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An intrinsic knowledge gap between current understandings obtained experimentally and the
underlying working or degradation mechanisms of rechargeable lithium batteries still remains, giving
direct rise to application challenges, e.g., safety issues, predicaments in identifying performance-aging
factors and dilemmas in guiding further research directions. Against this background, non-destructive
and three-dimensional (synchrotron) X-ray tomography that guarantees a direct visual access to inner
electrodes has been employed herein to: in-situ record the evolution of internal short circuits;
characterize the behaviors of widely employed separators; investigate the morphological evolution of
Li electrodes under different cycling conditions; and study the degradation mechanisms of Li/carbon
cells. By incorporating the currently presented results with the previously published studies on those
topics, a complete picture of the degradation mechanism of rechargeable lithium batteries has been
painted. This advancement of mechanistic understanding supplies the missing pieces of information to
bridge fundamental R&D research activities and practical applications.
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Introduction sive understanding of their working and degradation mecha-
Significant breakthroughs in most of electrochemical energy  nisms [1,2]. The lithium ion batteries (LIBs), for example,
storage systems necessarily require fundamental and comprehen- ~ Which were successfully commercialized by SONY in 1991 [3]

and afterward revolutionized the powerhouse for personal digital
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as unmanned aircrafts and robots, along with the immense elec-
tric vehicle market, ask for batteries with high energy density
than that is available from the state-of-the-art LIB technology
[8]. This soaring demand has led worldwide researchers back to
the Li metal anode again due to its highest theoretical capacity
and lowest electrode potential among all practical anode candi-
dates for rechargeable lithium batteries [9]. However, before
becoming a viable battery anode, its long-standing and formid-
able challenges, i.e., the growth of different shapes of lithium
microstructure (LMS, e.g., dendrite [10], whiskers [11], fiber
[12], mossy [13], filaments [14], pellet [15], etc., any form that
differentiates from solid Li bulk), ineffective SEI layer, and low
Coulombic efficiency (CE), have to be overcome. To address
these issues, efforts aimed to understand the nature of LMS and
SEI by employing electrochemical technique [16], different
microscopies [17,18], nuclear magnetic resonance (NMR) [19]
or magnetic resonance imaging (MRI) [20], electrochemical
quartz crystal microbalance (EQCM) [21], synchrotron X-ray
tomography [22], small-angle neutron scattering (23], and com-
positional analytical technique [24] have been conducted.
Recent reports of LMSs by cryo-TEM technique from Zachman
et al. [25] and Wang et al. [10] provide further in-depth insights.
In parallel, various deliberate strategies designed to alleviate or
eliminate the growth of LMS have been proposed, such as
lithium metal surface tailoring [26], lithium alloy utilization
[27], electrolyte optimization [28], employment of artificial SEIs
[29] and passivation/protection layers [30], separator modifica-
tion [31], and engineered current collectors [32].

These broad investigations have provided a great deal of
insight into the working mechanism of lithium metal batteries
(LMBs, v.s.). However, to the best of authors’ knowledge, the cor-
relation between the formidable challenges in LMBs and the
aging mechanisms encountered in commercial LIBs, if there is,
has not been investigated or established. On the basis of the cur-
rent understanding of both LMBs and LIBs, several issues draw
our further attention. (1) Safety concern. As battery users and
manufactures push aggressively for higher energy density,
instances of field failures resulting in serious safety threat and
socioeconomic risk are increasingly reported [33]. Thus, the
detailed mechanism of internal short circuit (ISC), which is
directly responsible for battery failure, has to be explicitly
revealed. (2) Aging mechanism. The current understanding for
the aging of rechargeable lithium batteries is associated with
complex interdependencies from intrinsic cell components on
one hand (electrode, electrolyte, current collector, separator,
etc.) and extrinsic operation conditions on the other hand (tem-
perature, current-rate, voltage range, etc.) [34,35]. In order to
realize a good combination of high energy density and extended
lifetime of the next-generation batteries, the dominating factor
responsible for universal performance decay is important and
interesting to be defined [36]. (3) Characterization method. Scru-
tinizing through the relevant literatures, one can find that elec-
trochemical characterization techniques have been widely used
to study the performance of new electrode/electrolyte materials
or novel electrode/battery architectures. For example, the CE
has been overridingly relied upon to evaluate the cycling effi-
ciency of artificially modified Li electrodes (v.s.). Question
regarding the single use of characterizing method to evaluate

performance improvement arises: to what extent can one single
evaluator truly represent the studied electrochemical process,
e.g., the CE to the cycling efficiency of Li? [37]. In summary, in
order to solve these issues in rechargeable lithium batteries to fur-
ther enhance their performances, in-depth, sufficient, and com-
prehensive analytical investigations have to be conducted.

Herein, the non-destructive (synchrotron) X-ray tomography
technique, which also guarantees the ability to directly visualize
the inner electrode three dimensionally [38], is employed to tenta-
tively fulfill the knowledge gap between research investigations
and practical applications. Specifically, the current research con-
sists of four major systematic, comprehensive and inter-related
investigations: Section 1 focuses on in situ study of the growing
Li microstructures, aiming to uncover the elusive evolution
behavior of internal short circuits; Section 2 presents investigation
results of the phenomenal behaviors/performances of several cur-
rently commercialized separators exposed to inconsistently grow-
ing lithium microstructure under deep discharge condition,
reaching a solid conclusion for future development of separators;
Section 3 reports on the unprecedented evolution of Li metal and
Li microstructures under different electrochemical cycling condi-
tions, challenging the currently widely accepted assumptions of Li
utilization efficiency; Section 4 pinpoints the underlying degrada-
tion mechanism of Li/carbon cells by correlating the charge-
induced lithium microstructures with that from section 1-3 and
also that reported from previous relevant publications, establish-
ing the correlation between the formidable challenges met in
LMBs and the aging mechanisms encountered in commercial
LIBs. By incorporating the currently presented results with the
previously published studies on those concerned issues (for both
Li metal and carbon anode), a complete picture of the underlying
degradation mechanism of rechargeable lithium batteries has
been painted. This advancement of mechanistic understanding
opens the possibility to evaluate the reliable degree for previous
interpretations that based solely on individual characterizations,
as well as to supply the missing pieces of information required
to guide future R&D activities.

A total of 30 different electrochemical cells, 3 different beam-
lines located in 2 synchrotron X-ray facilities (PETRA III-POS [39]
beamline at DESY operated by Helmholtz-Zentrum Geesthacht,
Hamburg; beamlines EDDI [40] and BAMline [41] at BESSY II,
Berlin) and 1 laboratory X-ray source [42] have been employed
in this report. Schematic illustrations of the customized electro-
chemical cell and the employed beamline set-ups are depicted
in Fig. 1. Information of cell state and cycling condition, as well
as tomography characterization and data reconstruction proce-
dures, are concisely listed in Table 1, and details of all these infor-
mation are explicitly specified in Supplementary Materials (SM).

Section 1 in situ monitoring of LMS growth

In this work, an EDDI beamline equipped with fast tomography
ability (1.5 min per tomography with resultant resolution of
2.5 um) was employed to record the growing LMSs occurring in
Li symmetrical cells during galvanostatic “discharge”. Correlat-
ing the morphological evolution of Li metal and LMS and the
corresponding electrochemical behavior inside cell No. 1 (as
shown in Fig. 2a and e respectively) enables one to directly
explore the detailed formation process of ISC. From a series of
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Photograph and schematic illustration of the cell and the measurement setup. (a) Photograph of the fabricated cell, the enlarged picture in the red rectangle
shows the interior of a blank cell, characterized by the laboratory X-ray setup. (b) Corresponding schematic representation of the cell consisting of a
polyamide-imide housing (yellow), two stainless steel screws (light gray), two sealing rings (pink), and a porous separator (white) sandwiched between two
electrodes (blue and green). (c) Schematic representation of the experimental setup of the tomography station at the BAMIine and EDDI at BESSY Il and at the

P05 at DESY.

snapshots shown in Fig. 2a, a “bump” structure has gradually
evolved on the surface of Li Pos. (positive electrode, note that
the positive and negative electrodes are defined during the first
discharge process by undergoing lithiation and delithiation pro-
cesses. This also applies to the rest symmetrical cells), and it
pushes the separator upward to the Li Neg. (negative electrode)
until the separator cracks (see the last panel with time stamp
08:00, marked by a red square). The preferential accumulation
location for the bump structure may stem from an inhomoge-
neous distribution of electric field [41] or lithium-ion flux [43].
In order to gain more details of the observed electrochemically
generated LMS bump, BAMline with a higher resolution
(0.438 um) has been used to characterize cell No. 1 after the EDDI
measurement, and the results are shown in Fig. 2b, ¢ (corre-
sponding to the regions marked by red and blue squares in the
last panel with time stamp 08:00 in Fig. 2a). It can be discerned
that the bump is composed of numerous LMSs, and the separator
Celgard 2500 undergoes partial meltdown (pointed by pink
arrows). The current findings of ISC using Celgard 2500 share,
to some extent, similarities with the previous results that
employed Celgard 2325 separator [44]. An overall view of the
bump structure is shown in Fig. 2d. (It has to be noted that
images of the same cell obtained from different characterization

tools generally display different views or perspectives because the
starting measurement position is not same, e.g., the enlarged
Fig. 2b may not be exactly the same view shown in red rectangle
in Fig. 2a (this is also true for laboratory and synchrotron X-ray
measurements, see below). It also has to be noted that the 2D
images shown in Figs. 2-5 are selected from 2000 to 4000 (based
on measurement parameters at different beamlines) images,
meaning that some information may not be fully displayed in
one selected image.)

Taking the electrochemical behavior into consideration, one
can infer that the bump structure is a direct accumulation of elec-
trochemically generated LMSs (EG-LMSs), which are shaped into
bump form by reducing the incoming Li* fluxes dissolved from
Li Neg. and followed or in parallel SEI formation. Note that the
dissolution of Li Neg. will concomitantly generate cavities or pits
therein. The newly formed EG-LMSs on top of Li Pos. would
grow upward and push the polymer separator into these cavities
because of the free physical constraints therein. During this pro-
cess, significant force would be generated and applied to the sep-
arator, similar scenario to a puncture/penetration strength test of
a separator [45,46]. Eventually, sudden rupture of separator
would inevitably occur at the point where the threshold strain
value has been exceeded. This process has been vividly demon-
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TABLE 1

Investigated cell composition, electrochemical and measurement information. Detailed information is explicitly documented in SM.

'Cell No.  Cell Info. 3Cycling Info. “Spatial Figures
(Neg./Separator/Pos.) (D, discharge; C, charge; O, over) Resolution (1m) Info
Sect 1 1 Li/Celgard 2500/Li D to ISC 2.5 Fig. 2a
0.438 Fig. 2b-d

2 Li/Celgard 2325/Li D to ISC 2.5 Fig. 2h
3 Li/Al,05-Celgard 2325/Li D to ISC Fig. 2i
p1 Li/Celgard 2500/Li None 0.438 Fig. S1A, B
p2 Li/Al,05-Celgard 2325/Li

Sect 2 4 Li/Celgard 2500/Li D to ISC 0.438 Fig. 3a2-3
5 Li/ Celgard 2325 + FS2226 /Li D to ISC Fig. 3b2-3
6 Li/ Celgard 2325 + S240 /Li D to ISC Fig. 3c2-3
7 Li/ Celgard 2325 + GF/D/Li D to ISC Fig. 3d2-3
8 Li/Celgard 2500 + 2325/Li D to ISC 1.29 Fig. 3e2-3
9 Li/Celgard 2500 x 2/Li D Fig. 3f2-3
p3-4 Corresponding pristine cell None 0.876 Fig. S1C-G
p5-7 1.29

Sect 3 10 Li/Celgard 2325/Li 250 cycles (cycle/40 min) 1.29 Fig. 4a2-3
1 94 cycles (cycle/2 h) Fig. 4b2-3
12 12.5 cycles (cycle/4 h) 0.438 Fig. 4c2-3
13 14 cycles (cycle/8 h) Fig. 4d2-3
14 4.5 cycles (cycle/20 h) 1.29 Fig. 4e2-3

Sect 4 p8 Li/Celgard 2325/carbon fiber None 0.876 Fig. STH
15 oD Fig. 5a2-3
16 OD+C Fig. 5b2-3
po Li/Celgard 2500/MCMB (meso-carbon micro-bead) None 0.876 Fig. S11
17 oD Fig. 5c2-3
18 OD+C 0.438 Fig. 5d2-3
p10 Li/Celgard 2500/graphite carbon None 0.876 Fig. S1J
19 oD Fig. 5e2-3
20 OD+C 0.738 Fig. 5f2-3

Abbr. LMS, lithium microstructure; EG-LMS, electrochemically generated-LMS; Neg., negative; Pos. positive; Cg. Celgard.

Cell number starts with “p” representing pristine state cell.

See SM for detailed battery assembly procedure.

See the corresponding electrochemical curves and SM for more details.
See SM for detailed measurement parameters.

A woN =

strated in Fig. 2a. In analogy with the monolayer PP (polyolefin)
Celgard 2500 separator, the trilayer Celgard 2325 (PP/PE/PE; PE,
polyethylene) separator displays a similar rupture course, as
clearly shown in Fig. 2h, apart from an extra layer delamination
(see the last panel with time stamp 11:15, pointed by pink
arrows). Furthermore, the Al,O3;-modified Celgard 2325 (Al,O3-
Celgard 2325) separator, which has been prepared to investigate
the effect of ceramic modifying, shows similar behavior as dis-
played in Fig. 2i. The preparation procedures of the Al,Os-
Celgard 2325 separator and its parameters are described in the
SM. For the deformation and fracture behaviors of the Celgard
separators, readers can refer to Ref. [47] and Ref. [48]. (The differ-
ent time duration before ISC forming among different cells may
result from different pressures on the Li electrodes/separators
during hand cell-assembly process and/or in-homogeneous cur-
rent distribution.)

Considering the electrochemical behavior of the studied cells
and the morphological evolution of EG-LMSs and separators, one
can conclude that the constantly growing EG-LMSs do directly
cause deformation and fracture of the separator and give direct
rise to ISC, the progress of which mimics a puncture/penetration
strength test of a separator [45,46]. The direct visualization of ISC
formation process also provides somehow counterintuitive
insights into the underlying evolution of ISC, which has been

conventionally related to the LMS penetrating the separator.
From this section, it is hard to tell whether the bump grows from
its root or top during one-directional electrochemical deposition
due to the low resolution of EDDI measurement (see more in sec-
tion 3). However, it can be stated that it is the direct fracture or
breakdown of the separator caused straightforwardly by the
incessantly growing EG-LMSs that lead to ISCs. Investigations
of different separators’ properties/behaviors in the presence of
growing EG-LMSs and the evolution of EG-LMS and Li anode
during different electrochemical cycles are further investigated
in Section 2 and Section 3, respectively.

Section 2 behaviors of different separators under
growing EG-LMS

To evaluate the behaviors/performances of currently commer-
cialized separators exposing to inconsistently growing EG-
LMSs, cells assembled with different separators after deep dis-
charge have been investigated at BAMline or POS. Note that all
cells have been measured by the laboratory X-ray instrument
(6 um) at the first place and the reconstructed overall morpholog-
ical views are shown in the inset figures of their electrochemical
curves shown in the first column of Fig. 3. To begin with,
another Li symmetrical cell employing Celgard 2500, cell No.
4, has been measured after the ISC occurred (Fig. 3al), and the
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In situ monitoring growing lithium microstructures. (a)-(e) show both the inside morphological changes and electrochemical measurements of cell No. 1: (a)
the evolution of EG-LMSs during discharge measured at EDDI; (b) and (c) the enlarged part (measured at BAMIline) marked in (a) in the last panel with time
stamp 08:00; (d) the 3D demonstration and (e) the electrochemical behavior. (f) and (h) show the corresponding results of cell No. 2 assembled with Celgard
2325 separator: (f) the electrochemical curve and (h) the evolution of EG-LMS. (g) and (i) show the corresponding results of cell No. 3 assembled with the

Al,0s-Celgard 2325 separator in a similar way to that of cell No. 2.

results are shown in Fig. 3a2, a3. The crack or meltdown of the
separator can be clearly observed (pink diamonds in a2). In the
following, three typically commercialized separators, i.e., glass
fiber membrane (Whatman GF/D), nonwoven FS 2226 (Freuden-
berg), ceramic-coating separator S 240 (Separion PET/ceramic),
and the combinational use of Celgard 2325 and 2500, have been
representatively studied after deep discharge. (For detailed design
motivation and parameters of these separators, readers can refer
to Refs. [49,50].) Note that the use of GF/D, FS 2226, and S 240 is
jointly accompanied with an additional Celgard 2325. Inside
views of un-cycled state from the corresponding cells are shown
in SM.

A spectacular morphological change of the inside view of
short-circuited No. 5 cell (Fig. 3bl) assembled with FS 2226 +
Celgard 2325 separators is shown in Fig. 3b2, b3. It can be seen
that the EG-LMSs have grown through the FS 2226 separator
and caused an unexpected delamination of Celgard 2325 (pink
diamonds in b2). Similar phenomenon can be observed in
Fig. 3¢2 (pink diamonds), c3, which display the morphological
changes of inside view of short-circuited cell No. 6 (Fig. 3cl)
assembled with S 240 + Celgard 2325 separators. For the cell
No. 7, assembled with GEF/D + Celgard 2325, tremendous
amount of EG-LMSs have also been discovered, and a different
fracture behavior-similar to that of Celgard 2500 (shown in a2)
is observed, as shown in Fig. 3d2 (pink diamonds) after its
short-circuit (Fig. 3d1). It has to be noted that the EG-LMSs grow-
ing through glass fiber membrane have been previously reported
[51]. Summarizing these direct observations, one can conclude
that these three separators (GF/D, FS 2226, and S 240), although
have the advantage of high thermal stability, low thermal shrink-

age, and high electrolyte uptake ability, are not suitable for high-
energy rechargeable lithium batteries because their relatively
large pores cannot prevent/restrain the EG-LMS growing
through. In order to investigate the role of the mechanical stabil-
ity of separatorsin the presence of the growing EG-LMSs, cell No.
8 assembled with Celgard 2325 + Celgard 2500 and cell No. 9
assembled with two Celgard 2500 have been investigated, and
the results are shown in Fig. 3e2, e3 and Fig. 3f2, {3, respectively.
Both cells endure longer discharge time (Fig. 3el, f1) compared
to that of cells assembled with one polymer separator (al-d1).
Specifically, the inside views of Fig. 3e2 (showing EG-LMSs punc-
turing through 2 separators after ISC) and Fig. 3f2 (showing no
EG-LMSs puncturing through) demonstrate that increasing the
puncture strength and mechanical stability may, to some extent,
prolong the usage time before final cell failure (in f1 the cut-off
voltage of —3 V is automatically set by the cycler).

Given these above comparative investigations, it is therefore
convincing to draw a conclusion that improving the puncture
strength and overall mechanical strength property is quite
important for the development of separators. Separators possess-
ing relatively larger pores and weaker mechanical strength are
not suitable for high energy rechargeable lithium batteries where
significant amounts of EG-LMSs may be generated (see also sec-
tion 4). Separators modified with ceramic particles may also
not possess sufficient mechanical strength to protect their integ-
rity or to prevent/restrain the EG-LMSs growing-through (see
also section 1). Applying the knowledge learned herein to the cell
for SAMSUNG Galaxy Note 7, which employs a polymer of
4.5-pm-thick monolayer coated with 1-um-thick Al,O3 ceramic
particles as separator, may explain why it unavoidably fails under
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Investigations of the impact of different separators on the growth behavior of EG-LMSs. (a1)-(a3) show the results from an internal short circuited cell No.4
assembled with a single Celgard 2500 separator. (b1)-(b3) show the results from cell No.5 assembled with FS 2226 + Celgard 2325 separators. (c1)-(c3) show
the results from cell No. 6 assembled with S 240 + Celgard 2325 separators. (d1)-(d3) show the results from cell No. 7 assembled with GF/D + Celgard 2325
separators. (e1)-(e3) show the results from cell No. 8 assembled with Celgard 2325 + Celgard 2500 separators. (f1)-(f3) show the results from cell No. 9
assembled with two Celgard 2500 separators. The first column shows the cell’s electrochemical curves within each shows the resliced reconstructions
measured by the laboratory X-ray instrument. The second column shows the selected 2D slices measured from BAMline (cell No. 4-7) and P05 (cell No. 8-9).

The third column shows correspondingly the 3D demonstration.

particular conditions [52] (see more detailed investigation else-
where [53]).

Section 3 evolution of Li and EG-LMS under different
cycling conditions

An important point that to what degree the electrochemical mea-
surement (the obtained CE) can truly represent the Coulombic

efficiency (CE) during cycling of Li has not been well discussed.
However, it is important to consider it because the CE is widely
adopted in battery community. Herein, in order to answer this
question, cells No. 10-14 experiencing different amount of Cou-
lomb (C) or capacities of transported charges during dis/charge-
mimicking various electrochemical tests adopted by different
researchers to investigate Li cycling efficiency have been measured,
and their internal morphological changes are shown in Fig. 4.
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Correlating the interior morphological evolution of Li electrodes and EG-LMSs to the overall cell’s electrochemical behavior. (a1)-(a3) show the results of cell
No. 10 cycled for 250 cycles. (b1)-(b3) show the results of cell No. 11 cycled for 94 cycles. (c1)-(c3) show the results of cell No. 12 cycled for 12.5 cycles.
(d1)-(d3) show the results of cell No. 13 cycled for 14 cycles. In (d2), the pink arrows point to the breakdown of the separator. (e1)-(e3) show the results of cell
No. 14 cycled for 4.5 cycles. The first column shows the electrochemical curves. The second column shows the selected 2D slices reconstructed from
laboratory X-ray instrument measurement (top panel) and BAMline (cell No. 12-13) or P05 (cell No. 10-11 and 14) measurement (bottom panel). The third

column shows correspondingly the 3D demonstration.

Taking an overall look at Fig. 4, one can find that newly
formed EG-LMSs, which distinguish themselves easily from orig-
inal solid Li bulk, accumulate on top of Li electrodes indepen-
dent of the transported charge amount. Moreover, comparing
Fig. 4a2-e2, one can draw a conclusion that the total amount
of formed EG-LMSs is roughly proportional to the total amount
of C transferred during cycling (corresponding cycling curves
al-el). Taking the underlying evolution mechanisms of plated/
stripped LMSs into consideration [54], one can reasonably con-
jecture that these EG-LMSs generated on top of original Li elec-
trode result from a synergistic effect of electrochemical
stripping of original bulk Li during dissolution (generating vari-

ous of cavities), and afterward electrochemically/chemically gen-
erated EG-LMSs during subsequent deposition (occupying
subsequently the generated cavities, see details in section 1 and
elsewhere [54]). The root cause for the observed morphological
evolution of Li electrodes and EG-LMSs is that most of the EG-
LMSs are electrochemically inactive, and it is the original Li bulk
instead of the nascent EG-LMSs that undergoes electrochemical
stripping. Moreover, from this picture, one can rationally infer
that the newly generated EG-LMSs have to be deposited/plated
directly on top of original Li bulk, pushing the previously formed
ones upward. This conclusion can be reached when considering
that most of the EG-LMSs are electrochemically inactive
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FIGURE 5

Correlating the interior morphological evolution of EG-LMSs to the overall cell's performance decay. (a1)—(a3) show the results of cell No. 15. (b1)-(b3) show
the results of cell No. 16. (c1)-(c3) show the results of cell No. 17. (d1)-(d3) show the results of cell No. 18. (e1)-(e3) show the results of cell No. 19. (f1)-(f3)
show the results of cell No. 20. The first column shows the electrochemical curves. The second column shows the selected 2D slices reconstructed from
laboratory X-ray instrument measurement (top panel) and BAMline measurement (bottom panel). The third column shows correspondingly the 3D

demonstration.

(electronically isolating) and the incoming Li*can only be
reduced at the locations where electrons are directly available
(the bulk Li). Indeed, this growth behavior of EG-LMSs during
cycles has been experimentally validated [55].

The evolved Li electrodes and EG-LMSs in Li symmetrical cells
after electrochemical cycling challenge the foundation of evalu-
ating their cycling efficiency by CE, which assumes that it is
the EG-LMSs that undergo stripping. It also raises another inter-
esting question: to what certain extent the EG-LMSs are electro-
chemically reversible (see the final discussion at the end of this
report)? Furthermore, it casts doubt on the reliability of the infor-
mation obtained by employing Li metal as counter electrodes to

evaluate electrochemical properties of new electrode materials
and/or architectures because of the electrochemically inactive
EG-LMSs [56]. The final question that has to be asked is the cor-
relation between these EG-LMSs observed in LMBs and the aging
mechanisms encountered in commercial LIBs under cycling
condition (see section 4).

Section 4 correlation between EG-LMSs and

performance decay of LIBs under cycling condition
Significant efforts have been taken to clarify the underlying
aging mechanisms of LIBs under different cycling conditions
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and it has been generally acknowledged that the irreversible loss
of active Li inventory in form of a thick layer on top of carbon
electrode is the major cause [57,58]. This thick layer, which has
been given different names, e.g., untypical layer [59], anode sur-
face [60], lithium compound deposition [61], pum-thick covering
layer [62], resistive interface layer [63], additional deposit layer
on top of the SEI [64], or SEI [65] by different research groups,
has been confirmed to be composed mostly of Li by inductively
coupled plasma optical emission spectroscopy (ICP-OES) [66],
glow discharge optical emission spectroscopy (GD-OES) [60],
and further osmium tetroxide (OsO,) staining [67]. It is also
important to mention that another classification for this thick
layer is Li deposition [68] or Li plating [69,70,71]. Note that sim-
ilar thick layers have also been discovered on top of cycled Li
electrodes in LMBs and have been named by e.g., crust layer
[72], degradation layer [73], lithium porous interface [74], and
secondary SEI [75]. However, it is still not clear how the observed
thick layer that traps significant amount of Li affects the irre-
versible capacity loss in rechargeable lithium batteries (both LIBs
and LMBs). The knowledge gap between our understandings and
the experimental observations has been tentatively fulfilled in
terms of the electrochemically inactive EG-LMSs, as shown
below.

Over-lithiation of carbon electrode (i.e., over discharge of Li/C
half-cell or overcharge of carbon based LIBs) has been adopted
instead of long-term cycling due to the limited allocated beam-
time (For long-term cycling investigations, readers can refer to
previous reports [59-64]). Three types of carbon are investigated
here: the carbon fiber (CF), the mesocarbon microbead (MCMB),
and graphite (G) foil. It can be observed from Fig. 5a2 that a great
deal of EG-LMSs are generated on top of the CF electrode (red tri-
angles) after over-discharge (Fig. 5al). This is in good agreement
with previously reported phenomenon of over-lithiated carbon
electrode in LIBs [76-78]. Unexpectedly, after charge of the
over-discharged cell No. 16 (i.e., delithiation of the over-
lithiated carbon, Fig. 5bl), significant amount of EG-LMSs are
still present on top of carbon electrode (red triangles in b2) even
though the charging potential has been raised to 5 V (Fig. 5b1),
together with the newly formed EG-LMSs on top of Li electrode

obtained electrochemically during charge and discharge (bl)
with the remnant EG-LMSs (red triangles, b2), one can conclude
that it is these electrochemically inactive EG-LMSs trapping a sig-
nificant amount of Li (locate on top of carbon electrode) that
cause direct capacity decay during charging. Similar scenarios
are shown in other carbon forms (MCMB, c2-d2; G, e2-f2).
Recalling the conclusion that the surface chemistry of any
anodes polarized to low potential (close to Li deposition, i.e.,
0 V vs Li/Li*) is similar to that of Li surface in spite of their differ-
ent properties drawn by Aurbach et al. [79,80], it can be con-
cluded that the EG-LMSs observed on top of Li electrodes in
section 1-3 possess the same nature as that observed on top of
carbon electrodes and Li electrodes in section 4. As a matter of
fact, the potential of carbon electrode vs Li/Li" has been fre-
quently reported to decrease below 0V vs Li/Li* by employing
a three-electrode design during charging of LIBs [81-85], similar
to all conditions where EG-LMSs are generated on top of Li or
carbon electrodes reported here (all four sections herein and pre-
vious relevant reports). Moreover, recent confirmation of EG-
LMSs grown on graphite anode studied by electron paramagnetic
resonance spectroscopy [85] and on Li anode investigated by
NMR [86] provides further experimental evidence for the
conclusion.

The current demonstration of EG-LMSs on top of carbon elec-
trodes is significant and meaningful. It implies that the EG-LMSs
generated in Li symmetrical cells are actually the same as those
formed on top of Li electrodes in LMBs. Moreover, it clearly
explains the capacity degradation phenomena in terms of the
electrochemically inactive EG-LMSs, which has been widely
reported but insufficiently discussed [56]. Finally it provides a
global picture of the degradation mechanisms of rechargeable
lithium batteries (both LMBs and LIBs) by unifying all previously
reported relevant research results together, and as a result, prac-
tical research directions for future R&D of current- and next-
generation rechargeable lithium batteries can be drawn. The
schematic illustration of the current findings is succinctly shown
in Fig. 6.

The current paper sheds new insights into the elusive evolu-
tion mechanisms of ISC, provides judicious guidelines for future

(pink triangles in b2). Correlating the capacity difference development of separators, challenges the widely wused
Un-cycled Over-discharged Over-discharged Cycled Cycled
(Li/Li) (Li/Li) (Li/Li) (Li/Li) (LIB)

Li-Pos.

B Anode EEEE Sep.

FIGURE 6

“ e

I Cathode

Li-deficient Pos.

EG-LMS non-woven Sep.

Schematic illustration of the interior morphological changes of EG-LMSs in LIBs and LMBs under different cycling conditions. From left to right: the un-cycled
cell; the over-discharged Li symmetrical cell assembled with one polymer separator; the over-discharged Li symmetrical cell assembled with one polymer
separator and one non-woven separator; the cycled Li symmetrical cell and the cycled LIBs. (For detailed morphological evolution of EG-LMSs during different
cycles, readers can refer to Refs. [54,74]; for SEl generated on top of cathodes, readers can refer to Refs. [87,88].)
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evaluation method of CE for characterizing Li cycling efficiency,
and pinpoints the dictating factor responsible for universal per-
formance decay of rechargeable lithium batteries. In addition,
it enables us to reveal or reinterpret previously reported phenom-
ena by combining the currently learned lessons, advancing and
deepening our current knowledge.

(1) Enhanced understanding of SEI, lithium plating, and aging
mechanism

The theory of SEI was established in 1979 by Peled to explain
the electrochemical behavior of alkali and alkaline earth metals
in non-aqueous battery systems [6], and later on, Aurbach had
contributed significantly to its development by rigorously study-
ing the correlation of the nature of electrolyte with the composi-
tions of SEI on different anodes [89]. (For detailed reviews on the
SEI, readers can refer to Ref [7,87-90].) With a closer inspection
of the development of SEI theory, one can notice that most of
the previous reports concentrated solely on the surface mor-
phologies or compositions of un-cycled or short-term cycled
anodes, paying insufficient attention to their cross-sections.
Recently reported thick layers (10-100 pm vs 10-100 A of origi-
nally supposed SEI thickness), characterized from the cross-
sections of long-term cycled negative electrodes, frequently cast
questions on the formation process of SEIs and challenges our
understanding of their evolution mechanism. Later on, Aurbach
had tried to explain the gradual thickening of the surface layer
upon prolonged cycling by a dynamic mechanism of SEI break-
down and repair [91], and the latest investigations by employing
nanoscale imaging has been devoted to elucidating the growth/
dissolution of LMS [11] and its SEI [18] to further contribute to
our understanding. However, basic questions still remain. For
example, to what degree the EG-LMSs can be electrochemically
reversible? It has been reported by some researchers that two
thirds of the thick layer can be removed following discharge
[60]; others claim only 23% [68].

On the other hand, the insufficient understanding of the cor-
relation among SEI, EG-LMSs, and battery performance decay
has led to some improper interpretations. For example, sugges-
tions, such as the de-activated carbon negative electrode [92] or
the de-lithiated (Li-deficient) cathode [93], are mainly responsi-
ble for battery aging have been proposed. Researchers have found
in their studies the presence of the thick EG-LMSs, yet they did
not correlate them to the observed performance decay [63].
Others conclude that the new EG-LMSs deposit mainly on the
outer layer of previously formed EG-LMS layer [68]. On the basis
of current investigations, it seems reasonable to suggest that
replenishing sufficient Li (ions) to supply/compromise the
depleted active Li (ions) may extend the cycle life of LIBs if the
EG-LMSs are mostly electrochemically inactive. Actually, it has
been reported that the failed LIBs, after adding adequate amount
of electrolyte, can be directly recovered [94]. Furthermore, one
may also rationally argue that the performance of the failed car-
bon negative electrode may be re-activated by disposing of its
EG-LMS layer. This theoretical hypothesis has been experimen-
tally confirmed via washing the aged carbon electrodes to regain
the lost performance [95]. These reports contribute to

understanding the underlying correlations among SEI, EG-
LMSs, and performance degradation mechanisms of LIBs.

(2) Judicious selection of diagnostic methods

To establish a clear and thorough understanding of the work-
ing and decaying mechanisms of a battery, it is necessary to use
comprehensive and complementary analytical strategies to
obtain an in-depth view. Reviewing relevant literatures, one
can find that the electrochemical characterizations have been
widely used because of their easy access and non-destructive
advantages. However, to gain a more comprehensive and com-
plementary information, morphological changes of active elec-
trode materials, which did not receive sufficient attentions in
most publications, are actually a direct result of the electrochem-
ical or physicochemical phenomena that straightforwardly dic-
tate the performance of a battery. Several reports including
morphological inspections have been published, yet the pre-
sented pictures have very low spatial resolutions and limited rep-
resentability, and thus sufficient and reliable conclusions could
not be drawn [96]. From the current observations (morphological
results of low and high resolution cannot be detected or revealed
by electrochemical characterizations), it is suggested that suffi-
cient morphological characterizations have to be linked together
to other diagnostic tools to reach more reliable conclusions.

(3) Modeling for ISC or battery aging

Proposed modeling either for elucidating ISC or battery aging
can simulate/fit the apparently observed phenomena. However,
the ability of predicting service life before ISC and/or estimating
capacity retention of a working LIB under specific operation
modes, is missing. This lack of reliable predictability can be lar-
gely attributed to without taking the electrochemically inactive
EG-LMSs into consideration. It is suggested that future simula-
tion modeling capturing the true dynamic decaying mechanism
should be developed for the implementation of a reliable and
trustworthy battery management system [33].

(4) Future research directions

On the basis of these in-depth discussions, it is suggested that
more and more future research attentions should be given to the
nature of SEI, EG-LMSs, and their correlation to the overall cell
degradation mechanisms. Moreover, developing novel elec-
trolyte that is electrochemically or kinetically stable with anode
materials should be equally important. Actually, Gerald H. New-
man [97], who was responsible for investigating the first
rechargeable Li metal-based batteries in Exxon Research & Engi-
neering Co. during 1980s, concluded that determining a proper
electrolyte in which a Li metal can be repeatedly cycled was a
prerequisite for its successful commercialization [97]. A new form
of liquefied gas electrolyte has been reported recently [98]. How-
ever, electrolyte of safer and more environmental friendless is
more desirable. For the recently emerging solid-state electrolyte,
it is suggested that more investigations are required before reach-
ing a solid conclusion for its role in preventing EG-LMSs growth
[99]. Last but not least, the obtained knowledge and research
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diagnostic ideas of EG-LMSs presented here should be applied to
other rechargeable battery system based on sodium-ion [100],
magnesium-ion [101], potassium-ion [102], calcium-ion [103],
fluoride-ion [104], dual-ion [105,106,107], or even aqueous
rechargeable battery technology [108] because similar
microstructures resembling currently observed EG-LMSs after
long-term cycling have already been found.
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