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Abstract: Lithium-ion batteries (LIBs) have some serious safety problems, such as lithium
dendrite formation during charging/discharging cycles that may cause internal short-circuiting,
fires, and even explosions. A new double-scale in situ experimental setup, which can record all
phenomena during the electrochemical testing, was developed. Lithium dendrite growth behavior
of commercial LIBs during small-current-density charging at room temperature was observed in
situ. The formation, growth, and dissolution of lithium dendrites, and dead lithium residue were all
observed and recorded using this new experimental test system. A detailed model of lithium
electrodeposition and dissolution processes was proposed. The electrode structures were
determined by X-ray diffraction (XRD). The surface morphologies were examined by scanning
electron microscopy (SEM). The texture and surface morphology of the graphite active layer
affected lithium dendrite initiation as well as its growth processes.
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1 Introduction

Lithium-ion batteries (LIBs) are the state-of-the-art power sources for most portable
electronic devices, electric vehicles, smart grids, tools, and toys. As the lightest and most
electropositive metal, Li metal is an ideal anode material for rechargeable batteries.'” However,
the development of secondary lithium metal batteries is hindered by the propensity of lithium to
deposit in dendritic structures during battery recharging; the formation and growth of these
structures compromises cell safety by creating the possibility for internal short-circuiting, catching
fire, and even explosion.

In the past 40 years, lithium dendrite formation during charge/discharge cycles has been
widely studied through computational investigations' and experimental observations.>'®**
Aurora et al.’ used a one-dimensional macro-homogeneous cell model to describe lithium
deposition in a LiCe:Li,Mn,O4 system. Tang et al.* used a simplified COMSOL Multiphysics
model to explain why lithium deposition occurs preferentially at electrode edges and to investigate
the magnitude of edge effects. Monroe and Newman® presented a comprehensive mathematical
model of the dendrite growth process in a parallel-electrode lithium/polymer cell during
galvanostatic charging. The growth model is surface-energy controlled, incorporating the effect of
dendrite tip curvature into its dendrite growth kinetics. The modeling work by Akolkar® extended
Monroe and Newman's model to liquid electrolytes by incorporating the concentration dependence
of the diffusion coefficient. In a subsequent paper, Akolkar’ modified his prior theoretical model®
to quantify the dendritic growth rate at sub-ambient temperature. In this model, he found that low
temperature causes the increase of the lithium-ion diffusion resistance and the decrease of the
surface film thickness, which are favorable conditions for the formation of dendrites during
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lithium electrodeposition. Recently, Aryanfar et al.® studied dendrite nucleation and growth on the
basis of a scaled coin cell prototype fitted with a lithium metal electrode. Many theoretical models
have been proposed in order to gain deep insights into the physics of the formation and growth
process of Li dendrite, though these models are not based on the popular graphite electrode but on
the lithium metal electrode.

For safe operation of battery systems, the experimental observation of Li dendrite evolution
during cycling must be obtained. For this purpose, many imaging studies have been performed on

the morphology of lithium depositions, which have included optical microscopy,'®"'’ scanning

12,16,18-20 11,12,21-24 .
atomic

11,12,26-30

electron microscopy (SEM), transmission electron microscopy (TEM),

18,25,26

force microscopy (AFM), nuclear magnetic resonance spectroscopy (NMR),

11,12,31 18,20

magnetic resonance imaging (MRI), electrochemical impedance spectroscopy (EIS),
neutron diffraction,”> Raman spectroscopy,”” and X-ray diffraction (XRD).>* Since the 1990,
SEM, TEM, and AFM have been extensively used for in situ and ex situ research on Li deposition
for their capability of providing visual evidence of the morphology, and high resolutions have
been achieved. Shao'” reviewed the roles of microscopic techniques (X-ray fluorescence (XRF)
microscopy, Raman microscopy, transmission X-ray microscopy (TXM), SEM, and TEM) in
real-time monitoring of the dynamic changes in the LIB electrodes and materials. Ramdon et al.”
presented a review of in situ electrochemical cells using AFM. They studied the morphological
information of LiFePO, cathodes during charge/discharge cycles. Arai et al.”” observed lithium
metal deposition during overcharge in LIBs by in situ solid state 'Li NMR. Recently, Harks et al."
gave a comprehensive review of techniques applied for LIB research, where they discussed and
described in situ techniques, cell design, as well as some research reports. Although various
methods have been used to study electrodeposition in order to understand the mechanisms
involved, they have generally provided only qualitative information about the amount and type of
microstructure. Most of these experimental techniques are also destructive.

We have found that theoretical studies and experimental observation of Li dendrites mostly
focused on half-cells with lithium metal as the positive electrode. The operating conditions usually
involve low temperature or high charge rates. However, the problem of lithium dendrite growth of
today’s popular commercial graphite electrodes has not been addressed, since there is currently
not enough research being conducted, especially for common low charge rates at room
temperature. Several researchers'®™"” have studied the Li dendrites on commercial electrodes using
non-destructive techniques. Unfortunately, their spatial scales are very small and a lot of
information could not be obtained. In this study, we developed a double-scale experimental setup
for direct in situ observation of the phenomena of commercial full cells under real operating
conditions (small current charge/discharge at room temperature). Graphite/LiFePO4 materials
were selected to investigate the lithium dendrite deposition/dissolution process during
galvanostatic charge/discharge cycles. The structures of the studied graphite electrodes were
determined by X-ray diffraction (XRD). The surface morphologies were examined by scanning
electron microscopy (SEM). These in situ direct and non-destructive observation results will
provide insight into the mechanism of lithium electrodeposition and dissolution of practical
commercial LIBs.

2 Experimental
2.1 Electrode materials and size
Note that nearly all LIBs currently in the market are based on graphite anodes. Two types of
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graphite electrodes were tested. The thickness of the negative electrodes was 100 pum. The
thickness of the active layer (i.e., graphite) was 91 pm and the thickness of the copper current
collector was 9 um. The LiFePO, electrodes were used to serve as the metal oxide cathode. All
electrodes were dried overnight at room temperature and stored in an oven at 90°C before use.
Celgard 2325 (25 pm thickness, Celgard, USA) was used as a separator. The commercial
electrolyte (1 M LiPF¢ in a 1:1 weight ratio mixture of ethylene carbonate and dimethyl carbonate)
was used in all test cells.

The graphite electrodes used in this study were 8 mm long and 4 mm wide. The LiFePO,
positive electrode was completely packed by a separator so that the cell would not undergo
internal short circuits during the lithium dendrite growth. The distance between the positive and
negative electrode was 1-2 mm.

2.2 Cell design and assembly

The electrodes were placed side-by-side in order to allow clear observation as shown in Fig.
1. This arrangement of the electrode structure may not be sufficient to fully understand the
mechanisms of lithium dendrite growth for a real battery; nevertheless, it can at least provide
useful clues to the process controlling the growth of lithium deposits. They were verified by the
observation of lithium dendrites in a real commercial battery.

All tested cells were assembled or disassembled in an argon-filled glove box (O, < 1 ppm,
H,0 < 0.1 ppm, Mikrouna, China).

2.3 Electrochemical testing

A BK-6808 battery test system (Guangzhou Blue-Key Electronic Industry Co., Ltd, China)
was used to galvanostatic charge/discharge cycles of our cells with a current of 0.2 C (that is to
say, the battery would be fully charged within 300 min). The data acquisition frequency was 1 Hz.
A relaxation period of 10 min with open-circuit potential followed each charging and discharging
step. All of the electrochemical tests were performed at room temperature. For the real
commercial LIBs, the charged constant current was 1 C (the battery would be fully charged within
60 min) at room temperature.

2.4 Double-scale in situ experimental observation system

In order to observe the lithium dendrite growth process of negative electrodes in situ during
charging/discharging cycles, a new double-scale (micro-scale and macro-scale) non-destructive
experimental test system was developed. The schematic of the setup is shown in Fig. 1. The boxes
of the newly designed cells were all made of quartz glass (2 mm thickness, Baosheng Quartz
Products Co., Ltd., China). The real-time phenomena of electrodes occurring during
charging/discharging cycles, such as the lithium dendrite growth process, gas generation, lithium
ion transport path (judged by color changes for the graphite electrode), deformation, and
delamination, were all recorded directly by this fully transparent cell from all directions. The
micro-scale in situ observation was realized by digital optical microscopy (DOM, Huabai H800X,
China) and macro-scale observation was performed by naked eyes or other low-resolution CCD
cameras. It should be pointed out that the structure of the cell can be assembled to be flexible
according to the objective of investigations. However, in this paper, we will focus on lithium
dendrite growth processes of commercially popular negative electrodes. While the electrochemical
measurements were performed, video sequences of lithium electrodeposition/dissolution were
recorded by DOM. Based on our several pre-test results, the image acquisition time for DOM was
set to 1 min. The advantage of this new double-scale experimental equipment over other
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single-scale (micro-scale or macro-scale) observation systems will be discussed in the following
section.

3 Results and Discussion

3.1 Lithium electrodeposition of graphite sample A/LiFePO, battery

In this paper, we define the overcharge time as the time after a 100% theoretical state of
charge (SOC) was reached during constant current charging. Fig. 2 (a—f) shows several individual
frames extracted from the in situ video sequence. These show the variation of lithium dendrites of
graphite sample A during the first charge. Fig. 2 (a) shows that the metallic lithium (most
moss-like) was deposited on the surface of the end of the graphite electrode when the overcharge
time was only 10 min (as indicated by the marked region). The marked region is enlarged in Fig. 2
(e) for a clearer view. Lithium metal deposited on the negative electrode may react quickly with
solvent molecules or solute in the vicinity, yielding Li,CO;, LiF, or other insoluble products.”
The nature of the final product is not our major concern in this paper; rather, the major issue is that
lithium is irreversibly lost. We can clearly see lithium dendrite deposition on the surface of the
electrode when the theoretical overcharge time is 34 min, which is shown in the marked region of
Fig. 2 (b). When overcharging of the electrode continued for 60 min, the Li dendrites were found
to increase in thickness and grow in a straight line, as can be seen by comparing Fig. 2 (b) and Fig.
2 (c). During this process, the electrode deposition morphology seemed unchanged. This is
because a solid electrolyte interface (SEI), which is undetectable owing to the spatial resolution
limits of the present DOM images, will protect the metallic lithium from further reacting with the
electrolyte.”” In the next stage with the overcharge time increased to 100 min, when lithium
insertion sites multiplied and became simultaneously active, the dendrites began to grow in width,
and significant protuberances became visible as shown in Fig. 2 (d) (as indicated by arrows). Fig.
2 (d) and the corresponding partial enlargement in Fig. 2 (f) show that the protuberances are
surrounded by the dendrites and that the area of the dendrites also increased. Based on the basic
laws of the evolution of crystalline structures, it is reasonable to assume that this bush-shaped
metallic lithium could have been nearly linear and needle-like at the initial stage of lithium
dendrite formation and grew to the current shape exhibited in the image at the end of stage. It is
interesting that lithium dendrite was observed at the 0.2 C charge rate, which is consistent with
theoretical calculations.” It has been found that dendrite growth can occur even if operating at well
below the limiting current density. This will be explained more clearly after the structure and
surface morphology of the electrode are investigated (see XRD and SEM studies).

It should be noted that other phenomena are observed through this double-scale experimental
observation system during charging/discharging cycles. First, many bubbles appeared during the
first charge, and they completely disappeared after several charge/discharge cycles. Bubbles are
the products of side reactions during the generation of the SEI film, and their main components
are CO, and C,H4.***" Second, color changes that indicate the lithium ion transport path during
charging and discharging were also clearly observed. Harris et al.'” studied this phenomenon in
detail. These images confirm that this in situ macro-micro observation setup can be used to not
only study the mechanism of lithium dendrite growth but also measure the lithium ion transport
directly. Lastly, the center region of this graphite electrode cannot be fully charged (i.e., do not
transform into a golden color), even when all other locations have been shown to be fully charged
(golden color). The cells assembled with graphite sample A all display this phenomenon. Further
study is in progress to determine the reason for this behavior.
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3.2 Lithium dissolution of graphite sample A/LiFePO, battery

Fig. 3 (a—d) show the dissolution of lithium dendrites of graphite sample A during discharge.
Comparison between the marked region of Fig. 3 (a) and Fig. 3 (b) showed that the dissolution
process began at the protuberances. Comparing Fig. 3 (c¢) with Fig. 3 (b) revealed that the
protuberances then gradually dissolved while the dendrite area decreased (the color of the dendrite
became lighter and the areas became smaller), and a thin moss-shaped shell, marked by the dashed
circles, remained, as indicated by the difference between Fig. 3 (¢) and 3 (d). From the video (not
shown here), it was found that most dendrite dissolution occurred when the depth of discharge
(DOD, the ratio between the discharge capacity and total capacity) was only approximately 18%.
The dissolution of lithium dendrite is much faster at the initial stage of discharge than at the later
stage of discharge, which can be seen by comparing the discharge times of Fig. 3 (a) and (b) and
Fig. 3 (b) and (c). Comparison between Fig. 3 (c) and Fig. 3 (d) revealed that there was no clear
difference in dendritic morphology. That is to say, dissolution of Li dendrites was nearly complete
after a discharge time of 48 min. Fig. 3 (a—d) show that most of the lithium dendrite can be
dissolved. The irreversible lithium dendrite (the so-called dead lithium) was still present on the
electrode after discharging had ended (Fig. 3 (d)). It should be noted that some dead lithium,
which increases the surface roughness of the electrode and causes enhanced lithium growth during
the deposition in the second charge/discharge cycle, is attached to the electrode permanently. The
lithium deposits, which are no longer attached to the electrode and do not participate in the
subsequent charge/discharge cycle, were also found in all of our experiments (not shown here).

3.3 Lithium electrodeposition of a real commercial graphite/LiFePO, battery

As we mentioned in the experimental section, the arrangement of electrodes is different with
real LIBs, in which electrodes are usually spirally wound or stacked. In order to compare our
design with those of real batteries, we repeated experiments using real serviced commercial
graphite electrode LIBs. Fig. 4 shows some of the results when the LIBs are disassembled under
controlled and uncontrolled environmental conditions. They will be described and analyzed in
detail in our forthcoming publication. Here, we give only a very brief description of the results.
Many different lengths of needle-like lithium dendrites can be seen clearly in Fig. 4 (a). Some
bush-like lithium dendrites, which most likely form from the needle-like dendrites, were also
observed. The results indicate that dendrites do not begin growing simultaneously, because the
lithium depositions are not uniform. This might also suggest heterogeneities of the current density
or the existence of strong local electric fields. Fig. 4 (b) shows the real LIBs, which catch fire
when disassembled under air conditions. It is reasonable to conclude that such lithium dendrites
will pose serious problems both in terms of performance and safety of LIBs.

It must be pointed out that this real battery is charged galvanostatically with a 1 C charge rate
at room temperature. The SOC begins at 0% and ends theoretically at 100%. That is to say, the
battery does not overcharge. Based on Fig. 4 (a), it is reasonable to believe that some needle-like
lithium depositions probably formed at far below the theoretical full SOC.

3.4 Process of lithium electrodeposition and dissolution

In conjunction with the aforementioned experimental studies (Fig. 2—4), an ideal model to
describe lithium electrodeposition and dissolution processes on commercial graphite electrodes is
suggested in this work. Fig. 5 shows the details of the model to explain the observations from our
experiments. Fig. 5 (a) shows an ideal structure of the graphite electrode before Li deposition
occurs. The surfaces of graphite intercalation compounds (GICs) are covered completely by SEIs.
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However, an SEI film will rupture at some specific locations where lithium metal is stochastically
nucleated (such as points 1 and 2 in Fig. 5 (b)) during the lithiation process. Lithium deposits will
enhance SEI film cracking, which in turn accelerates the rate of lithium formation in these areas,
resulting in the generation of lithium dendrites. It is most likely that the nucleated Li metal will
grow into a whisker-like structure first, and then form needle-like dendrites by gaining in
thickness and growing in a straight line (points 1 and 2 in Fig. 5 (b)). At the same time, the
formation of new lithium ions will occur randomly (point 3 in Fig. 5 (c)), and lateral growth is
also possible (point 1 in Fig. 5 (c)) because the current density may be concentrated at local
protrusions during lithium electrodeposition. Li metal can be electrodeposited not only on the tip
(point 4 in Fig. 5 (d)) but also near the foot of the dendrite part embedded in the SEI film (point 5
between 2 and 3 in Fig. 5 (d)). Some whisker dendrites aggregate with adjacent dendrites to form
massive dendrites, as illustrated in Fig. 5 (e) and Fig. 2 (f).

At the initial stage of lithium discharge, lithium dendrites of all shapes (moss-like or
needle-like) begin to shrink, as revealed by the comparison between Fig. 5 (¢) and Fig. 5 (f). Then,
the lengths and thicknesses of needle-like dendrites will decrease (Fig. 5 (g)), and moss-like
dendrites also shrink during discharge. After full discharge, most dendrites dissolved. Therefore,
lithium dissolution is almost an opposite process to deposition, except that dead lithium resides on
and contacts with the graphite electrode through an SEL** It should be noted that a small amount
of dead lithium, which disconnects from the electrode and moves into the electrolyte, was also
observed in our direct in situ double-scale experiments (which is not shown in Fig. 5).

3.5 Lithium electrodeposition and dissolution of graphite sample B/LiFePQ, battery

The images of cells assembled using graphite sample B as the anode during charge/discharge
cycles are shown in Fig. 6. The cells were assembled in the same manner as the previous ones
except for the negative electrode.

It should be noted that we could not find lithium dendrite after overcharging for 100 min,
while a large amount of dendrite had been observed clearly for sample A. Thus, we overcharged
this cell until dendrite could be observed by DOM. Lithium deposition was found at the edge of
the graphite electrode after an overcharge time of 266 min (region marked by a dashed circle in
Fig. 6 (a)). The lithium deposition growth became more clearly observable and the area where
lithium depositions appeared also grew (region marked by dashed circle in Fig. 6 (b)) as the
overcharge time increased. The deposited Li can grow in thickness, which can be observed in the
right region of Fig. 6 (b). This implies that the electric field direction has little effect on the
lithium deposition growth direction, which agrees well with previous work by Steiger et al.'>'®
From the dendrite formation time, we can see that initiation of Li deposition on graphite sample B
occurred much later than that on sample A upon comparing Fig. 2 (a—b) with Fig. 6 (a—b). This
may be because of the structures and particle sizes of these two graphite electrodes. They will be
analyzed in detail by XRD and SEM, respectively. It should be pointed out that the lithium ion
distribution of sample B is almost uniform, as the color of the graphite electrode is almost the
same over the entire surface of the electrode.

During the lithium dissolution, the lithium deposition at the right region disappeared
completely, as revealed by comparison between Fig. 6 (c) and Fig. 6 (b). This indicates that the
lithium deposits at these locations are more easily dissolved. All lithium deposits were dissolved
completely after a 104 min discharge time, with a DOD of approximately 34%, with no dead
lithium residing on the graphite electrode after full discharge. It can be concluded that the cell
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assembled using graphite sample B undergoes little capacity loss owing to lithium
electrodeposition. This graphite electrode is much better than the previous (sample A) for practical
usage as a commercial negative electrode. It seems that different graphite electrodes have
significant effects on Li dendrite deposition and cell performance. It has been noted that the
lithium dissolution time of graphite sample B is also much longer than that of graphite sample A.
This phenomenon is still not fully understood.

3.6 Electrode structures and surface morphologies of used graphite samples

In order to determine the likely reason for the very different behaviors of these two graphite
electrode samples, XRD (18kW D/MAX2550, Rigaku, Japan) using CuKo radiation was
employed to identify the physical properties of the graphite samples and SEM (HITACHI
SU-1500, Japan) experiments were performed to observe the surface morphologies. Fig. 7 shows
XRD patterns of sample A and sample B. The standard spectra of the graphite hexagonal phase
(2H, XYXY stacked structure) are also shown in image (c). Fig. 7 (a) and Fig. 7 (b) reveal that
they clearly show all four peaks. By comparing with the standard pattern of graphite 2H (Fig. 7
(c)), it can be confirmed that these two different graphite samples are graphite 2H. Notably, the (0
0 2) peak intensity of sample A (Fig. 7 (a)) is much stronger than that of sample B (Fig. 7 (b)).
Quantitative analysis of these XRD patterns indicates 75% and 64% preferential orientation of (0
0 2) peaks for samples A and B, respectively. That is to say, the graphitization of sample A is
better than that of sample B. Fig. 7 also shows the magnified pattern at XRD angles of 40°-60°.
The peaks at ca. 42.3° and 44.4° are attributable to the (1 0 0) and (1 0 1) planes of the hexagonal
structure, respectively. The (1 0 1) plane of rhombohedral (3R, XYZXYZ stacked structure)
graphite appeared at ca. 43.5°. This indicates that samples also show different contents of the
rhombohedral phase. According to the work of Simon et al.,” the rhombohedral content by itself
has no significant influence on the capacity or electrochemical potential but has a remarkable
impact on irreversibility losses. Combined with our in situ direct experimental observations of
lithium electrodeposition and dissolution processes, we believed that lithium intercalation is
influenced by the formation of lithium dendrite though quantification of structural effects is
difficult mainly owing to complications caused by multiple factors (graphitization, density of
dislocation, impurities, particle shape and size, etc.).

Fig. 8 shows the SEM images of these two graphite samples. Fig. 8 (a) shows graphite
sample A fabricated by flake or plate structures. The particle sizes varied from 10 um to 40 pm.
These particles show an unconsolidated arrangement, which leads to the formation of an uneven
surface and high porosity. These will affect not only the electrochemical properties but also the
lithium deposition on the surface of graphite sample A. Fig. 8 (b) shows graphite sample B
fabricated from many spherical particles. The diameters of these particles vary from 2 pm to 40
um. It can be observed clearly that the surface of sample B is denser than that of graphite sample
A. Small particles fill the gaps between the larger ones so that the degree of surface roughness
seems smaller and the porosity is lower. This provides sample B with a more uniform current,
since current distribution is more uniform on flat smooth surfaces. According to references 1 and 2,
lithium deposits occur only at locations in the anode where the overpotential falls below zero vs.
Li/Li", which is caused by non-uniform current distribution. From our in situ direct experimental
observations, we confirmed that graphite sample A does generate lithium dendrite more easily than
does graphite sample B. It is highly probable that rough surfaces and porosity enhance the local
current density (current localization), promoting dendrite growth in those specific regions. Our
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results also provided some confirmation for speculation by Harris and Lu*” that heterogeneity was
related to lithium dendrite formation. Since the graphite surface roughness and porosity depend on
the particle size distributions, one can deduce that particles used to fabricate an electrode with a
broader distribution of size will have a more inhibitory effect on lithium dendrites than those with

uniform size distributions.

4 Conclusions

To better understand lithium deposition growth and dissolution, the lithium dendrite growth
process was investigated by using a newly designed double-scale in situ experimental observation
system, which was successfully tested. All phenomena (color change, gas generation, lithium
dendrite growth, deformation, etc.) that occurred during charging/discharging cycles were
observed. The formation, growth, and dissolution of lithium dendrites, and dead lithium residues
of two different commercial graphite electrodes were observed. The dendrites can occur at some
locations where the state-of-charge is far below 100% as a result of improper graphite electrode
selection. The structural factors of graphite anodes for the reversible dissolution and deposition of
lithium dendrite during charging/discharging cycles were proposed. Most dead lithium was still
attached to the electrode after full discharge. Lithium dendrite initiation and its growth processes
are affected by the texture, structure, and degree of surface roughness of graphite electrodes.
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Figure 1. Schematic of the electrochemical cell for the in situ imaging of lithium dendrite changes.
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Figure 2. In situ observation of formation of lithium dendrites on graphite sample A during first charge: (a)
dendrite region found; (b) dendrite clearly observable; (c) moss-like dendrite formed; (d) protuberance structure; ()

zoomed image of the marked area in (a); (f) zoomed image of the marked area in (d).
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Figure 3. In situ observation of dissolution of lithium dendrites on graphite sample A during first discharge: (a)
original state before discharging; (b) state after 10 min of discharge; (c) state after 48 min of discharge; (d) state
after full discharge.

Figure 4. Lithium dendrites on a graphite electrode in a real serviced commercial battery: (a) graphite electrode

disassembled under an argon environment; (b) graphite electrode disassembled under an air environment.



Figure 5. Schematic of suggested morphology evolution of the graphite electrode during lithium
electrodeposition and dissolution: (a) original state at full charge; (b) random nucleation of Li metal during
overcharge; (c) dendrite growth and formation of new nucleated lithium; (d) continuation of dendrite growth and
formation of new nucleated lithium between 2 and 3; (e) formation of moss-like dendrite; (f) state of dendrite at

the first stage of discharge; (g) state of dendrite at middle stage of discharge; (h) state of dendrite at the end of
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Figure 6. In situ observation of lithium dendrites on graphite sample B during first electrochemical cycle: (a) state
of dendrite found; (b) original state before discharge; (c) state after 82 min of discharge; (d) state after 104 min of

discharge.
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Figure 7. X-ray diffraction patterns of (a) sample A and (b) sample B, and (c) standard spectra of graphite 2H.

Figure 8. SEM images of (a) graphite sample A and (b) graphite sample B.



