part on the separator side. Note that the active area of
the grid was 50% lower than 15=15 mm2, calculated by
considering the mesh size and the internal wall area. Once
the DBP was extracted, the cell was placed into an argon
dry-box for electrolyte activation, and then sealed in an
air-tight plastic bag prior to testing.

For the lithium ion batteries, plastic anode laminates
Žwere made from carbon microbeads MCMB 2528 Osaka

.Gas . In that case, a copper grid as current collector, the
carbon-based negative electrode, and the cathode separator
part were fed through a heated double-roll laminator to
produce a single cell laminate that was extracted for its
DBP content prior to be placed into the dry-box for

w xactivation, and sealing as detailed elsewhere 13 .
The electrochemical cells were cycled by means of a

Ž .Mac Pile system Biologic, Claix, France operating in a
galvanostatic mode. Current densities were comprised be-

Ž . 2 Ž .tween 0.22 Cr10 and 2.2 mArcm Cr1 , while the
Ž .voltage limits were fixed at 3.5 and 4.5 V or 4.6 V .

Ž .Electrochemical Impedance Spectroscopy EIS measure-
ments were performed with a PGSTAT 20 Autolab instru-

Ž .ment Eco Chemie . The spectra were acquired at various
stages of the cell charge or discharge in a frequency range
of 50 mHz to 1 MHz, using a perturbation voltage ampli-
tude of 5 mV.

The microscopy studies were performed by means of a
Philips XL30 FEG–SEM coupled with an Oxford X-ray

Ž .microanalyzer Link Isis . The sample transfer attachment
system was designed, built, and installed by Philips
Ž .Scheme 1 . It is composed of two parts: a fixed airlock
attached to the microscope, and a remoÕable airlock that
can be introduced into a glove box. The subsequent steps
for a cell SEM investigation are listed below. The sealed

Ž . Ž .Scheme 1. Simplified representation of the transfer system top view the dashed arrows indicate the motions of the different pieces .
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Ž . Ž 2 .Fig. 2. a Galvanostatic cycling curves at Cr5 0.45 mArcm of a
Ž . Ž 2 .lithium battery. b Galvanostatic cycling curves at Cr10 0.22 mArcm

of a lithium battery.

cell, which was cycled outside the glove box, was put into
the argon atmosphere. Its hermetic bag was removed, and
the battery was cut with a razor blade in order to reveal its

internal section. Then it was fixed to the sample-holder
Ž .which was screwed to the rod a of the movable airlock.

Afterwards this airlock was closed, taken out of the glove
box and screwed to the fixed airlock. Then the door of the
fixed airlock was opened so that the small amount of air
present between both doors was evacuated by means of the
microscope’s pumps. Then the fixed airlock was closed
again, and the door of the movable airlock was completely

Ž .opened. Afterwards the Peltier-plate 1 was put into the
Ž .movable airlock by means of the rod c , and the battery
Ž .was transferred onto this Peltier-plate 1 by means of the

Ž .rod a . The sample was then cooled down in order to
Žfreeze the liquid part of the electrolyte which will stay in

.the cell during the observation under vacuum . After 15
min, the door of the fixed airlock was opened to evacuate
the movable airlock by means of the microscope pumping

Ž . Ž .system, and the Peltier-plate 1 holding the sample was
Ž .moved into the fixed airlock in front of the rod b . The

final step was the transfer of the sample from the Peltier-
Ž . Ž .plate 1 to the Peltier-plate 2 of the microscope an-

Ž .techamber by means of the rod b . When the vacuum was
low enough, the high voltage of the SEM was switched on
Ž .typically 2 kV .

3. Results

3.1. Lithium batteries

The laminated cells were cycled at different current
densities. Fig. 2 shows voltage curves for several cycles at
Cr5 and Cr10. A hysteresis between the charging and

Fig. 3. Capacity vs. cycle number for lithium batteries at different cycling rates.
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discharging curves was always observed. As expected, the
polarization decreases with decreasing cycling rate. The
influence of the current densities on the capacity during
cycling is shown Fig. 3. Note that lower the current
density, smaller the capacity loss. For instance, within the
present cell configuration, by changing the current rate
from Cr2.5 to Cr10, 35 instead of 10 cycles could be
achieved. Regarding the Cr5 cycling rate, a drastic capac-
ity loss appeared after 15 cycles, suggesting dramatic
interfacial reactions within the cell. It was then of great
importance to study such cells which present moreover a
good reproducibility of the cycling performances, as shown

Ž . Ž .Fig. 4. a Cross-section of a non-cycled lithium battery. b Lirpolymer
Ž .electrolyte interface of a non-cycled lithium battery. c Section tip of a

non-cycled lithium battery.

Ž . ŽFig. 5. a Lithium battery section after the 1st charge Cr5, 0.45
2 . Ž . ŽmArcm . b Lithium battery section after the 14th charge Cr5, 0.45
2 . Ž . ŽmArcm . c Lithium battery section after the 50th charge Cr5, 0.45
2 .mArcm .

by the four Cr5 batteries tested. Finally Fig. 3 also shows
the beneficial effect of the NMP by comparing the ‘cell
without NMP’ with the other batteries cycled at the same
rate of Cr5.

Fig. 4 shows cross-section micrographs of a non-cycled
battery. The different parts of the cell, directly noted in the
figure, were identified by means of X-ray microanalysis.
The LiMn O particles embedded in the composite cath-2 4

ode are well visible in Fig. 4a, while the separator presents
a smoother cross-section. One can also note the difference
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Fig. 6. Moss formed at the Lirseparator interface of lithium batteries
Ž 2 . Ž . Ž . Ž .Cr5, 0.45 mArcm a 1st charge, b 14th charge, c 50th charge.

Ž .between the Lirseparator and the Lir external separator
interface: the external separator becomes separated from
the lithium that was not NMP treated on that side. The
Lirseparator boundary very distinctly appears in the

Ž .zoomed picture Fig. 4b . The efficiency of the last lamina-
tion step consisting in melting external and internal separa-
tors can be visualized on Fig. 4c that displays the tip of a
laminated battery.

An investigation of identical cells cycled at Cr5
Ž 2 .0.45 mArcm was carried out. Fig. 5 shows cross-sec-
tions of lithium batteries stopped after the first, the 14th
and the 50th charges. The images revealed that the Lirsep-

arator interface more and more deteriorated. However,
other parts of the cells remained unaffected by the cycling.
SEM pictures also indicated that a moss has formed at the

Ž .Fig. 7. a Section of a lithium battery after one charge at C
Ž 2 . Ž .2.2 mArcm . b Surface of the Li-anode of a lithium battery after one

Ž 2 . Ž .charge at C 2.2 mArcm . c Li-deposit on the lithium surface after
Ž 2 .one charge at C 2.2 mArcm .
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Lirseparator interface. Thus, the moss caused the separa-
tor disconnection from the lithium which became isolated
from the polymer electrolyte. This drastic deterioration of
the interface seemed to be the reason for the rapid capacity
decrease observed for that cell. This effect was strongly
enhanced with increasing the cycle number so that after 50

Ž .cycles Fig. 5c a very thick mossy layer has formed. In
this extreme case, one should be aware that the cutting and
the cooling of the battery could accentuate the poor ap-
pearance of the interface, and could explain the large
empty space between the lithium and the separator. The
morphology of the mossy layers, which were mainly the

Ž .Li-deposits during the charge s , is shown in Fig. 6. After
one charge the moss appeared porous and probably crystal-
lized, while it was more and more compact for the further
charges. The effect of the cycling is then the formation of
a more and more important amount of moss, whose mor-
phology slowly changed to a more dense texture.

To observe the growth of true dendrites, similar experi-
ments were carried out on lithium batteries cycled at
higher current rates. The polarization was larger, and the
capacity decrease faster than for a Cr5 cycling rate. After
one charge to 4.5 V corresponding to the extraction of 0.65
Li from the Mn-spinel, the cell was cut, transferred, and
observed within the SEM. Fig. 7a shows a general view of
the cell section, which presents an inhomogeneous Lirsep-

Ž .arator interface. After only one charge lithium deposition
the lithium surface was already pushed aside from the
separator, due to the growth of the lithium deposits at the
lithium–polymer interface that are visible at a higher
magnification in Fig. 7b and c. More precisely two kinds
of lithium deposits can be distinguished on the Li-surface:

Ž . Ž .aggregates Fig. 7c and tangled dendrites Fig. 8 . Note

that the morphology of the aggregate looks like the moss
Ž .deposited during a first charge at Cr5 Fig. 6a . According

to the Li-surface state and to the separatorrLi contact, the
lithium plating led either to true dendrites or to aggregates.
Nevertheless these aggregates seemed to be ‘pressed den-
drites’ which could not grow freely. This assumption is
uncertain because of the poor physical pressure applied by
the separator against the lithium. Finally the shape of the
deposits reported here is comparable with previous studies
w x9 . However, rarely has such a three-dimensional aspect of
the dendrites in a complete battery been so clearly ob-
served.

3.2. Copper cells

To determine the importance of the substrate, we de-
cided to study the phenomena of Li-plating on copper
instead of lithium. Copper cells were cycled at a low rate
Ž . Ž 2 .Cr10 to obtain a current density 0.45 mArcm of Cu
comparable to a lithium battery cycled at Cr5. A typical
galvanostatic cycling curve is shown in Fig. 9. Fresh and
cycled cells were then observed by SEM to determine the
morphology of the deposited lithium. For the non-cycled
cell, the lithium-free Cu grid was embedded in the elec-
trolyte polymer, which was completely fused with the
cathode-separator part, and the copperrseparator interface

Ž . Ž .was well defined Fig. 10 . After one charge Fig. 11 a
moss appeared that tends to push the separator away, as in
the case of the lithium batteries. The EDS spectra of this
moss as well as its morphology were similar to those
observed upon cycling for the lithium batteries. The influ-
ence of the lithium plating rate on its morphology was also

Fig. 8. Dendrite formed in a lithium battery after one charge at 2.2 mArcm2.
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Ž 2 .Fig. 9. Galvanostatic cycling curves at Cr10 0.45 mArcm of a copper
cell.

studied, and reported in Fig. 12 for a plating performed at
a current density of 2.6 mArcm2, value also calculated by
considering the active copper area. Note that the interface
was more dendritic than a moss, and presented relative
sharp bulges. However no true dendrites were observed.
The current density being slightly higher than 2.2 mArcm2,
value at which dendritic deposits were observed with the
lithium batteries, it means that dendrites cannot as easily
grow on Cu as on Li.

3.3. Lithium ion battery

ŽA non-balanced lithium ion battery e.g., carbon lim-
.ited was assembled in order to cause lithium plating on

the graphite particles of the anode. The cells were cycled
at a C-rate, value at which a dendritic deposition was

Ž 2 .observed within the lithium batteries C, 2.2 mArcm .
However, in the case of the lithium ion battery, the actual

Ž 2 .Fig. 11. Copper cell section after one charge at Cr10 0.45 mArcm .

current density reported for the anode, and calculated from
the specific area of the graphite particles, was much
Ž . 2200= smaller than 2.2 mArcm . After the first charge
Ž .i.e, the first Li plating was terminated , the procedure to
observe the cell interfaces was carried out. The different
components of the cell stacking can be clearly identified as
indicated in Fig. 13a. A zoom of the graphite particles
Ž .Fig. 13b indicates an apparent roughness that might be
characteristic of the lithium plating, but no clear difference
was observed in comparison with a non-cycled cell. Fur-
ther experiments using larger current densities in order to
observe dendritic growths on the graphite were unsuccess-
fully performed. However our cycling instruments can not
deliver a sufficiently high absolute current to obtain cur-

2 Žrent densities comparable to 2.2 mArcm towards graphite
.particles .

Ž . Ž .Fig. 10. Cross-section a and Curelectrolyte interface b of a non-cycled copper cell.
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4. Comparison of the three types of cells

Table 1 summarizes the different morphologies ob-
served at the anodes for the three tested cells. For both the
lithium batteries and the copper cells, a common result is
that a low current density led to a mossy lithium deposi-
tion. At higher current densities, the deposit becomes more
and more dendritic and true dendrites were observed at 2.2
mArcm2 in the case of the lithium batteries. Concerning
the lithium ion battery, no specific morphology was ob-
served at different cycling rates with a non-balanced
Ž .graphite-deficient cell. This result is not surprising be-
cause the actual value of the current density vs. graphite
was always very low, even if the cycling rate was large.

5. Discussion

We reported semi in situ SEM observations of lithium-
cell cross-sections. A similar SEM transfer technique has

w xbeen previously used by Aurbach et al. 5,6 , Aurbach and
w x w xGofer 7 and Ein-Eli and Aurbach 8 to study lithium

surfaces in different liquid electrolytes. Nevertheless, the
Ž .cells LirelectrolyterLi or Ni had to be dismantled, and

Žthe lithium washed and dried no cooling system was
.provided before its introduction into the SEM. Other SEM

w xinvestigation attempts of various Li-cells 10 did require a
washing, and an efficient drying of the samples prior to
examination since the authors did not use any special
transferrcooling systems. In both cases, the effect of the
extra washing step of the studied surface is always the
subject of controversies. Finally, in situ optical microscopy
studies of lithium surfaces upon cycling were recently

w xcarried out 3,4,9,15 , with, however, a lower resolution.
The main interest of our semi in situ technique resides in

Ž .the fact that the battery samples are 1 never exposed to
Ž .air, and 2 freezed by means of a Peltier-element, thereby

Ž . Ž .Fig. 13. a Cross section of a lithium ion battery. b Graphite particle of
a lithium ion battery after one charge at C.

preventing the removal of the electrolyte from the battery
during the operations under vacuum. However it is gener-
ally accepted until now that an air exposure during a few
seconds might not change the morphology of the sample.

w xFor instance, recent TEM results 14 have shown that a
fresh dendrite exposed to air for a few seconds totally
loses its crystallinity while globally maintaining its shape.

Ž 2 . Ž . Ž .Fig. 12. Cu-surface of a copper cell after one charge at Cr1.7 2.6 mArcm , general view a and detailed view b .
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Table 1
Li-deposit morphologies after the first charge for different cells and cycling rates

Cell kind Cycling rate Current density Anoderelectrolyte interface
2lithium battery Cr5 0.45 mArcm moss

2C 2.2 mArcm dendrites
2copper cell Cr10 0.45 mArcm moss

2Cr1.7 2.6 mArcm dendritic moss
2lithium ion battery 2C, C, Cr5 -0.1 mArcm roughness

In short, our transfer method guarantees reliable results, as
well as for the profile than for the structure and the
chemical nature of the samples.

In spite of the different experimental set-ups between
these studies and ours, they all indicated, when looking at
the Li-deposition morphology upon cycling, the same
lithium morphologic change from moss ™ bulge ™

dendrite with increasing charge current density. Thus, our
SEM study of lithium cells confirms previous findings
while providing more detailsrfeatures on the interface
morphology from the obtaining of sharp SEM micro-
graphs. To our knowledge, the shape of three-dimensional
dendrites was never reported with such a fine resolution
and sharpness.

Within coin or Swageloke cells, the interface contacts
are ensured by means of a physical pressure that could
modify the Li dendrite growth, and favor homogeneous
lithium-deposition. To circumvent this issue, we have im-
plemented the plastic technology approach to the fabrica-
tion of a Li-metal battery. Despite the encountered difficul-
ties, such a cell configuration is very convenient to study
the formation of dendrites at an interface free of external

Ž .pressure. Indeed, the Lir polymer electrolyte contact was
only ensured by the NMP, and the help of the external
separator, which did not lead to a strong physical pressure
at the Lirseparator interface. In addition, because of the
special laminated configuration, it was not necessary to
dismantle the cell to observe the dendrites, contrary to

w xmost of the reported SEM studies 3,5–8,10 .
This study has revealed a rapid decrease in the capacity

upon cycling. The deterioration of the lithium–polymer
interface upon cycling was confirmed by AC-impedance
measurements that showed an increase in the interface

Ž .resistance with increasing cycle numbers Fig. 14 . These
Nyquist plots represent the impedances of a complete
lithium battery cycled at Cr5 and stopped after a deter-
mined cycle number at the charged state. At the beginning
of the cycling two semicircles are obtained: the first one, at
low frequencies, probably corresponds to a charge transfer
process, while the second one, at high frequencies, is likely
due to the ionic conductivity of passivating layers. The
straight line at very low frequencies is characteristic of the
diffusion, essentially through the cathode. By considering
the series of the spectra, it is clear that the total resistance
of the cell drastically increases when the capacity rapidly

Fig. 14. Nyquist plots of lithium battery cycled at Cr5 frequency range:
50 mHz–1 MHz.
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decreases. The most important contribution of the spectra
changes is due to the Lirseparator interface, since the
other parts, common to the well-known lithium ion battery,
do not drastically evolve after 20 cycles. The loss of
Lirseparator contact is then represented by the irreversible
increase in impedance values plotted Fig. 14. This inter-
face deterioration is inherent to the cell configuration
reported here that was purposely designed to favor den-
drite growth rather than obtain a long-life battery. Indeed,
rechargeable Li–polymer batteries with better cycling effi-

Ž .ciencies 200 cycles can be obtained by improving the
Li–polymer interfaces using sophisticated technologies,

w xsuch as in situ or plasma polymerization 16,14 , electron
w xbeam deposition 17 , or rf magnetron sputtering followed

w xby Li thermal evaporation 18 . Rechargeable dry-polymer
Li batteries based on PEO were reported to even exceed

w x1000 cycles at 808C 19 . These latter configurations are
still far from the LirPVdF–EC–DMC–LiPF system6

which was the topic of our study.

6. Conclusion

The present study performed on both lithium batteries
and copper cells has shown a direct correlation between
current density and dendrite formation with the largest
amount of dendritic deposits formed at high currents. The
formation of the mossy or dendritic interface was evi-
denced to be at the origin of the rapid deterioration of the
Lirelectrolyte interface, and thereby of the rapid capacity
decrease observed. Further investigations are in progress to
accurately correlate the SEM micrographs to impedance
measurements as well as to determine a solution to sup-

press the dendrites upon further storage or cycling of the
cells.
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