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ARTICLE INFO ABSTRACT

Keywords:

Li dendrite formed in Li metal batteries can be categorized into two different types. One is the detrimental Li

SEI dendrite that heads towards the separator with a potential to short cell. The other is the ill-defined fibrous Li

Dendritic Li

Cell short

Li metal batteries
Energy storage

formed within bulk Li metal. The detrimental Li dendrite may cause cell short, while the other dendrites, covered
by SEI, mainly increase cell impedance and terminate the cell operation, most often, before any “short” really
happens. Without decoupling these two different Li dendrites, it is hard to develop any effective approach to
realize both stable and safe Li metal batteries. Herein, a straightforward approach is proposed to induce the

growth of detrimental dendritic Li so the cells are “shorted” frequently and consistently. Based on this new
protocol, various electrolytes are revisited and the SEI derived are compared and quantified, providing new
insights for addressing the challenges in rechargeable Li metal battery technologies.

1. Introduction

The energy of next-generation batteries employing Li metal anode is
projected to be about twice that of the conventional Li-ion batteries
[1-4]. The energy gain mainly comes from Li metal anode which has
the lowest negative electrochemical potential, high theoretical specific
capacity and light weight [5]. However, Li metal is thermodynamically
instable in the electrolyte and a passivation film or so called SEI layer
forms unavoidably on Li surfaces which prevent the further reaction
between Li and electrolyte [6]. Although Li metal is temporarily pro-
tected by nanoscale SEI layers, during repeated cycling, Li anode ex-
periences large volume change [7], which means its surface area in-
creases drastically. The newly exposed Li surfaces quickly react with the
electrolyte, form new SEI layers and gradually increase the whole cell
impedance [8]. The insulating SEI layers disrupt the uniform distribu-
tion of the electrical field on the metal anode thus the growth rate of
micro/nano Li crystals become uneven, forming porous or fibrous Li.
The surface areas of Li continue to increase and produce more SEI
layers [9]. The original dense Li metal are gradually “corroded” to
porous structures with SEI layers accumulated on all the exposed Li
surfaces [10]. Continuous SEI formation irreversibly consumes elec-
trolyte in the cell. Once the electrolyte is depleted, the cells also mal-
function. In liquid cells, Li protection means the prevention of both
potential dendrite penetration [11] through the separator and Li “cor-
rosion” [7,12] towards the bulk Li metal. The former causes safety
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concern, while the latter accumulates cell impedance and drains the
electrolyte that accelerate the capacity degradation.

While not all of the Li dendrites will short the cell, Li corrosion
always happen and substantially increases cell impedance [13], which
terminates the cell operation much earlier than cell short happens, if
any. Improved Columbic efficiency and cycling stability mainly reflect
the slowdown of SEI accumulation/impedance buildup during cycling
[14]. It does not necessarily mean that those methods will also prevent
the dendrite-caused short at extreme conditions e.g., high rate, low
temperature or in the presence of impurities [15]. Most often, the cells
already malfunction before any detrimental Li dendrite forms and
eventually short the cell [7,16]. The majority of the published methods
effectively mitigate the continuous SEI/impedance accumulation issue
[17,18]. However, the effectiveness of the approaches to prevent cell
short caused by dendrite penetration is uncertain since none of the
reported control cells fails because of shorting. An effective testing
approach is urgently needed to decouple the dangerous Li dendrite
growth and Li corrosion.

Herein, a convenient method is proposed to induce Li dendrite to
“short” the cell consistently. Different electrolytes are revisited by using
the proposed method and the resistance of SEI films derived from
various electrolytes are quantified and compared to understand the
fundamental mechanisms that control the Li growth.
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2. Experimental
2.1. Electrolytes preparation

Dissolving certain amount of lithium salt (LiPFe, LiTFSI) into re-
quired solvents or their combinations (carbonate based solvents: EC,
DMC; ether based solvents: DME, DOL) in an argon filled glove box
(05 < 0.5 ppm, H,O < 0.5 ppm, MBRAUN). The prepared eleven elec-
trolytes include 1 M LiPF¢-EC/DMC (1/1, by volume), 4 M LiPFs-EC/
DMC (1/1, by volume), 1 M LiTFSI-DME, 4 M LiTFSI-DME, 1 M LiTFSI-
DOL, 4 M LiTFSI-DOL, 1 M LiTFSI-DME/DOL (1/1, by volume), 2 M
LiTFSI-DME/DOL (1/1, by volume), 3 M LiTFSI-DME/DOL (1/1, by
volume), 4 M LiTFSI-DME/DOL (1/1, by volume) and 5 M LiTFSI-DME/
DOL (1/1, by volume).

2.2. Cell assemble and tests

2032 type Li/Li symmetric cells were assembled in the argon filled
glove box using either Celgard2500 (thickness: 25 pum) or glass micro-
fiber filter 691 (thickness: 250 pm) as the separator. In Li/Li symmetric
cells, one Li disk (250 um thick from MTI) has a diameter of 14 mm
while the other is 15.5 mm in order to easily align two Li metal pieces.
60 L of electrolyte is used when Celagrd2500 is used, while 100 pL
electrolyte for glass fiber separator. The Li/Li cells were constant-cur-
rent charged/discharged to 0.5 mA h cm ™~ 2 with 0.25 mA em 2 (0.5 C)
of current density at 25 °C using LANHE battery tester (CT2001A).

2.3. Characterizations

The morphology of glass fiber separator is observed by scanning
electron microscope (VEGA-II, Tescan). Optical microscope (ME-520T,
Amscope) is used in glove box to characterize the separators after cy-
cling. EIS tests of Li/Li symmetric cells are performed with CHI660E
(CH Instruments Ins.) at frequency ranging from 1 MHz to 0.5 Hz at
25 °C. The Li/Li cells for EIS tests are assembled using eleven different
electrolytes and charged to 0.5 mA h cm™2 with a current density of
0.25 mA cm 2 (0.5 C) at 25 °C. The EIS impedances of the cells before
and after deposition and after being stored for 1 week are recorded.
Each EIS measurement has been repeated with highly reproducible
results.

3. Results and discussion

3.1. Decoupling SEI buildup-caused cell failure and dendritic Li-induced cell
short

3.1.1. Cell short scenarios

There are a few different scenarios that may cause cell shorts. Li
dendrite penetration through Celgard is only one of the possible reasons
which is also the focus of this work. In addition to Li dendrite-caused
short, aggregated Li metal branches continuously press the Celgrad film
which may also lead to soft short. For Celgard 2500, the tensile strength
of transverse direction is only 135 kg cm ™2, while it is 1055 kg cm ™2 at
the machine direction [19]. If the Li agglomerate accidently forms at
the weak tensile strength direction of Celgard and the cell undergoes
volume expansion during cycling, the large Li aggregates may be “pu-
shed” through the separator membrane causing short as well. Over-
charge will induce the growth of Li agglomerates [20]. Over discharge
may dissolve Cu from the anode current collector and generate Cu®*
ions that deposit on the cathode as an “impurity” particle [21]. Simi-
larly, if there is any impurity such as a dust particle pre-existing in the
vicinity of separator, during cycling, this impurity particle may also get
the cell short [15]. All these possible causes need to be considered for
the safety operation of Li-ion and Li metal batteries. This work focuses
on the discussion of cell shorting caused by dendritic Li since the tar-
geted system is Li metal batteries. However, all the aforementioned
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Fig. 1. Cycling behaviors of Li/Li symmetric cells using Celgard 2500 as the separator in
(a) 1 M LiPF¢-EC/DMC (1/1), (b) 1 M LiTFSI-DME/DOL (1/1) and (c) 4 M LiTFSI-DME/
DOL (1/1) relatively. The cells are charged/discharged at 0.25mAcm™ 2 to
0.5mAhcem™2 at 25 °C.

issues may still play roles in affecting the cell safety and should be
considered in reality.

3.1.2. Why itis difficult to capture dendrite-caused short in coin cell testings

Most lab R& D tests are using Celgard membrane as the separator.
For example, in Fig. 1, Li/Li symmetric cells are tested in three different
electrolytes: 1 M LiPF¢-EC/DMC, 1 M and 4 M LiTFSI-DME/DOL. The
former is the conventional carbonate-based electrolyte for Li-ion bat-
teries, while the latter is the standard recipe for Li-S batteries [22,23].
4 M LiTFSI-DME/DOL is also tested because of the recent interests on
the unique SEI properties derived from concentrated electrolytes
[14,24,25]. Symmetric cells tested in either carbonate or ether-based
electrolytes show very stable cycling for at least 1000 h (Fig. 1). The
voltage polarization of Li/Li cells cycled in carbonate solvents is 25 mV
(after 50 h) in Fig. 1(a), higher than that those in ether-based solvent
(ca. 13 mV in Fig. 1(b)) indicating a higher resistance of SEI derived
from EC/DMC [26]. After about 1000 h cycling, the polarization of the
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cell in 1 M LiPF¢-EC/DMC shows a steady increase and reached 149 mV
at 1500 h (Fig. 1(a)). Cells cycled in 1 M LiTFSI-DME/DOL (Fig. 1(b))
show a very small over potential at 13 mV in the beginning which in-
creases slightly to 46 mV even after 1500 h. Concentrated electrolyte,
4 M LiTFSI-DME/DOL, also displays a stable cycling for a long while,
followed by polarization increase, reflecting to the accumulation of cell
impedances (Fig. 1(c)). The increase of polarization in all the tested
cells are in accordance with the Li corrosion process in which insulating
SEI layers are continuously generated and accumulated due to the
formation of new Li surfaces during each cycling. In other words, none
of the failed cells in Fig. 1 are caused by short. Otherwise, the voltage of
the cells should drop to close to 0 V simply according to the Ohm's law.
The experiments in Fig. 1 have been repeated for quite a few times and
none of the cells show “short” phenomenon.

At standard testing condition (0.25 mA cm ™2 current density and
0.5 mA h cm ™2 capacity in this case), it is hard to capture any dendrite-
caused cell short. The main reason is because of the use of Celgard as
the separator. For Celgard2400 or 2500, the pores on the membranes
are in the nano-range of only 100-200 nm [27]. For a dendrite to short
the cell, it has to continuously grow towards the separator without any
interruption and target for the nanopores and eventually penetrate
through the membrane. This is a very low-chance phenomenon at
regular testing conditions. For Celgard2325, the triple layer config-
uration makes this kind of cell short even more difficult, not mentioning
that ceramics are further coated to the polypropylene outer layers in the
recent versions [28]. At extreme testing conditions such as deep de-
position of Li (Supplementary information Fig. S1) or high current
density (Fig. S2), cell short sometimes can be seen without consistence.
The occurrence of the dendrite-caused short is a randomly happening
phenomenon even at those extreme testing conditions. Therefore, al-
though the use of Celgard helps to protect Li metal cells from short, it
also complicates the effective evaluation of new approaches targeted to
eliminate the dangerous Li dendrite.

3.1.3. Inducing the growth of the detrimental Li dendrite

In order to induce the growth of Li protrusion, glass fiber membrane
(filter paper) has been employed to replace Celgard as the separator.
Glass fiber (Fig. 2(a)) consists of quartz and the fibers are randomly
tangled together forming a wide range of pore sizes, some of which
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reach hundreds of microns (Fig. 2(b)). These large pores across glass
fibers provide sufficient space for dendritic Li to pass through.

Fig. 2(c) shows the cycling result of Li/Li symmetric cell tested at
exactly the same conditions in Fig. 1(c) except that glass fiber mem-
brane is used as the separator. In the same 4 M LiTFSI-DOL/DME, the
cell with glass fiber separator undergoes a sudden voltage drop and
reaches 5 mV (close to 0 V) after only 130 h. In Fig. 1(c) where Celgard
is used as the separator, the stable cycling lasts for 1600 h without any
voltage drop. To confirm that the cell after the sharp voltage drop is
caused by the “short”, two filter papers are stacked together as an entire
separator (illustrated in Fig. 2(d)). The same sudden voltage drop
(Fig. 2(e)) is still observed after cycling for about 750 h in the cell with
double-layer separator. From the disassembled cell, black mossy Li
(Fig. 3(a)) is found on the surface of cycled Li disk and outer side of
glass fiber (Fig. 3(b)), consistent with the Li pulverization during cy-
cling [29]. The inner side of the two glass fibers contains many black
spots (Fig. 3(c)), which are in fact dendritic Li growing through the two
stacked glass fibers (Fig. 3(d)). The black aggregates (Fig. 3(g)) consist
of numerous entangled Li dendrites, some of which grow along the fi-
bers (Fig. 3(g)). In certain areas, black Li agglomerates are found to
form and push against glass fiber separator (Fig. 3(e)) and some of them
already “break out” from the thick glass fiber layer (Fig. 3(f)), in-
dicating that the stress localized on the Li particles is very strong. These
observations in Fig. 3 confirm that the sudden voltage drop in Fig. 2 is
the signal of cell short caused by the Li dendrite. The cell voltage is not
exactly OV because the short is “soft”, where current flows only
through a resistance showing a constant cell voltage [30].

3.2. The Interplay between SEI and Li metal growth

3.2.1. Revisit different electrolytes using glass fiber separator

Using glass fiber separator, various electrolytes with different con-
centrations are re-evaluated in terms of their abilities to “stop” the
growth of Li dendrites towards the separators. Fig. 4 compares three
representative concentrated electrolytes with more examples to be
discussed in the following section. For carbonate electrolytes, the cell
tested in 4 M LiPF¢-EC/DMC (Fig. 4(a)) is short after only 280 h cycling.
When ether-based electrolytes are compared, the one cycled in 4 M
LiTFSI-DOL has very low over potential at ca. 10 mV but gets short

Fig. 2. (a) Digital photograph, (b) SEM image of
glass fiber, (c) cycle behavior of Li/Li symmetric cells
\ using single layer glass fiber separator, (d)
lustration of a Li/Li cell using two stacked glass
fiber separators to evaluate cell short behavior and
(e) the corresponding cycling behavior of (d) in 4 M
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quickly after 200 h (Fig. 4(b)). If switching to the pure DME solvent
(Fig. 4(c)), the cell demonstrates a higher polarization (33 mV) than in
DOL but no short is seen, indicating that the SEI resistance derived from
DME is higher than from DOL.

Table 1 compares eleven different types of electrolytes tested at the
same conditions as those discussed in Fig. 4. A general rule is found that
1) cells cycled in the concentrated electrolytes usually get short earlier
than in their regular 1 M version except for pure DME-based electro-
lytes and 2) most of the shorted cells have already displayed low over
potentials during early cycling.

SEI layers are mainly derived from the decomposition of the sol-
vents [31]. In concentrated electrolytes, due to the reduced amount of
solvent molecules, SEI layers formed during each cycle are thinner and
have lower resistances [14,24]. Accordingly, the ability of these “weak”
SEI layers in concentrated electrolytes to terminate the Li dendrite
propagation is poor. Fig. 5 further compares LiTFSI-DME/DOL with
concentrations ranging from 1 M to 5 M. In general, cells tested in 4 or
5 M LiTFSI-DME/DOL get short earlier than in 2 or 3 M concentrations,
while the one tested in 1 M LiTFSI-DME/DOL does not short at all.
While not all the cells in parallel testing get short at exactly the same
time, highly concentrated electrolytes probably forming thinner SEI
layers [32,33], are more difficult to “stop” the continuous dendrite
growth. For the SEI formed between concentrated electrolytes and
electrodes (not limited to Li anode), in addition to the significantly
reduced decomposition of free solvent molecules, the affinity of anions
[34] and the precipitation constant of the salts [25] under the electrical
field all need to be considered. On the other hand, the low resistant SEI
layers derived from concentrated electrolytes, although cannot “stop”
dendrite formation, will largely slow down the impedance buildup
process in the cells. This explains why in literature, the cycling stability
of Li metal (Celgard used as the separator) is always significantly im-
proved in concentrated ones compared with their regular 1 M coun-
terpart [14,35]. It is noticed that cells tested in LiTFSI-DME never gets
short regardless of the electrolyte concentrations (Fig. S3), suggesting
that SEI resistance derived from LiTFSI-DME is very high.

From the above discussion, it is clear that conflicting requirements
exist for the resistances of SEI layers formed at different parts of the

37

Nano Energy 40 (2017) 34-41

Fig. 3. Optical microscopy images of the shorted Li/
Li symmetric cell in Fig. 2(e). (a) Cycled Li metal, (b)
one side of the glass fiber separator attached to Li
metal side, (c) inner sides of two glass fiber separa-
tors disassembled (inset: Li/Li cells with two stacked
glass fiber separators). (d) Enlarged black spot area
in (c¢) indicates some of Li dendrite grows along the
fibers of the separator, (e) Li agglomerate formed
underneath glass fiber. (f) Li aggregate breaks out
from separator and its enlarged image; (g) another Li
aggregate on the glass fiber separator and its en-
larged image showing obvious dendritic structures;
(h) unaffected area of the glass fiber separator.

dendritic Li. For the SEI covering the top of Li sprouts, a highly resistant
SEI is desired in order to slow down and eventually stop this continuous
dendrite propagation towards the separator. For the SEI formed on the
surface of “non-detrimental” Li dendrites i.e., those that do not threaten
to penetrate the separator, a low resistant SEI is preferred to alleviate
the increase of cell impedance caused by SEI accumulation. A single
additive or approach, obviously, cannot meet both conflicting re-
quirements.

3.2.2. Quantification of SEI resistances in different electrolytes

The over potential usually reflects the total impedance of the whole
cell including the contributions from the electrolyte, SEI film, charge
transfer reaction and diffusion step. In order to extract the information
directly related with SEI layers, Electrochemical Impedance
Spectroscopy (EIS) has been applied to analyze eleven different elec-
trolytes discussed in Table 1. The Li/Li cells are charged to
0.5mAh cm ™2 to form fresh SEL The cell impedance before and after
Li deposition are both collected. After that, the cell is stored at room
temperature for one week, followed by recording the cell impedance
again (see details in Fig. 6(a)). Every EIS experiment has been repeated
twice and the results are reproducible (Fig. S4). Fig. 6(b) only shows the
representative EIS results obtained from two parallel tests in 4 M
LiTFSI-DME/DOL (cell 1 and cell 2 in Fig. 6(b)), which are almost
duplicating each other. These plots are well fitted by an equivalent
circuit (Fig. 6(c)), consisting of impedance from electrolyte (R;), SEI
film at Li metal interface (Ry;) and charge transfer reaction (R.) and
their corresponding constant phase elements (CPE): CPE,; and CPE,.
All the electrolytes are tested in the cells using the same protocol. The
parallel EIS measurements and their fitted results can be found in Fig.
S4 and Table S1.

To simplify the discussion, Rs; before and after Li deposition are
referred as Ry and R, respectively. Rg; of the cell after being stored for
1 week is referred as R,. After Li deposition, SEI resistance, R;, always
becomes less than the original Ry in most of the tests because of the
increase of Li surface areas during deposition. After storage, SEI re-
sistance, Ry, is increased compared to R; in most cases due to the SEI
thickening (Fig. 6(b) and Fig. S4). The difference between R, and R; is
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Fig. 4. Cycling behaviors of Li/Li symmetric cells using glass fiber separator in con-
centrated electrolytes. (a) 4 M LiPFs-EC/DMC (1/1); (b) 4 M LiTFSI-DOL and (c) 4 M
LiTFSI-DME. The cells were constant charged/discharged at 0.25mAcm™2 to
0.5mAhcm ™% at 25°C.
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normalized by the geometric area S, of the electrode i.e., (R>-R1)/So,
which can be used solely to indicate the SEI film resistances derived
from the electrolytes without the interruption of surface area variations
of Li in different cells. Fig. 6(d) compares eleven different electrolytes
(the same as in Table 1) in terms of their (R-R;)/So and R,/S,. Com-
bined with the results from Table 1, an interesting finding is that the
cells tested in the electrolytes (highlighted by yellow) with (Rx-R;)/
So < 10 Q em ™2 and Ro/So < 50 Q cm ™2 are the ones that always short
after cycling. This means that the highlighted electrolytes produce low
resistance SEI which helps to extend the reversible cycling of Li metal. If
(R2-R1)/So > 10 Q em ™2 and Ry/Sy > 50 Q em ™2, the cells fail mainly
due to impedance increase instead of short after cycling, indicating that
the electrolytes used derive high-resistance SEI layers. This quantifi-
cation method can be conveniently used to quickly evaluate various
electrolytes for different applications. Especially for the electrolytes to
be used in rechargeable Li metal batteries, in addition to the stability,
viscosity and ionic conductivity etc, the balances of SEI properties de-
rived from different solvents may also need to be considered.

Comparison of over potentials and failure modes of Li/Li cells tested in various electrolytes with glass fiber used as the separator.

Over potential when cell fails (mV) Failure mode

Electrolytes Over potential in the early stage (mV) (after 50 h stable cycling)
1 M LiPF¢-EC/DMC 33
4 M LiPF¢-EC/DMC 29
1M LiTFSI-DME 58
4 M LiTFSI-DME 33
1M LiTFSI-DOL 11
4 M LiTFSI-DOL 10
1M LiTFSI-DME/DOL 10
2 M LiTFSI-DME/DOL 10
3 M LiTFSI-DME/DOL 14
4 M LiTFSI-DME/DOL 16
5 M LiTFSI-DME/DOL 16

737 Impedance buildup
10 Short
3128 Impedance buildup
4016 Impedance buildup
4 Short
4 Short
53 Impedance buildup
5 Short
11 Short
5 Short
4 Short
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Fig. 6. (a) The proposed EIS measurement protocol to quantify
SEI impedances derived from different electrolytes. EIS mea-
surements are conducted before and after deposition and after
being stored for 1 week at 25°C in Li/Li symmetric cells. (b)
Complex plane plots of two Li/Li cells in 4 M LiTFSI-DME/DOL
with glass fiber as the separator and (c) their equivalent circuits
used for fitting. Li/Li cells are charged to 0.5mAhcm™2
0.25 mA cm 2 to deposit fresh Li. EIS measurements of the cells
are conducted at 25°C with an amplitude of 10 mV and fre-
quencies ranging from 1 MHz to 0.5 Hz. The frequency of the first
semi circle ranges from 121 kHz to 46 Hz. (d) Normalized re-
sistance (Ry is the SEI film resistance spontaneously formed on Li
metal before applying the electrical field. R; is SEI film resistance
of cell after depositing. R is the SEI film impedance after being
stored for 1 week after Li deposition. Sy is the electrode area of Li
metal anode i.e., 1.54 cm?). Two parallel tests are conducted for
each electrolyte (cell 1: circle marker with dash line; cell 2: square
marker with solid line). Highlighted electrolytes on the X-axis are
those producing low-resistance SEI layers.
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3.2.3. Proposed mechanisms for Li morphology evolution in different
electrolytes

The mechanism of Li morphology evolution [36,37] in different
electrolytes is proposed in Fig. 7. Regardless of the electrolyte types, the
SEI layer formed on the nano-sized tip of any Li dendrite is always
“thicker” or more resistant than those on the rest parts of Li. This is
because the localized region of increased current densities on the Li tips
exacerbates the electrolyte decomposition. Accordingly, the Li growth
rate is slower at the forefront of Li dendrite due to the higher SEI im-
pedance.

100

39

(R2"R1)/So (Q cm?)

If the electrolyte used in the cell also happens to produces high
resistance SEI (Fig. 7(a)), the SEI impedance on the Li tip easily be-
comes sufficiently high to discontinue the further growth of Li protru-
sion (Fig. 7(b)). To balance the charge flow, Li has to sprout from other
lower parts of the dendritic Li (Fig. 7(c)) that are covered by relatively
lower resistance SEI. The newly formed Li tip at other locations, how-
ever, experiences the same “slow down-to-stop” growth due to the
formation of high impedance SEI layers on the Li spike. This process
repeats and Li curvatures or branches form very quickly (Fig. 7(d)). The
Li branches wrapped by the highly resistant SEI layers easily become
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same direction
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I Original Li metal
Electrolyte

[ Deposited Li metal
SEI on Li metal

“dead” by losing the electronic contact with other Li. “Dead” Li bran-
ches will not participate in the electrochemical reactions but simply
increases the cell impedance. During the subsequent cycling, intact bulk
Li underneath the “dead” Li branches will be directly stripped, leaving
pits behind (Fig. 7(d)). These pits will also be preferentially “refilled”
during deposition through the relatively “weak” SEI (Fig. 7(e)). This
process repeats until the whole Li metal lose “activity” or the electrolyte
is drained up, whichever comes first. A recent published work on in situ
characterization of Li metal morphology change during cycling exactly
reflects the pits formation phenomenon directly underneath the Li
branches [10]. The electrolytes used in that work belong to the category
of producing high impedance SEI as discussed in this work.

In contrast, if the electrolytes generate low resistance SEI (Fig. 7(f)),
dead Li branches will not form that quickly. The whole dendritic Li
reversibly participates in the electrochemical reaction for an extended
time period when Celgard is used as the membrane to prevent the
propagation of Li dendrite through the separator (Fig. 7(g) and (h)).
Note that SEI layer formed on Li tip is still more resistant than on the
rest parts of Li but it is not sufficiently “strong” to terminate the Li
growth towards this direction. Therefore, the opportunity of this den-
dritic Li (heading towards separator) to short the cell is largely in-
creased. Because of the low resistance SEI, reversible electrochemical
reaction of each Li dendrite lasts for a longer time, delaying the for-
mation of “dead” Li and pits (Fig. 7(i)). Accordingly, more stable cy-
cling (Fig. 7(j)) will be observed in the cells containing the electrolytes
producing low resistance SEI layers, provided that Celgard separator is
used to lower the cell short risk.

4. Conclusion

The intricate interplay between SEI layers and Li growth critically
affect the cycling stability and safety of Li metal anode. Two different
cell failure mechanisms, i.e., cell impedance buildup and dendrite-
caused cell short are decoupled simply by using highly porous glass
fiber as the separator. Conflicting requirements on SEI properties are
identified to improve reversible Li cycling and stop dangerous Li den-
drite growth. A quantification method based on EIS has been developed
to quickly evaluate the SEI properties derived from various electrolytes,
providing an effective protocol for electrolyte comparison and selec-
tion. A widely applicable Li growth mechanism in different electrolytes
has been proposed which explains well the observed Li morphology

More reversible
striping

40

More “reversible”
cycling

[ Porous on Li metal while striping
New SEI on deposited Li metal

evolution reported in literature. New insights have been provided to
address the challenges in enabling safe and reversible Li metal anode
for high energy battery technologies.
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