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In situ and operando microscopy studies on
lithium metal anodes: a review
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Lithium metal is regarded as an ultimate anode for rechargeable batteries, ascribed to its extremely high
capacity. Its implementation can remarkably boost the energy density of the resultant lithium metal
batteries. However, it is very challenging to commercialize lithium metal anodes, primarily due to the
intertwined nature of the formation of a solid electrolyte interphase (SEl) and the growth of lithium
dendrites. To understand these issues and therefore develop technical solutions, various instrumental
techniques have been employed. This review highlights the most recent advancements of in situ and
operando microscopy studies that are critical for investigating and addressing the issues related to SEI
and lithium dendrites, including optical, electron, and atomic force microscopies. Low magnification
in situ optical microscopy techniques are used to analyze dendrite morphology behaviors, the
development of capping layers after cycling, and the impact of various dendrite suppression methods.
High magnification in situ scanning electron microscopy enables more detailed dendrites and interface
evolution analysis, revealing complex behavior mechanisms over extended cycling. While in situ
transmission electron microscopy techniques can also investigate dendrite nucleation and morphology,
they are particularly valuable in characterizing the SEI layer development at unparalleled spatial
resolution. Additionally, in situ atomic force microscopy contributes valuable information for identifying
the SEI layer growth through surface topology and force mapping. Together, these microscopy studies
help us advance a better understanding on the underlying mechanisms of the formation of the SEI and
lithium dendrites. They also are valuable for us to develop solutions for commercializing lithium metal
anodes for high-energy lithium metal batteries.

1. Introduction

University of Arkansas, Fayetteville, AR The first report on lithium (Li) metal anodes (LMAs) was

documented in 1976 by Stanley S. Whittingham." Li metal is
considered an ideal anode material for next-generation
rechargeable batteries because of its very low electrochemical
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potential (—3.04 V vs. the standard hydrogen electrode (SHE)),
low density (0.59 g cm ), and high specific capacity (3860 mAh
g 1).? Although Li metal has the most desirable attributes of a
premium anode material, it suffers from two main issues:
continuous formation of the so-called solid electrolyte inter-
phase (SEI) and dendritic growth (or dendrites) during plating.
These two issues pose big challenges in performance and safety
for commercializing LMAs in Li metal batteries (LMBs). As a
consequence, lithium-ion batteries (LIBs) were developed in
the 1980s and commercialized in the 1990s, in which graphite
and LiCoO, were adopted as the anode and the cathode,
respectively.’> However, graphite anodes have a moderate
capacity, ~372 mAh g, which significantly limits the energy
density of LIBs, <250 kWh kg™ '. In pursuing a fully electrified
society, rechargeable batteries enabling an energy density of
>300 kWh kg~ ! are urgently needed by electric vehicles (EVs).
To this end, LMBs are very promising for achieving an energy
density of >400 kWh kg~ '. Consequently, LMAs have been
revived and are undergoing intensive investigations.
Rechargeable Li-based batteries, including LIBs and LMBs,
operate by transporting Li* ions through a liquid electrolyte
and electrons through an external circuit between their anode
and cathode during charge and discharge. The electrolyte can
exist stably between the two electrodes in an electrochemical
stability window (ESW). The ESW of an electrolyte is repre-
sented by the energy levels of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of its solvent molecules.’ The ESW of an electrolyte is
always lower than its HOMO-LUMO energy gap based on the
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Fermi level concept.” Because Li metal has such a low electro-
chemical potential, the commonly used electrolytes are usually
not stable upon contacting a Li surface. The reaction between
an electrolyte and Li produces an interface layer, ie., the so-
called SEI. An SEI layer would be ionically conductive, allowing
Li" ions to diffuse uniformly to the Li metal surface, and
electronically resistant, preventing electrons from reaching
the electrolyte furthering the reduction and thickening of the
SEI Other positive attributes of the SEI would be uniformity of
thickness and ionic conductivity, and mechanical robustness to
prevent cracking due to stress from electrode volume change.
Because of the mosaic nature of the SEI that is formed without
interfacial engineering efforts, however, the ionic conductivity and
thickness of the SEI layer both vary across the surface.® The result
of a nonuniform SEI is that Li" ions will preferentially plate in
certain locations (hot spots) at higher current than other areas, as
described by Sanchez et al.® This preferential plating will com-
pound with the nucleation of dendrites at that original hotspot. As
the dendrite grows, it effectively casts a shadow in the electric
field, increasing the preferential plating of Li' ions onto that
dendrite.'® As dendrites grow, they push against or break through
the existing SEI layer, exposing Li metal to fresh electrolyte,
causing more electrolyte to decompose, reducing the active
material inside the electrolyte, and eventually, after many cycles,
drying the battery and prematurely ending the life of the battery.
Before this point, the consumption of the electrolyte is ever
reducing the coulombic efficiency (CE) of the battery.

Dendrites have their own host of harmful effects on battery
life and performance. Because of the morphology of dendrites,
they are easily broken from the surface, either mechanically or
electrically, making those detached dendrites dead lithium, and
preventing them from contributing to electrochemical reactions in
the future. Dead Li reduces the active material in the battery and
greatly reduces the CE of the battery and can eventually consume
all of the active Li in the battery, ending its life."" Lastly, dendrites
can penetrate the separator and thereby short the battery. These
shorts can lead to thermal runaway and eventually ignite the very
flammable electrolyte, leading to dangerous fires or combustion.

It is for these reasons that both the SEI and dendrite
propagation on Li metal and other electrodes must be investi-
gated in a tandem fashion. This is where in situ and operando
studies are paramount. In situ/operando optical microscopy
(OM) studies are generally focused on visualizing the evolutions
of dendritic morphologies in a real-time mode. However, OMs
are limited in their resolutions, typically at the micron level.
Compared to OMs, in situ scanning electron microscopy (SEM)
can visualize the morphological evolutions of Li dendrites and
SEI formation at much higher resolutions at the nanoscale.
Similar to SEM, in situ transmission electron microscopy (TEM)
also can track morphological evolutions of Li dendrites and SEI
layers at the nanoscale with a time-resolved mode. They can
also provide information about materials composition and
crystallinity, which is important for analyzing the SEI and Li
dendrites. Atomic force microscopy (AFM) mainly provides
surface information about the electrode surface at the nano-
scale, even under non-vacuum or liquid conditions."® More

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic illustration for comparatively describing the different microscopic techniques of LMAs, including optical microscopy, atomic force
microscopy, scanning electron microscopy, transmission electron microscopy, and synchrotron-based X-ray microscopy.

recently, X-ray microscopic techniques have been explored and
utilized for studying LMAs, which use X-rays to visualize the
dynamic processes of Li-plating and stripping at high resolu-
tion. All these five microscopic instruments/facilities are com-
plementary in their capabilities, as illustrated in Fig. 1. The
combination of these techniques provides a broad wealth of
information that has advanced the understanding of Li den-
drite and SEI behavior during battery cycling. This review
examines the results of research studies utilizing these in situ
microscopy techniques and explores fundamental conclusions
of Li metal anodes.

Following this introduction, we focus on summarizing the
latest efforts using in situ OM, SEM, TEM, and AFM for studying
the issues of LMAs. Finally, we conclude our literature investi-
gation with an outlook on future studies.

2. In situ optical microscopy studies on
Li dendrites

LMAs can be used with liquid electrolytes and solid electrolytes.
Consequently, they have been studied in liquid cells and solid cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.1. Li stripping/plating behaviors in liquid cells

One of the most effective ways to study LMAs is to use
symmetrical cells. Symmetrical cells remove the various factors
contributed by cathodes, as a choice of which can vary the
performance of the LMA, effectively skewing results around the
Li electrode. Symmetrical cells consist of a working and a
counter electrode, both of which are comprised of a Li metal
chip or Li metal deposited onto a substrate (e.g., Cu foil).
Reference electrodes may also be used to decipher what is
happening at either side of the cell during an electrochemical
experiment, as will be discussed later. During symmetrical cell
testing, a current is passed through the cell via a potentiostat or
galvanostat. When a negative current is passed through the cell,
electrons are pulled from the counter electrode and are gath-
ered on the working electrode. Li" ions are stripped from the
counter electrode and transported into the concentration of the
electrolyte. At the other end of the cell, Li" ions from the
concentration in the electrolyte are plated onto the working
electrode where they meet with electrons supplied by the
external circuit. During this process, Li dissolution (or Li
stripping) forms pits on the surface of the counter electrode
and Li deposition (or Li plating) forms dendrites on the surface

Energy Adv.
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of the working electrode. As previously discussed, this is
where optical microscopy becomes a valuable tool in
evaluating LMAs.

An in situ OM when paired with the overpotential profiles
during galvanostatic plating and stripping half-cycles can help
visualize the processes happening on the surface of the Li metal
electrodes and thereby help identify which processes contribute
and how much they contribute to the impedance across the
cell. Wood et al. conducted an early study on LMAs using
symmetrical cells vie OM and synchronized electrochemical
data.™ They developed a custom visualization cell, and through
operando observations during galvanostatic cycling, elucidated
a correlation between the behavior of the voltage profile and
what was visually recorded on the surface of the Li metal
working electrode. They made the first set of observations
using 1 M Li hexafluorophosphate (LiPFs) in 1:1 ethylene
carbonate/dimethyl carbonate (EC:DMC) electrolyte, ie., 1 M
LiPFs in 1:1 EC: DMC. The current density applied in both the
stripping and plating step was 5 mA cm 2, while both the
working and counter electrodes were Li metal chips. A pristine
Li metal surface could be seen before the first half-cycle without
any current applied (Fig. 2(a)). During the first half-cycle, the
overpotential starts at a peak near 0.6 V with a quick, then
slower decline toward the zero volt (Fig. 2(b)). Dendrites nucle-
ate and grow larger during this half-cycle with more growth out
of focus in the background. In the second half-cycle, a local
minimum peak of voltage gives way to a plateau closer to zero
(Fig. 2(c)). During this initial peak and plateau of the second
half-cycle, dendrites shrink, then the color of the dendrites
darkens to black as the voltage grows to a second peak
(Fig. 2(d)). At the climax of this second peak, the dendrites
stop getting darker and stop shrinking, and pits can be seen
beginning to nucleate, as seen in the yellow circles of Fig. 2(e).
As these pits deepen, the voltage trends toward zero again. In
the third and final half-cycle of this analysis, a similar over-
potential profile of the last half-cycle is observed along with
new dendrite nucleation and growth in the pits previously
formed (Fig. 2(f)).
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Using these observations as well as the Nernst-Planck
equation in one dimension, they developed a numerical model
to further explain the electrochemical behavior in Li metal
symmetrical cells. Their findings showed that once a dendrite
has nucleated, the kinetics of the surface area of the dendrite is
much faster than the kinetics of the bulk Li metal. Thus, during
the first half-cycle, deposition kinetics improves as dendrites
nucleate and grow larger, leading to a decrease in cell voltage
from an initial maximum. When cell polarity is switched, the
kinetics of plating onto the counter electrode are slow while the
stripping from old dendrites is fast. Dendrites grow on the
surface of the counter electrode, decreasing the voltage until
another peak begins to form. This second peak forms because
the dendrites on the working electrode are no longer able to
supply Li" ions to the electrolyte because they have become
mechanically or electrically detached from the electrode and
can no longer participate in the electrochemical operations.
This is called dead Li and is evidenced by the black color of the
dendrites seen in Fig. 2(d). This causes the ratio of the area with
fast kinetics to the area with slow kinetics to become small,
forcing stripping to occur from the bulk Li - causing a second
peak, and pits to form (Fig. 2(e), yellow circles). To further
explain these conclusions, they conducted a similar experiment
with a three-electrode cell. The contributions of the anode and
cathode during each half-cycle expose the reasons behind the
peaks and plateaus of the overpotential profile. In the first half-
cycle, the shape of the cathode, where deposition occurs
dictates the shape of the overpotential of the cell (Fig. 2(g)).
This is because the growth of dendrites, and higher surface area
drastically increases the kinetics of deposition. Next, the coun-
ter electrode is plated onto, and its potential change produces
the first peak, while the switching from stripping of dendrite to
stripping of bulk Li produces the second peak contributed
by the anode. A similar trend is shown in the following cycles.
By observing the surface of both electrodes and the overpoten-
tial curve during galvanostatic cycling in real time, the group
was able to elucidate the fundamental mechanisms of Li
symmetrical cells.
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Fig. 2 Operando OM observations matched with the overpotential profiles of the cell. Initial surface (a), first plating half-cycle (b), second plating half-
cycle (c)-(e), and third stripping half-cycle (f). () Voltage profile of the Li symmetrical cell with reference electrode readings splitting the contributions of
the anode and the cathode in the first 2 cycles. Reprinted (adapted) with permission from ref. 14 under a Creative Commons Attribution (CC BY) license.
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The same team conducted a subsequent study using an OM
cell with a planar viewpoint instead of a cross-section view as
the previous study did. Sanchez et al. modified an OM visuali-
zation cell to optimize the current density across the working
electrode surface and observe dendrite and pit nucleation and
morphology during galvanostatic plating.® Their initial obser-
vations confirmed those made previously by Wood et al. with a
new point of view. To expand on these findings, they observed
dendrite and pit nucleation at varying current densities.
They conducted experiments using 1 M LiPF¢ in 1:1 by volume
EC: EMC (ethyl methyl carbonate) electrolyte. They observed an
increase in the number of nucleation sites for dendrites and for
pits as the current density increased (Fig. 3(a)-(f)). Although
many factors (e.g., electrolyte, cell geometry, surface prepara-
tion, etc.) affect nucleation density, the positive correlation
reveals the undeniable role of surface heterogeneity in Li
dissolution and deposition. The activation barrier for nuclea-
tion varies across the surface due to surface defects, SEI
composition and thickness, topographical features and more.
At low current densities, the activation barrier for nucleation is
reached only at areas across the surface with a low activation
barrier. At high current densities, the areas with a low activa-
tion barrier as well as the areas with high activation barrier for
nucleation are reached leading to more nucleation sites. They
further revealed the role of surface defects and grain bound-
aries. As shown in Fig. 3(g)-(j), grain boundaries create areas of
low activation barriers for nucleation, leading to preferential
plating at those points.

Using their modified planar view OM visualization cell, the
team also observed the impact of dendrite size on the

Dendrites

Pits
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formation of dead Li. The group developed a scheme for
estimating the effective volume of each dendrite observed from
above, where an effective radius is estimated from the projected
area as viewed from above, and an effective dendrite volume
is calculated (Fig. 3(k)). Four dendrites were measured and
observed as they increased in volume over a deposition and
dissolution cycle at a current density of 3 mA ¢cm 2 During
deposition, all dendrites grow in volume at different rates to a
maximum at which polarity is switched. When dissolution
begins, the dendrites shrink, some for longer than others. By
approximately half-way through the dissolution step, however,
all dendrites had stopped shrinking. Because the cell was still
undergoing dissolution and the dendrites were staying the
same size, the group concludes that these dendrites had
become mechanically or electrically isolated from the bulk Li
and were no longer participating in the electrochemical reac-
tions. In other words, they had become dead Li. More of these
studies at varying current densities were carried out and their
results are quantified by comparing the results across varying
capacities. By plotting the dead Li effective volume versus the
maximum effective volume for the first two cycles in a Li
symmetrical cell, a linear relationship between the two was
observed for both cycles in all current densities. A steeper slope
implies that a larger maximum effective volume can be reached
while more of that dendrite will be stripped away before
becoming detached and being measured as dead Li. The
steeper slope of the second cycle implies that the second
cycle yields more reversible deposition than the first cycle. This
observation is confirmed by the comparison of the overpoten-
tial curves. As previously discussed, the second peak of an

k 2D projected area Effective radius Spherical approximation
_4
A r 2 Veff _?"reﬁa

proj eff

Fig. 3 (a)—(c) Dendrite nucleation highlighted in red after 0.0025 mAh cm 2 at 3, 5, and 7 mA cm™2 respectively. (d)—(f) Pit nucleation after 0.2 mAhcm 2 at 3,
5, and 7 mA cm™2 respectively. (g) and (h) Pristine Li surface with grain boundaries highlighted in red. (i) Same surface as panel g after 0.01 mAh cm~2 of Li
deposition. (j) Same surface as panel h after 0.2 mAh cm™2 of Li dissolution. (k) Dendrite area estimation method from the measured top-view radius. Reprinted
(adapted) with permission from ref. 9. Copyright (2020) American Chemical Society.
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overpotential curve of a Li symmetrical cell is caused by the
switching of dissolution occurring from dendrites to dissolu-
tion occurring from the bulk Li.'* If this peak occurs later in the
half-cycle, more stripping is occurring from the dendrites
before dead Li is formed. Both the OM observations of dead
Li effective volume and the second peak observations of the
overpotential curves provide solid evidence that the second
cycle of a Li symmetrical cell leads to more reversible Li
deposition. These observations using a modified OM visualiza-
tion cell led researchers to the fact that the nucleation of
dendrites in previously formed pits is the most reversible
nucleation site possible without the addition of surface engi-
neering to improve LMA reversibility.

One of the earliest OM investigations of Li metal deposition
was made by Steiger et al.'®> They observed deposition onto a
tungsten substrate working electrode with Li supplied by a
reservoir of Li metal attached to a tungsten counter electrode.
They utilized 1 M LiPFs in 1:1 by weight EC: EMC electrolyte
and a novel visualization cell with a poly-ethylene frame and a
borosilicate glass window. As shown in Fig. 4(a)-(d), they
observed a base growth for a dendrite under a deposition
current of 2 A ecm ™. Because the original body did not change
shape as it was pushed along by its growth, they designate this
as a base growth. They also observed growth at the tip of a
dendrite. Fig. 4(e) and (f) show a kink formed while Fig. 4(g)
and (h) show a dendrite extrude from the kink, indicating

Fig. 4
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growth at the tip of the dendrite. Additionally, Fig. 4(i)-(k)
depict the most obvious of the observations: a dendrite for-
mation resembling a loop extends in width as deposition
continues. Based on ex situ SEM observations, they clarified
that the tip growth occurs behind a small inactive structure at
the tip. Based on these OM observations, they concluded that Li
insertion primarily occurs at crystalline defects in the den-
drites. This is well in agreement with the observations pre-
viously mentioned regarding insertion at defects in the bulk Li
surface.

Differently, Bai et al. utilized a novel capillary cell to exploit
the difference between reaction-limited and transport-limited
growth modes of Li dendrites.'® They conducted a plating half-
cycle through the specialized visualization cell and observed
the deposition onto the Li metal electrode for up to 3000 s. As Li
deposits, the concentration gradient from the electrode surface
into the electrolyte gets steeper and less ions are available for
diffusion onto the surface of the dendrites. After a certain time,
or capacity, namely Sand’s Capacity, the deposition mechanism
switches from being limited by the kinetics of the reaction
to being limited by the transport of Li ions through the
electrolyte near the surface of deposition. At this point, den-
drites switch from having a mossy morphology, to a whisker
morphology, which is easily visible through the optical obser-
vations made. Through ex situ SEM, they showed that this
growth mode is responsible for premature cell shortage via

(a)—(d) Observation of base growth of Li dendrite. (e)—(h) Observation of tip growth of Li dendrite. (i)—(k) Observation of dendrite growth between

kinks. Reprinted (adapted) with permission from ref. 15. Copyright (2014) Elsevier.

Energy Adv.
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dendrite penetration through porous separators. OM visualiza-
tion allowed them to visually identify when Sand’s capacity had
been reached and when dangerous deposition of Li was
taking place.

Using OM and phase field simulations, Shen et al. generated
a different perspective on the formation of aggregated Li
dendrites.” They conducted plating half-cycles at 0.5 and 3.0
mA cm 2, respectively. Vast differences in dendrite morphology
between 3.0 and 0.5 mA cm > were observed during their in situ
OM observations. They further showed the difference in mor-
phology using ex situ SEM. They proposed that the Li morphol-
ogy is not a product of different reaction-limiting aspects, but
rather a difference in electric field surrounding the deposition
sites. Deposition begins in certain areas before others along the
surface of the electrode,' resulting in fluctuations of electric
field across the surface, making deposition more accessible to
Li" ions for areas that nucleated first. As these dendrites grow,
they cast a shadow around the dendrites that nucleated around
them, not allowing further Li insertion to occur. They then
conducted electric field distribution simulations at the two
current densities described. These electric field distributions
reveal a shadow effect that prevents uniform Li" ion diffusion
except onto the already towering dendrites that propagated due
to the process described by Sanchez et al.’ This proposed model
for morphology variations is in good agreement with observa-
tions made by the other groups depicting preferential plating
onto surface defects® and previously formed dendrites."*

Of various efforts, one study deserving a special discussion
is the recent work by Huang et al.’” They developed an operando
OM technique enabling quantitative monitoring of the evolu-
tion of Li growth layer and capping layer thickness and porosity
upon the Li plating/stripping processes. In their study,
5 different electrolytes were adopted: 1 M LiPFs in 1:1 by
volume EC: DEC (diethyl carbonate) alone (named as the base-
line electrolyte), with 1 wt% cesium hexafluorophosphate
(CsPFg), with 1 wt% lithium difluoro(oxalate)borate (LiDFOB),
with 5 wt% fluoroethylene carbonate (FEC), and with 1 wt%
lithium difluorophosphate (LPF) as additives to the baseline
electrolyte. They studied the Li deposition in the Li|/Cu cell
configuration, as illustrated in Fig. 5(a). The received images
could be further processed to quantify the morphology, thick-
ness, and porosity of the deposited Li. As illustrated in Fig. 5(b),
for example, the Li|Cu cell was cycled under different current
densities while the OM could visualize the morphological
evolution of Li deposition with time, using the electrolyte 1 M
LiPFg in 1:1 EC/DEC with 1 wt% CsPFe. The as-received
information is very insightful for understanding the Li plat-
ing/stripping behaviors in the electrolyte. Similarly, the team
conducted operando OM investigations with the other electro-
lytes. Through quantitative analysis on the OM results, they
concluded that FEC- and LPF-based electrolytes are favorable
for suppressing Li dendrites. Based on their OM results,
furthermore, they categorized the Li plating/stripping beha-
viors in these electrolytes into three types. The first is the
filament type (Fig. 5(c)) and the LiDFOB-added electrolyte
contributed to this, due to the poor robustness of the as-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formed SEI. The second is the moss-like type (Fig. 5(d)) and
the CsPFq-added electrolyte led to this, ascribed to the higher
robustness of the as-formed SEI. The third is the ideal colum-
nar type (Fig. 5(e)), while FEC- and LPF-based electrolytes are
favorable for this type, due to the robust as-formed SEI

Chen et al. also investigated the build-up of dead Li and its
effect on the overpotential profile after extended cycling in
symmetrical Li metal cells.® They observed a change in over-
potential curves from the peaking behavior to an arc and
plateau at extended cycles in concordance with a buildup of
dead Li observed via OM. The group proposed the change in
overpotential shape and increase in total was due to the
tortuous pathway of diffusion through the layer of dead Li
accumulated at many cycles. Li ions cannot diffuse through the
layer as fast as they can through pristine liquid electrolyte,
therefore after many cycles, the concentration gradient through
the layer becomes steep. Their hypothesis was evidenced by OM
observations of the buildup of this layer, and they proved the
validity of this hypothesis using a galvanostatic intermittent
titration technique (GITT). GITT is a cycling technique that
allows time for the ionic concentration near the surface of the
electrode to normalize, thus removing the effect of mass
transport in the voltage profile. During GITT, current is applied
for 15 s then a 3 min rest follows, this is repeated until 0.25
mAh cm? is plated or stripped. The rest periods are then
removed from the graph depicting the overpotential profiles for
clearer interpretation. At low cycles the GITT overpotential
profiles were the same as galvanostatic cycles, however at
high cycles the GITT overpotential profiles exhibited the same
peaking and plateaus while the galvanostatic cycling profiles
had changed into an arc shape with increased overpotential
maximums.

Overall, in situ OM studies using liquid cells reveal how Li
dendrite growth initiates at surface defects and grain bound-
aries, with higher current densities increasing both dendrite
and pit nucleation. Dendrites grow preferentially in pre-existing
pits and can become dead Li when mechanically or electrically
isolated, evidenced by OM-observed volume retention during
dissolution and corresponding overpotential peaks. Modified
OM cells enabled quantification of dendrite volume, capping
layer porosity, and growth reversibility, showing that FEC and
LPF additives produce denser, more stable Li deposits.

2.2 Li stripping and plating in solid cells

In addition to the studies discussed above using liquid electro-
lytes, OM is also a valuable tool in analyzing Li plating through
solid electrolytes. Porz et al. observed Li deposition through 4
inorganic solid electrolytes with OM,'® including amorphous
70:30 mol% Li,S:P,S5 (glassy LPS), polycrystalline B-Li;PS,,
and polycrystalline and single-crystalline LigLa;ZrTaO;, garnet
(LLZTO). A point electrode was pressed onto two locations of
the glassy LPS electrolyte, one location was free of any
visible surface defects, and the other location was scratched
with a diamond-tipped tool. Li metal was deposited through
the electrolyte onto the point electrode for 20 h at 0.8 pA
(10 mA em™? based on point electrode surface area). At the
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permission from ref. 17. Copyright (2023) American Chemical Society.

location without defects, Li metal plated onto the surface of the
electrode without observation of cracking. On the surface with
defects, however, crack propagation and growth were observed
via OM and no deposition was observed on the electrode. The
results are illustrated in Fig. 6(a)-(h), along with the experi-
mental setup in Fig. 6(i).

The next observations of deposition were made using
LLZTO. Two locations were prepared based on surface rough-
ness: 200 and 4 nm. Gold electrodes were sputtered onto each
of these surfaces of the solid electrolyte as a current collector

Energy Adv.

and substrate for Li deposition. Constant current densities of
0.01, 0.1, 0.5, 1, and 5 mA cm 2 based on the surface area of
gold sputtered were applied in 15 min intervals. Both locations
reached a short circuit at the 1 or 5 mA cm™? interval with no
correlation between the rough or smooth surfaces. Li deposi-
tion is observed through LLZTO onto the gold substrate sput-
tered onto the 4 nm-surface-roughness solid electrolyte, where
crack propagation and growth is observed about halfway
through the cycle. Through this and other investigations via
OM, the group shows that Li deposition occurs in the cracks

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and that these cracks are responsible for shorting the cell
although they cannot determine which one.

The group also observed Li penetration through polycrystal-
line B-Li;PS, onto a brass point electrode similar the setup for
glassy LPS. A high current density of 50 mA cm > was passed
through the electrolyte based on tip electrode area for 2 min.
Through transmission OM the group observed deposition
inside the bulk of the electrolyte in a branching pattern and
not on the surface of the point electrode. Upon SEM investiga-
tion of the solid electrolyte after deposition, the group observed
a Li metal network along pore channels and grain boundaries
of the solid electrolyte, further confirming the branching
behavior of Li deposits.

These observations made via in situ OM show that the
proposition by Monroe and Newman® is not necessarily true.
Monroe and Newman proposed that dendrite propagation can
be suppressed if the solid electrolyte (or separator in their
words) has a shear modulus approximately twice that of Li. Li
metal has a shear modulus of 4.2 GPa, LPS has a shear modulus
of 8.3 GPa, and LLZTO has a shear modulus of 61 GPa, much
higher than that of Li, yet Li deposition propagated and grew

© 2025 The Author(s). Published by the Royal Society of Chemistry

cracks in all solid electrolytes tested. Porz et al. proposes that
surface defects are to blame and that, above a certain current
density, overpotentials and mechanical stresses drive Li deposi-
tion to fill surface defects and eventually force them to expand
and continue to be filled."®

2.3 In situ visualizing the protection effects of surface
coatings

In addition to the afore-discussed studies investigating the
intrinsic behaviors of Li plating/stripping processes in liquid
and solid electrolytes, there are also efforts invested for addres-
sing the challenges of LMAs. In this respect, Sandoval et al.
studied Li stripping and plating dynamics on bare stainless
steel (SS) current collectors, antimony (Sb)-coated SS current
collectors, and silver (Ag)-coated SS current collectors, using
two electrolytes: (1) the carbonate electrolyte of 1 M LiPFg in
1:1 (v/v) EC/DEC and (2) the ether electrolyte of 0.8 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 8:2 (v/v) dioxo-
lane/dimethoxyethane (DOL/DME).*® The Sb and Ag thin films
are 100 nm thick. The group revealed that the SS electrode
requires a large nucleation overpotential while the Sb- and Ag-
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electrodes or two bare Li electrodes (Fig. 7(c)). Under a current

In particular, they comparatively conducted operando OM density of 1 mA cm™ 2, Tang et al. revealed that the bare Li||Li
observations on Li plating and stripping on bare SS and Ag- cell exhibited uneven and porous Li deposition with evident
coated SS current collectors in the carbonate electrolyte at a dendritic growth after 6 hours (Fig. 7(e)), while the Li,Si-coated

current density of 4 mA cm™>

. They found that the Ag-coating Li|Li cell showed smooth and dense Li deposition even after

layer delayed the occurrence of Li dendrites during the plating 10 hours (Fig. 7(f)). The distinct deposition behaviors of the two
process and led to a more uniform stripping behavior. The cells were also reflected on their voltage profiles. The Li,Si-
work emphasized the importance of operando OM studies on coated Li|/Li cell showed a flat voltage profile while the bare
differentiating Li stripping and plating dynamics due to the Li|Li cell exhibited an unstable voltage profile (Fig. 7(a)). Tang

different current collectors.

et al. further quantified the morphological evolutions of the Li

To inhibit Li dendrites, very interestingly, Tang et al. devel- deposition in the two cells (Fig. 7(b)) and the Li,Si-coated Li||Li

oped an ion-conducting layer of Li,Si on the top of Li foil.**

cell had a much lower Li deposition thickness than that of the

They first deposited a layer of Si on Li foil using a radio bare Li|Li cell. This study demonstrated that ion-conducting
frequency (RF)-magnetron sputtering system at room tempera- coatings are promising for suppressing Li dendrites and SEI
ture. The Si-coated Li foil was then transferred to a glove box formation.

and heated to 250 °C with the production of a Li,Si layer.

In another compelling study, Zhang et al. developed a novel

Compared to the inhomogeneity of Li plating/stripping on the three-dimensional (3D) porous host of Li, lithiophilic dendrite-
surface of bare Li foil, the Li foil capped by the Li,Si alloying like Li;Mg5, which are favorable to Li plating/stripping, delay
layer enabled uniform plating/stripping. In the study, they the formation of Li dendrites, accommodate large volume
employed an in situ OM system and observed the electroche- change during Li plating/stripping, and avoid the parasitic
mical deposition of Li on the Li,Si-coated and bare Li electro- reactions on the Li surface.”” This beneficial 3D structure was
des with a custom-made glass cell (Fig. 7(d)). The cell was realized through applying MgBu, (Bu = n-butyl) on the surface
assembled symmetrically with either two Li,Si-coated Li of Li foils. The reactions between MgBu, and Li foils at 200 °C
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led to dendrite-like LizMg- enriched with Li-containing polymer
and LiH decorated on Li foils. Using an in situ OM system,
Zhang et al. clearly demonstrated that the Li;Mg; structure
efficiently inhibited SEI and Li dendrites from occurrence.
Furthermore, Shi et al. also reported a distinct design of
LMAs,*® in which graphene nanoribbons (GNRs) were applied
on Li foils while an SEI layer induced in the LiTFSI-ether
electrolyte was grafted on the GNRs, leading to a protective
layer of SEI@GNRs over Li foils. The resultant SEI@GNRs-
coated LMAs exhibited excellent electrochemical performance
in a LiPFs-based carbonate electrolyte. Using an in situ OM
system, Shi et al. visualized the continuous growth of a loose
and porous Li layer in bare Li||Li cells while the SEI@GNRs-
coated Li||Li cells produced a compact and smooth Li layer.
This study demonstrated the combination of GNRs, and the
LiTFSI-ether induced SEI is important, for GNRs have excep-
tional mechanical properties while the inorganic components
of the SEI layer (LiF, LizN, and Li,S) decrease the Li nucleation
overpotential and make Li deposition and nucleation uniform.
They jointly inhibited the formation of SEI and Li dendrites in
the carbonate electrolyte.

All the afore-discussed studies demonstrated that in situ OM
systems are valuable to visualize the evolutions of Li surfaces.
Thus, they are an important tool to study Li plating/stripping
behaviors and visualize the effectiveness of any tackling mea-
sures in a real-time mode.

3. SEM observations on the evolutions
of Li dendrites

In situ SEM employs a focused electron beam to deliver high-
resolution imaging, enabling direct observation of Li nuclea-
tion, deposition, and dissolution at the nanoscale.>* This
capability has been particularly important in visualizing
short-circuiting mechanisms and the underlying causes of
failure.>® The in situ technique enables real-time monitoring
of electrochemical processes under their natural operating
conditions, providing insights that are difficult to obtain
through conventional ex situ analysis.

Building on these capabilities, in situ SEM has been
employed to investigate the fundamental difference in Li
affinity among various substrate materials. Cui et al. directly
observed Li deposition modes on 10 different metallic sub-
strates using a solid polymer electrolyte (SPE) with LiTFSI salt,
along with a tungsten probe.>® On lithiophobic metals (Cu, Ti,
Ni, Cr, and Bi), deposits were vertical and grew in a dendritic
shape. Whiskers initially nucleated randomly then shaped into
long and thin kinked dendrites, growing mostly from the root.
Lithiophilic metals (In, Ag, Au, Pd, and Al) had lateral and
particulate-like growth mechanisms that were uniform in both
growth rate and shape. Instead of growing outwardly in den-
dritic fashion, their diameters gradually grew until the particles
could merge and homogenously cover the entire substrate
surface. Their growth rate was also much slower and steadier,
discouraging erratic dendritic growth that results in short

© 2025 The Author(s). Published by the Royal Society of Chemistry
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circuiting. These different behaviors are rooted within Li’s
solubility of these substrates. Lithiophobic metals like Cu
cannot alloy with Li, thus the two metals will remain separate
from each other. A period of no growth happens for the
nucleation energy to accumulate until the energy barrier is
overcome, different from materials that alloy easily with Li then
spontaneously nucleate and grow on the surface. Reduced Li
quickly dissolves into indium to form an alloy, facilitating a
much higher nucleation density and very low overpotential
during electrodeposition. A high affinity to Li and crystallo-
graphic compatibility with Li are considered to be important
factors for an optimal substrate.

The varying substrate affinities with Li are considered a
major dictator in the different deposition modes, shown by
the time increments of Li growth during plating on Cu versus In
substrates in Fig. 8(a) and (b). Highly lithiophilic In-type
substrates easily form various Li-In alloy phases, allowing a
wide solubility range where Li can dissolve when reduced. A
spontaneous alloying process followed by low-energy nuclea-
tion and growth contributes to high nucleation density with
very little overpotential. Li growth on this substrate is described
as particulate and uniform, each of the nucleation particulates
are a similar size, with a constant growth rate and increasing
diameters in all directions. They keep their homogenous shape,
soon merging with nearby particles to cover the entire substrate
surface for more efficient and sustainable growth mechanics.
In comparison, Li nucleation on the lithiophobic Cu substrate
is “slow and sluggish” with low nucleation density, drawn
through the insolubility and a rather large energy barrier. There
is an incubation period where temperature builds until the
barrier is overcome which can cause inefficient and unsustain-
able dendritic growth. The dendrites begin as short whiskers
and grow from the root into long and needle-like structures.
With an unchanging diameter, deformed kinking soon results,
exaggerated by the later-formed whiskers pushing the older
grown dendrites up and out of plane.

Lithiophilic substrates were further investigated by Leite,
et al., who conducted in situ SEM observations on all-solid-state
LIBs with aluminum anodes to investigate capacity loss
causes.”” The batteries exhibited a 90% drop in capacity after
100 cycles, attributed to severe electrode degradation. During
the first charge-discharge cycle, Li diffused into the Al thin
film, reacting first with the Al,O; surface layer, then with the
underlying Al to form Li-Al-O alloys and alloyed mounds. This
process exposed unoxidized Al beneath the oxide layer, creating
a pathway for continued Li diffusion and sub-surface alloying.
These initial alloyed regions expanded into small protrusions
or mounds, which grew larger as adjacent sites merged, form-
ing cracked boundaries. Although these mounds maintained
electrical contact, they failed to dissolve during discharging as
expected. The voids generated during alloying oxidized and
obstructed diffusion pathways, leading to irreversible Li trap-
ping within the immobile mounds, an effect that intensified
with cycling. Consequently, Li became increasingly immobi-
lized, while the anode’s ability to expand and contract dimin-
ished after just one cycle. Efficient alloy formation required Li
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Fig. 8 SEM imaging and the growth model associated with the two different substrate types: (a) Cu or lithiophobic substrate materials versus (b) In or
lithiophilic substrate materials.?® Reprinted (adapted) with permission from ref. 26 under a Creative Commons Attribution (CC BY) license.

to diffuse through the underlying film and Al to diffuse out-
ward to the growing mound, both diffusion steps subject to
significant resistance. Continued cycling led to incomplete
decomposition and residual, unusable Li on the surface. Using
an inert metallic capping layer or modifying the anode surface
are possible solutions to mitigate these surface-driven degrada-
tion mechanisms.

The interface between an electrode and an electrolyte is a
critical component of battery performance but has previously
been difficult to monitor during cycling. To reveal important
information regarding their interactions, Golozar et al. per-
formed in situ observations of Li plating and stripping for
several days using cross-sectional SEM imaging.”® They con-
structed an observable cell that included an LiFePO, (LFP)
cathode and a SPE with LiTFSI as the main conductive salt.
Li was deposited at increasing C-rates of 0.1 mA (C/12) during
the first cycle, 0.403 mA (C/3) during the second through fifth
cycle, 0.537 mA (C/2) during the sixth through 11th cycle, and
1.074 mA (1C) until failure. The images in Fig. 9(a)-(h) are
taken of the Li anode and SPE interface throughout several
stages of cycling. The first image displays smooth anode and
interface edges, until several days of cycling continually
changes the morphology. As cycling continues, increasing
changes of the following are seen: dendrite growth on the
anode edge, nucleation on grain boundaries (regions of rela-
tively higher free energy and diffusion rates), isle formation on
anode surfaces, and Li metal depletion close to these isles. The
smooth electrode/electrolyte interface at the beginning quickly
protrudes into the SPE after 13 hours of cycling, indicating an
unstable interface where the absence of a SEI layer allows early
dendrite formation.

Energy Adv.

After the first cycle, a uniform SEI layer stabilizes the inter-
face, though more damage to this layer results in greater
dendrite formation as the C-rate continues to increase with
continual cycling. Anode edges and grain boundaries are the
dominant nucleation sites, and isles appear shortly after the C-
rate increases to C/2, forming a new edge on the Li surface. By
the end of cycling, dendrites grew on the grain boundaries and
newly opened edges, with severe Li depletion in the surround-
ing areas. Previously formed dendrites were also completely
encapsulated by newly formed SEI compounds including Li
oxides, carbides, and carbonates. Large amounts of Li were
consumed to form these compounds, as well as to continue
cycling to compensate for continual dead Li formation. Addi-
tionally, cracks and newly exposed grain boundaries required
increased Li consumption, either from non-uniform SEI or non-
homogeneous electrode/electrolyte contact. The temperature
for this experiment was purposely increased from the stabiliz-
ing, initial temperature of 70 °C to a higher temperature of
80 °C to improve ionic conductivity after two days of cycling.

Further magnification of a view more focused on the SPE is
captured in Fig. 9(i)-(n), with dendrite growth penetrating
through the electrolyte, close to the anode edge. Electrolyte
and SEI decomposition result in increased resistance and is
likely the main factor behind the exothermic reactions increas-
ing the local temperature at the electrode/electrolyte interface.
The polymer regions in contact with the dendrites raises its
temperature above the melting point causing a liquification
and allowing continual penetrating growth. In addition to
penetrating dendrites causing short circuiting, it can also
elevate the overall battery temperature and lead to thermal
runaway. An improved electrode/electrolyte interface stability is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9

(a)—(h) SEM images of the Li/SPE interface at various times during plating, showcasing interfacial deformation and the formation of isles and new

edges. (i)—(n) SEM images showing dendrite perforation through the SPE and into contact with the cathode to short-circuit the cell.2® Reprinted (adapted)
with permission from ref. 28 under a Creative Commons Attribution (CC BY) license.

key to more stable and higher capacity electrochemical
performance.

Found to be a recurring source for battery failure, Golozar
et al. again used an in situ SEM setup, here to better understand
the role of Li dendrite in short circuiting a battery.>® Pure Li
metal is too soft to penetrate SPEs themselves, but Li carbide
and oxide compounds that rapidly form along with this grow-
ing metal increase the outer shell hardness. The carbon and
oxygen contamination on the dendrite surfaces is sourced from
both decomposition of the polymer SPE during cycling and
environmental elements. Needle-like growth produced more
carbon compounds compared to mossy dendrites, suggesting
chemical and mechanical decomposition are a main factor for
gas release from the electrolyte. Fig. 10(a)-(d) provide cross-
sectional SEM images taken at varying time intervals during
charge-discharge cycling. The first image was taken before
cycling and clearly differentiates between the anode, electro-
lyte, and cathode. By the second image, there are cracks
beginning to form on the anode and mild layer morphing. By
the third and fourth images, which were taken after weeks of
cycling, complete cracking and shifting of the three compo-
nents are clearly visible. The anode and electrolyte shift apart,
creating regions of high and low pressure between themselves.
These turn into ideal locations for Li extrusions, apparent by
the nonhomogeneous growth depicted in the images. As a
result of the cell setup, pressure was only applied at the sides
of the battery. Under low pressure, Li could more easily extrude
and form needle-like dendrites, most notably along the edges of
the anode or near surface defects. Fig. 10(e)-(h) show the plane-
view SEM images of an additional experiment performed with

© 2025 The Author(s). Published by the Royal Society of Chemistry

no applied pressure. Most notable are the two needles on the
top (anode edge), as they grow early on and move around
throughout continued cycling. There is a 90-degree angle kept
between the two needles the entire period; a sign the needles
have a preferred orientation between each other. Li rods could
be attached, indicating the growth was switching between
growth from the tip, base, or other areas. Fig. 10(i)-(1) char-
acterize a similar needle that was lifted off and milled after
dissolution to reveal a hollow structure with a thin shell. Starting
at later formed areas with a thinner SEI layer, these needle
structures left behind SEI residue shells measured to be around
100 nm. There remained an inactive dead Li tip that was
electrically separated from the surface, suggesting the thin shells
are also very brittle. The driving force of continual Li deposition
that is encapsulated by a hard outer shell can penetrate and
decompose the SPE before leaving behind unusable Li.

Bulk-type electrolytes have been proven to exhibit a high
capacity but are susceptible to dendritic Li penetration. Their
inorganic SE has eliminated Li metal reactant elements, while
maintaining the high Li-ion conductivity and chemical stabi-
lity. Nagao et al. investigated Li behaviors in bulk-type all-solid-
state cells using the sulfide-based electrolyte Li,S-P,S;.>° An
in situ SEM setup observed Li deposition and dissolution at the
SE/stainless-steel CC interface at a relatively high current
density of 2 mA cm > Images were taken before cycling
(Fig. 10m), after 10 minutes (Fig. 10n), and after 32 minutes
when the cell short circuits (Fig. 100). SEM images of the solid
electrolyte and Li anode interface show the distance between
the SS and SE expands and the SE surface becomes more
rugged, and pillared structures form and grow.
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Fig. 10

(a)—(d) Full-cell cross-sectional SEM images of the anode, SPE, and cathode interfaces. Images were captured at four different times: before

cycling, after 3 days, after 13 days, and after 16 days and the last cycle. (e)-(h) Cross-sectional SEM images of the anode/electrolyte interface. Images
were captured at the same four times as parts (a)—(d). (i)—(l) SEM images showing dendrite formed on the anode, dendrite detached, FIB image displaying
a hollow structure, and measured dendrite wall thickness.?® (m)—(o) SEM observations at the SE/SS interface (m) before cycling, then after (n) 600 s and
(0) 1920 s of Li deposition. (p) SE/SS interface in the same cell immediately after short circuiting.*® Reprinted (adapted) with permission from ref. 29.
Copyright (2018) American Chemical Society. Reprinted (adapted) with permission from ref. 30. Copyright (2013) American Chemical Society.

Before deposition, the SE appears with no cracks, and a
smooth CClelectrolyte interface is featured. Then, Li initially
deposits along or in the vicinity of grain boundaries, but after
only 10 minutes some prominent cracks already appeared and
Li proceeds to only nucleate around these areas. New cracks or
deposition sites are rare after this stage, as Li exclusively
deposits along SE/SS contact areas and already formed cracks.
Since expansion and contraction at the electrode-electrolyte
interface during cycling is expected, continual Li plating and
stripping increases and decreases the surface area of these
contacted sections. More specifically, the electrode and solid
electrolyte move further apart as Li deposits onto the stainless-
steel CC. The reverse action occurs as Li dissolves back into the
electrolyte. Thus, the increasing distance between the electrode
and SE resulted in elongated cracks and pillared Li structures,
ultimately leading to short circuiting after 32 minutes, further
imaged in Fig. 10p. It should be noted that since this cell was
designed for in situ SEM observations, insufficient pressure was

Energy Adv.

applied, which increased the resistance and slightly changed
the deposition morphology.

Of the many failure mechanisms harming Li deposition
ability, electrode cracking is another major issue associated
with Li metal anodes. Zhao, et al. reported on possible causes of
Li induced cracking, using a focused ion beam-SEM (FIB-SEM)
to observe in situ Li deposition onto garnet SEs.*' In ceramic
LLZTO, Li deposition causes a higher amount of transgranular
cracking, through the grains, compared to inter-granular crack-
ing, along grain boundaries. LLZTO is brittle for a SE, so once a
crack forms it can very quickly expand and extend, causing
more pressure on other grains. The resulting expansion travels
to the surface, leaving a bowl-shaped crack that lifts away and
eventually completely detaches the Li piece.

To further understand the causes behind this mechanism,
Fig. 11(a) shows sequential SEM images during several stages of
cycling, with the full bowl-shaped crack on the left and their
further magnified images on the right. Starting from a small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11

(a) In situ observations of a crack evolution after several minutes of Li deposition. Arrows marked 1-4 indicate various cracks formed during this

process. Different cracks are labeled and numbered with yellow arrows, while Li filling into the spaces is indicated with a green arrow. (b) Schematic
representing a small defect forming then increasingly filled with deposited Li to produce wedging stresses and a disconnected bowl-shaped section from
the surface. Reprinted (adapted) with permission from ref. 31. Copyright (2021) Wiley John and Sons.

defect or void underneath the surface, Li can seep through the
cracks and deposit within the small opening. Continual Li
flowing through these cracks causes increasing internal stres-
ses across the entire SE that can enlarge, disform, or create
entirely new cracks. Cracks start off short and thin, but con-
tinued time and increased voltage create a cycle that thickens,
lengthens, and merges the cracks. In the figure, crack 4
branches off from crack 1 and widens over time, though this
causes both a compression of crack 1 as well as the branching
of a new crack further away. Increasing Li volume generates
greater localized pressure, and deposition sites along cracks
and larger grain boundaries collectively force increasing expan-
sion. By the end, an especially elongated crack disconnects
several grains from the surface and lifts a bowl-shaped crack of

© 2025 The Author(s). Published by the Royal Society of Chemistry

which Li has filled entirely, illustrated in Fig. 11b. Upon
reversing the potential and beginning stripping, Li at the sur-
face is dissolved first and the openings remaining contract. The
Li left prohibits complete healing after this step and lose
electrical contact, leaving more dead Li that further break off
dendrites and produce more dead Li with continued cycling.
An effective method for simulating Li dendrite behavior
utilizes a thin Cu film as an anode, allowing direct observation
of Li plating and stripping on a solid Li phosphorus oxynitride
(LiPON) glass electrolyte. This setup is referred to as “anode-
free” because during the first charging step, Li is deposited at
the Cu CC/LiPON interface to produce the initial Li anode.
Dendrite growth is observed originating at the LiPON/Cu inter-
face, where it extends upwards and eventually bursts through
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(a) Cell configuration allowing in situ SEM visualization and imaging. SEM images taken through the thin Cu film observing dendrite (b)—(i) growth

during plating and (j)—(q) shrinkage during stripping. Reprinted (adapted) with permission from ref. 32. Copyright (2013) Elsevier.

the thin Cu layer. The SEM viewpoint focused on this interface
as Li deposits upwards through the thin Cu film, the dendrite
breakthrough visible through a hole on the top side of the
sample. A common experimental cell configuration, demon-
strated by Sagane et al. in Fig. 12(a) involves using Cu and brass
plates as the working and counter electrodes, respectively.*>
Since LiPON is amorphous and lacks grain boundaries, all
surface sites have equal probability of serving as nucleation
points for Li deposition.

In situ SEM images are shown of plating (Fig. 12(b)-(i)) then
stripping (Fig. 12(j) and (q)) onto the Cu/LiPON interface.
During plating, the initial nucleations are flat, with small
islands of growths that uniformly trend in a lateral growth
direction. After 150 s (d), Li evidently reached a height tall
enough to break through the Cu film, then began to grow as
rods in the vertical direction. As this process begins, newly
precipitated Li is rarely observed, and it dominantly plates at
the already plated regions. Because deposited Li is pure Li
metal, it easily reacted with residual gas molecules (O, and
H,0) in the SEM chamber, forming a native layer of Li com-
pounds on the surface of the deposits. The outside covering of
these dendrites consistent mainly of Li,O and LiOH, though
several other additional gases are present to produce a hetero-
genous SEI compound layer.

During the stripping process, the Li rods gradually lose their
metallic core and leave behind shells of Li reacted compounds.
These precipitated dendrites appear ‘“deflated” with thin,
translucent, and fragile structures. The observed stripping
mode for longer-grown dendrites is where Li precipitates from
the bottom, leaving a solid metallic Li head that remains
attached along with the SEI shells. Without an applied pressure
to ensure uniform Li plating and stripping, the dendrites’ roots
are quickly taken first, leaving a broken electric connection
between the CC and the majority of the plated Li. This is

Energy Adv.

observed in the in situ SEM stripping images, as many hollow
shells remain, with the particularly long dendrites having a
solid tip that is classified as unrecyclable dead Li. A relatively
low current density of 50 pA cm ™ is used for both the plating
and stripping process, contributing to the sparse nucleation
sites and dendritic growth mode.

Also utilizing an in situ LIPON/Cu cell with a viewpoint hole
through thin Cu film, Motoyama et al. determined a greater
number of Li nucleation sites are a direct result of higher
current densities.*® Below 300 pA cm™?, the Li nucleation
density is significantly smaller and allows separate Li growth,
described as islands. If the nucleated Li does not coalesce
before the local stress overwhelms the Cu layer strength, the
surface will crack quickly without merging into a homogenous
growth layer. Once perforated through the deformed Cu layer,
they preferentially grow through the cracks and dominantly
continue as rods. Since the total charge was held constant for
all current densities, the overall amount of deposited Li was
the same. However, at higher current densities, the nucleation
density increases, and the amount of Li deposited per site
is lower, leading to smaller individual islands that are more
likely to coalesce into a continuous film due to their
closer spacing. Lateral growth in all directions also continued
longer while avoiding growing enough vertically to pierce the
pressurized film.

In situ SEM images and the different growth mechanisms for
high and low current densities in Fig. 13 display this concept
nicely. During Li plating at 50 pA cm ™2, pictured in Fig. 13(a), a
secluded nucleation bulge in the film appeared after 5-10
minutes, then the Cu surface cracked by the 15-minute seg-
ment. One-dimensional rod growth, modeled in Fig. 13(c),
started from the breakthrough Li after piercing the Cu thin
film, as no additional pressure energetically favored this site
to continue growing. No new nucleation sites formed, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 SEM images and the corresponding growth models during Li deposition onto Cu/LiPON and after dissolution under (a) and (c) low current
density and (b), (d) high current density.>* Reprinted (adapted) with permission from ref. 33. Copyright (2014) The Electrochemical Society of Japan.

stripping left a hollow SEI shell and dead Li from the rod
dendrite. In comparison, SEM images and the growth model of
Li plating at 1 mA cm™? shown in Fig. 13(b) and (d) showcase a
distinct pattern of lateral expansion and depositing Li relatively
uniformly. The Cu film does not experience its first crack until
the 150 second mark, much further into the deposition process
than with lower current density. Mounds will merge if they are
in the same vicinity and the model visualizes how a greater
number of nucleation points is advantageous for this behavior.
Higher nucleation density and the lengthened time of lateral
growth before film perforation are both key factors in uniform
deposition across the entire interface.

Aiming to investigate the broader mechanical properties
and failures through several full charge-discharge cycles,
Motoyama, et al. performed Li plating and stripping onto the
LiPON/Cu thin film interface under different pressure levels.>*
Cu film thicknesses of 30 nm and 1.0 pm were tested at 1.0 mA
cm 2, simulating applied mechanical pressures during cycling.
With the thinner 30 nm-thick Cu film, Li repeatedly nucleated
at existing sites where the Cu film was preciously cracked, the
mechanical pressure exhibited by the film in these locations
being minimized. Several film locations protrude during the
first plating cycle, cracks formed along the boundaries of these
domes, then Li preferentially plated during repeated plating/
stripping within those cracks. SEI shells and dead Li continues
to build throughout continued cycling. As a result, small Li
residues remained at cracked regions during dissolution from
the formation of surface compounds such as Li,O and LiOH.
Improved from the continually worsened deformations begin-
ning at the first plating cycle from the thin film, the thicker
1.0 pm Cu film did not exhibit any significant changes or

© 2025 The Author(s). Published by the Royal Society of Chemistry

obvious cracks. Due to the much lower volume of Li plated
with each charge, there was a reduced strain applied to the Cu
film, especially compared with that required to crack the much
thicker film. Thus, the parts of the film that did not signifi-
cantly fracture displayed no preferred nucleation sites other
than the already existing cracks and grain boundaries. These
observations confirm that higher pressure applied to a surface
produces confined lateral Li growth with more uniform and
reversible formations.

Another experiment performed by Motoyama, et al. utilized
a similar setup, though electrodeposited Li onto a platinum CC
instead of Cu.?® As a lithiophilic substrate, Pt alloyed with Li to
form various Li-Pt alloy phase compositions, reaching a max-
imum Li amount at Li,Pt. After the first appearance of dome-
shaped nucleation points formed underneath the Pt CC, no
observable cracks were exhibited during Li growth, improved
from thin Cu CC films that frequently cracked along the
deposited boundaries. When the surface supersaturated and
the alloy penetrated the film, it diffused vertically through grain
boundaries and the newly formed film surface cracks. After this
point, dome diameters remained practically unchanged, as Li is
deposited exclusively through these holes and formed no new
nucleation sites. At larger current densities, Li concentration
reached a point of supersaturation quicker, while the size of
each Li particle decreased. Pt CCs allow for higher nucleation
density and lower overpotential compared to Cu CCs, due to the
reduced interfacial energy and softened Li-Pt alloy.

While nucleation density and Cu film pressure are defining
factors during these experiments, outside oxygen pressure also
significantly contributes to nucleation and dendrite growth
styles. Yulaev et al. used an operando ultrahigh vacuum-SEM
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(UHV-SEM) to investigate the effects of varying oxygen pressure
levels on Li plating and stripping behaviors.>® Using LiPON
electrolyte and a LiCoO, cathode, they observed different for-
mations of particles, nanowires, and large whiskers at three
controlled oxygen pressure levels. Increased oxygen pressure
allowed more rapid oxide formation that influenced in-plane Li
surface diffusion, determining an increased charging rate led to
a higher Li nucleation density and thus more uniform growth.
Fig. 14(a)—(c) compare SEM images, growth models, and simu-
lated particle growths under three different levels of oxygen
pressure after one galvanostatic Li plating cycle at 0.77 mA
cm > On the left, the lowest pressure level (5.7 x 10~7 Pa)
yields primarily 3D growth that continually stays in plane. The
majority of Li plated is relatively large and does not cluster with
each other, though displays minimal nanowire, out-of-plane
growth. When pressure is increased by one magnitude (5.7 x
107° Pa), nanowires are the dominant growth mode, creating
long, thin dendrites with very low nucleation density. Particle
growth only occurs at the dendrite base, constantly creating
additional particle surfaces to be oxidized, encouraging con-
tinually quick vertical growth. At the highest level of oxygen
pressure tested (4.8 x 107° Pa), oxide formations are over-
whelming, continually allowing new growth spots on the sur-
face. They surround the entire area to create compressive stress
with high growth impedance, promoting far more lateral
growth and tripling the nucleation density.

The cross-sectional and top-view SEM images in Fig. 14(d)-
(g) capture Li dendrite growth after charging and discharging at
the intermediate oxygen pressure of 5.7 x 10™° Pa. Li ions
diffuse much quicker than oxygen can react, creating oxide
layers of only around tens of nanometers that are stretched very
thin on the newly formed metallic Li. Growth then only occurs
through the base, as the activation energy around this area is
still lower than at the surface, making new Li surface diffusion
thermodynamically unlikely. Thus, rapid growth through
already formed dendrites continues, creating dendrites with
small diameters that are predominantly grown in the vertical
direction. Kinks are natural, and as such the structures lack the
mechanical strength to retain their shape. When discharging,
the metallic Li dissolves through voids in the dendrite and
these thin Li-oxide shells are all that remain. This is compared
to the higher oxygen pressures where bulky oxide layers easily
form to compress Li deposition/dissolution for uniform surface
diffusion. This experiment further demonstrates the impact of
surface oxidation rate on nucleation patterns and confirms the
oxygen pressure effects suggested in Fig. 14(a).

Li;Laz04,Zr, (LLZ or LLZO) and similar materials as solid
electrolytes have proven to exhibit a higher Li* conductivity
than that of LiPON and are far more rigid than Li,S-P,S5.>” It
also has a Young’s modulus (modulus of elasticity) greater than
the theoretical value of preventing dendritic Li growth, though
continue to experience short circuiting from gradually
increased cell voltage.®® One established method has been to
heat LLZ in dry argon gas to remove Li,CO; and LiOH,
compounds that easily form in air and have been thought
to only have exchange reactions between H" and Li* in aqueous
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solutions. However, this method causes large interfacial resis-
tance and commonly degrades the surface affinity of Li
and LLZO.

By using a mechanical polishing treatment by HCI aqueous
etching in air instead of an inert gas atmosphere, Motoyama,
et al. aimed to create a lower resistance LLZ/Li surface layer.*”
They effectively etched Ta-doped LLZ (LLZT) in aqueous acid
HCI, realizing the electrochemical activity of the inert com-
pounds and a smaller contact angle between molten Li and
LLZ. HCI etched LLZT pellets 0.5 mm thick were manufactured
for this experiment by immersing them into 1.0 M HCl aqueous
solutions for 5 minutes, named ‘“5 m-HCl-etched LLZT”. The
pellets etched using this method found an increased stability
limit through extended cycling through a 30 nm thick Cu CC
film at 100 pA cm ™2, observed using in situ SEM. Unmanipu-
lated, polished, and etched LLZT were tested and compared
under the same conditions. Mechanical polishing was abrasive,
leaving a significant number of defects with a coarse surface,
leaving the LLZT grains left either exposed or pulverized into
non-uniform LLZT layers. However, Li whiskers subsequently
grew not only on LLZT grain boundaries, but evenly on grain
boundaries and polished surfaces. With a greater nucleation
site number density, local current density was significantly
reduced, effectively avoiding short circuiting. By purposefully
manipulating the substrate surface by etching instead of pol-
ishing flat grains, the nucleation sites increase, and local stress
was decreased across several points.

To better differentiate the Li metal growth behaviors
between glass, solid electrolytes and liquid electrolytes, Kraus-
kopf, et al. deposited Li metal onto an LLZO solid electrolyte/Cu
CC interface.?® Since polishing LLZO usually leaves some sur-
face roughness as well as hydroxides and carbonates, they used
solid electrolyte that was freshly broken, resulting in a well-
defined surface with distinct topographic contrasts. Electrode-
positing by controlled electron injection, Li was plated and
stripped at 500 pA cm ™ > and 200 pA cm >, respectively. The Li
in Fig. 15(a) mostly deposit onto a flat region showing a single
grain boundary, the dominant nucleation site seemingly along
or near this boundary. To further determine the structural
effects of nonhomogeneous regions, Fig. 15(b) captures deposi-
tion in a region with several ledges and grain boundaries
present. In agreement with the first site, nucleation is fast
and plentiful around these sites while the flat sections are
delayed and minimal. Images depicted in Fig. 15(c) provide a
gradation curve correction for a highly contrasted image of
those in the Fig. 15(b) deposition, highlighting how Li predo-
minantly nucleates at grain boundaries and stark topological
features.

In a later experiment, Krauskopf et al. observed the Li metal
and inorganic solid electrolyte LLZO interface during Li deposi-
tion utilizing a tungsten needle as an in situ microelectrode.*’
The glassy LLZO is atomically smooth, enabling ultrafast
charge transfer kinetics that are usually affected by contamina-
tion layers or damage via polishing. Short circuiting happened
easily, due to Li growing both through cracks in the ceramic
solid electrolyte and laterally along its surface, as shown by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 A schematic of increasing oxygen pressure effects on Li growth size and shape. Row (a) compares plane view SEM images, row (b) visualizes
cross-sectional dendrite growth, and row (c) portrays Li growth size differences. Top-view (d) and (e) and cross-sectional (f) and (g) SEM images during
both charging and discharging at an oxygen pressure of 5.7 x 107 Pa. Li oxide shells can be seen after Li is stripped, including the voids where it broke
and the remaining shells. Reprinted (adapted) with permission from ref. 36. Copyright (2018) American Chemical Society.
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Fig. 15 SEM images during Li deposition at various locations and current densities. (a) 500 pA cm™2 at a relatively smooth location with one grain
boundary. (b) 200 pA cm~2 at a more topologically diverse location. (c) Images from (b) after a manual gradation curve correction to better distinguish the
Li metal and substrate.*® (d) SEM images captured of Li deposition onto LLZTO at 50 s intervals. Deposited Li is shown as bright spots, further illuminated
to better distinguish the contrast.*® Reprinted (adapted) with permission from ref. 39. Copyright (2019) American Chemical Society. Reprinted (adapted)

with permission from ref. 40. Copyright (2014) Elsevier.

SEM images taken during different time intervals within several
minutes of the beginning of deposition. Overpotential gradu-
ally increases by —1 V every 30 s, while current increases
exponentially over time as the interfacial contact area expands.
At low overpotentials, the current remains consistent, evident
by stable vertical Li plating with no changes to the interfacial
contact area. As overpotential and current both increase with
time, Li also grows laterally, likely due to several reasons.
First, dislocations or other defects could minimally be present
on the smooth surface of LLZO. Also, the tungsten needle
tip is believed to have caused local mechanical stress and

Energy Adv.

deformation of lithium. This has been attributed to the electric
field distribution change close to the microelectrode. They
noted in their previous experiments that these actions could
be equally observed across the entire LLZO substrate.

To measure and control the important effects of beam
irradiation on LLZTO, Xie, et al. aimed the SEM electron beam
at the surface, which penetrated into the bulk LLZTO and
expulsed materials from the surface.”® In order to initiate a
strong expulsion, the electron beam must build up the electric
field to a certain strength, meaning a longer time and period of
accumulation to achieve a stronger beam. Li ions have very

© 2025 The Author(s). Published by the Royal Society of Chemistry
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high mobility in electrolyte, making them the primary element
to be ejected and then easily reduced by the surplus of electrons
from the beam to be detected. The internal electron field
attracts Li ions from the electrolyte, providing insight into
ion behaviors and Li growth. Using SEM, the images in
Fig. 15(d) captured Li expulsion from LLZTO every 50 seconds.
Interestingly, expulsion of Li does not occur at the grain
boundaries, but instead from inside the grains. These areas
that normally are hotspots for Li growth are starkly contrasted
in black on the images, indicating no Li observable expulsion.
As with the ejected Li, they found that there was a direct
correlation between expulsed Li accumulation rates and growth
rates. An earlier formed group tends to slowly accumulate,
while a delayed start of growth in an area often results in faster
and larger expulsions. This is especially true for the last group,
as a sudden ejection exceeds the frame recording rate, as
visualized by their sudden appearance and continued rapid
growth. The behavior of Li under beam irradiation shares
notable similarities to Li metal dendrite growth mechanisms
during electrochemical cycling. Instead of a penetrating elec-
tron beam that expulses ions through an internal electric field
in this experiment, Li dendrites are formed in batteries by the
ionic polarization at the electrode/electrolyte interface under an
applied current. Although the driving forces differ, this beam
irradiation experiment offers valuable insight into nucleation
behavior and morphology evolution, particularly on well-
characterized deposition substrates.

Overall, in situ SEM has proven to be a powerful tool for
probing and observing Li metal mechanisms during battery
operation. Compared to other in situ imaging techniques that
observe Li dendrite growth, SEM provides great spatial resolu-
tion, operational flexibility, and compatibility within various
environments.>* However, the influence of the electron beam
must be regarded, as prolonged or intense beam exposure can
have destructive effects.”® The nucleation density of the
observed regions is often different from the regions outside
the field of view.>”> Despite these limitations, in situ SEM
eliminates the need for disassembly or vacuum removal, which
can easily damage the fragile Li structure, and enables real-time
imaging in the original sample experimental position.

4. TEM observations on the evolution
of Li dendrites

The primary benefit to using a TEM for in situ or operando
observations is its very high resolution, often <0.2 nm. How-
ever, the challenges associated with high magnification include
the requirement of a vacuum environment, as the electron
beam will lose clarity if it must travel through an environment
with gas or air molecules, so the sample chamber is held at a
very low pressure. Because Li cycling is carried out through an
electrolyte, either liquid or solid, novel cells are created to
house the electrolyte and electrodes inside the vacuum TEM
chamber for in situ investigation. Generally, for TEM investiga-
tions, those cells are either an open or closed cell configuration.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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An open cell is dry and was used to investigate lithiation of
individual carbon nanotubes,** silicon nanowires,*® and other
nanostructures, where the structures under investigation are
touched to the surface of a Li metal counter electrode and the
native layer present on the metal is used as a solid electrolyte.
Although these investigations reveal mechanisms of lithiation
and the development of SEI on the surfaces of those structures
imaged, they do not offer electrolyte-specific mechanisms that
are directly applicable to future LMB applications. For this
reason, the following discussion will focus on closed-cell con-
figurations, where commonly used electrolytes submerge the
electrode under investigation, and more applicable findings are
discussed.

Leenheer et al. designed a novel TEM liquid cell with a small
enough working electrode such that it could be observed in its
entirety at submicron resolution.** The cell uses SiN,
membrane windows and 1 M LiPFs in 1:1 EC: DMC electrolyte
with tungsten working electrodes. Ten working electrodes were
deposited onto a substrate and were masked with Al,O; except
for a small square area of 0.26 pm?, this unmasked area notated
by the green outline in Fig. 16(a) is the active Ti working
electrode where Li deposition takes place. Because ten of these
areas were deposited, ten experiments can be carried out with-
out having to disassemble or otherwise disturb the cell. The
first in situ observation and experiment through two full cycles
are depicted in Fig. 16 below, including the overpotential and
current profiles (Fig. 16(b)).

Two full plating/stripping cycles were completed at 10 mA
cm 2, and the in situ images are displayed in Fig. 16(c)-(j). No
imaging was performed in the first half of either plating half
cycle, then images were taken every minute. Before beam
exposure, the Li deposit consisted of only one grain and
exhibited a smooth overpotential profile. After beam exposure,
the overpotential dropped and depicted much more noise. Near
the end of the plating half cycle, more nucleation sites are
evident along with the formation of a needle. After the initia-
tion of the stripping half cycle, some Li is stripped away,
however the half cycle only lasted 166 s before reaching the
cutoff voltage indicating a low CE and dead Li is evident in
Fig. 16(f). During the second cycle, the electrode was exposed to
the electron beam for the entirety of the cycle, resulting in
needle-like growth as well as the nucleation of new circular
grains. The following stripping half cycle also resulted in low
CE and the formation of dead Li.

The next observations were made with constant beam expo-
sure during three full cycles at 10 mA cm 2. The deposited Li
during the first cycle resembled a bundle of balloons growing
from the surface of the working electrode and after stripping a
large amount of dead Li was evident resulting in new growth in
the following two cycles. The current density applied in this
experiment was the same as that of the experiment depicted in
Fig. 16, yet the morphology of the deposited Li was vastly
different, leading the group to the conclusion that the exposure
of the Li surface to the electron beam resulted in a different SEI
composition due to the reduction of radical species in the
electrolyte. To visualize the effects of beam exposure alone,
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Fig. 16 (a) Bare electrode depicting Al,Oz masked tungsten and bare tungsten where deposition takes place. (b) Overpotential (vs. a large quasi-

reference Ti electrode) and current profiles of two full cycles over time, with indicators depicting when images (c)-(j) were taken. (c)-(j) In situ TEM
images of the Li deposition and dissolution over two full cycles. Reprinted (adapted) with permission from ref. 44. Copyright (2015) American Chemical

Society.

the group plated Li onto a working electrode at less than 1 mA
cm ? while actively imaging the deposition. After 5 min of
deposition and beam exposure, a dark region was evident
around the deposited Li and remained after the Li was stripped
away. Small areas of 75 nm” inside and away from the dark SEI
area were then bombarded with the electron beam. The two
areas inside the SEI exhibited a change in shade, becoming
brighter than the surrounding area, while the area outside of
the SEI did not change. Because the area inside the darker SEI
became less dense than the electrolyte after electron beam
bombardment, the group believes that this SEI is made of
components like LiF that revert to metallic Li after beam
exposure.

To further investigate the effects of beam exposure on Li
deposition morphology, the group began cycling at 10 mA cm >
on an unused Ti electrode. They completed one full cycle before
imaging, so the morphology of the initially deposited Li could
not be determined; however, the overpotential profile was
smooth and the stripping achieved about a 90% CE. After this
first cycle, images taken midway through the plating step of
both the second and third cycles revealed faceted grains and
needles. During stripping in the second cycle, dissolution
started at a single point on the largest spherical grain and

Energy Adv.

propagated outward until the grain was fully removed. The
dissolution likely initiated at a weak point in the SEI, which
could have led to dead Li if the defect caused necking or
isolated a section of deposited Li.

Finally, the group compared high (25 mA cm™?) and low
(1 mA ecm™?) current density cycling on different working
electrodes with consistent imaging and therefore consistent
beam exposure. At low current density, Li deposited in spherical
grains and stripped with high CE, exhibiting a smooth over-
potential profile. This indicates to the group that the beam
exposure posed less of an effect on the SEI. However, at high
current density, dendrites and needle-like deposition were evident
in even the first cycle. The overpotentials were much higher and
had more noise, and the CEs were much lower than those at low
current density. The findings made in this study were specific to
the in situ TEM setup in that they expose the effects of electron
beam exposure to the working electrode during deposition and
dissolution. However, it also highlights the impact of SEI compo-
sition on Li deposition mechanisms. This study should be used to
further understand and improve upon future in situ TEM studies
on Li plating and stripping mechanisms.

A similar study by Mehdi et al. utilized an in situ visualiza-
tion stage for observing Li deposition and stripping via STEM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on platinum (Pt) electrodes.*> An electric field simulation was
conducted to confirm the architecture of the cell would allow
for reasonable plating and stripping dynamics. To ensure that
the beam does not affect the deposition and stripping process,
the group limited the beam dose to less than or equal to 0.3 e™
A™? s, To distinguish Li from the Pt working electrode and
the LiPF¢/propylene carbonate (PC) electrolyte, the group uti-
lized bright field imaging where anything denser than the
electrolyte will appear lighter in the images while anything less
dense than the electrolyte will appear darker.

The group began their investigation with three Li deposi-
tion/dissolution cycles, as illustrated in Fig. 17. The dissolution
process in the first cycle was not fully reversible as revealed by
the existence of residual Li deposits still visible on the Pt
surface after the end of the stripping cycle (Fig. 17(a)). In the
second cycle (Fig. 17(b)), Li deposits are much more dendritic
and grow much larger with many visible voids. And again, large
leftover Li is visible after the end of the stripping process. While
Li deposits are visible on the surface of the Pt electrode, Pt and
Li also alloy, and this is evident in the growth and shrinkage of
the Pt electrode during cycling as well as in the cracks that are
seen in the final electrochemical cycle (Fig. 17(c)). The group
also performed a similar experiment at extended cycling in
which the SEI layer, Li protrusions underneath the SEI layer,
and the change in Pt electrode shape are clearly evident as are
pockets of Li metal inside the Pt electrode. To obtain and
analyze quantitative information from the in situ TEM observa-
tions, the group used a tracking algorithm to quantify the
volume of Li metal deposited onto the Pt electrode seen in
Fig. 17(a)—(c). Fig. 17(d)-(f) depict this quantification (Fig. 17(e))
as well as the CV (Fig. 17(d)) and SEI thickness growth
(Fig. 17(f)) for the three cycles depicted in Fig. 17(a)—(c). They
noted the difference between the volume of deposited Li in the
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second and third cycle versus the volume deposited in the first
cycle is quite large. This is because, during the first cycle, Li is
deposited relatively uniformly onto a smooth Pt electrode sur-
face. After stripping, however, the surface is left rough and
nonuniform due to a nonhomogeneous SEI and dead Li left
behind. Therefore, the second and third plating processes are
left to be conducted onto a surface with a nonuniform SEI layer
with leftover dead Li leading to more dendritic morphology and
even less reversibility. Consequently, Mehdi et al. collected
qualitative information regarding the plating and stripping
process of Li metal onto a Pt electrode with the in situ TEM.
Implementing a tracking algorithm to quantify the materials in
the in situ images, in particular, the group was able to show
quantitative proof of their in situ cell.

Among other efforts, Kushima et al. used in situ ETEM to
visualize Li deposition and model the mechanism for Li
dendrite propagation and dissolution, creating dead Li and
Li containing compounds or empty SEI shells.*® They observed
Li deposition onto a gold electrode through 1 M LiTFSI in
dimethyl sulfoxide (DMSO) electrolyte. These observations
allowed the group to model the development of Li dendrites
through 4 stages: (1) a spherical dendrite nucleates at the
surface and its diameter grows proportional to the square root
of the time, (2) the dendrite grows from its root pushing the
spherical nucleus away from the surface, (3) growth rate
decreases significantly, perhaps due to the development of
the SEI on the new growth, and (4) new, high growth rate
begins again forming a kink and restarting the process.

Hou et al. conducted an operando study on the development
of the SEI layer on gold (Au) anodes using mass-sensitive
STEM.?” Au was chosen as the anode material due to its
alloying behavior with Li ions leading to large volume change
upon lithiation and delithiation, replicating the volume change
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In situ TEM images of Li deposition and dissolution: (a) first cycle, (b) second cycle, and (c) third cycle. (d) Cyclic voltammogrames, (e) volume of

deposited Li per cubic micron per cycle, and (f) SEI layer thickness and volume of deposited Li per net charge density of the in situ TEM experiment
depicted in (a)—(c). Reprinted (adapted) with permission from ref. 45. Copyright (2015) American Chemical Society.
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of a Li metal anode during charge and discharge and therefore
replicating the parameters surrounding the formation of the
SEI layer in a practical LMB. High-angle annular dark-field
(HAADF) STEM was utilized to visualize the development of the
SEI during Au lithiation due to the high mass-contrast revealing
the SEI layer (Fig. 18(a)-(1)).

These operando observations show an uneven SEI thickness
early in the lithiation cycle that eventually grows more even and
thicker over time. The alloying process occurs more quickly in
areas with a thin SEI layer, and spreads parallel to the Au/SEI
interface (Fig. 18(d)), until most or all the interface has begun
alloying, at which point the alloying layer grows in thickness
(Fig. 18(g)-(1)). Because the Li-Au alloy grows quicker behind
areas with a thinner SEI layer, the SEI layer is believed to
suppress the diffusion of Li ions from the electrolyte to the
electrode. To further investigate the formation of the SEI layer,
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View Article Online

Energy Advances

the group analyzed and zoomed in on images of the SEI layer in
the first 64 s of plating (Fig. 18(m)—(p)). The SEI film exposed
due to higher magnification shows a typical inner layer con-
sisting of inorganic compounds and a more porous outer layer
of organic compounds closer to the electrolyte. Based on these
observations, the group proposes a two-step process by which
the SEI layer forms: (1) electrolyte decomposition occurs at the
gold surface and thereby forms a thin, porous layer of both
organic and inorganic compounds, then (2) electrolyte perme-
ates into the layer and continuously decomposes over time,
leaving an inorganic layer closer to the surface and an organic
layer closer to the bulk electrolyte. The group also finds that the
organic layer stops growing once the inner layer has become
sufficiently dense, preventing further electrolyte decomposi-
tion. EELS spectra were taken of the two layers of the SEI,
exposing the composition of the inorganic, inner SEI layer
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Fig. 18 HAADF STEM images of Au electrode lithiation, with time indications after beginning galvanostatic charging (a)—(l). High magnification HAADF
STEM images of SEI development on the Au electrode in the first 64 s of lithiation (m)—(p). Electrolyte is dark/black, SEI film is green with blue consisting of
a conglomeration of neutral and radical species produced by the initial electrolyte reduction, and the red/yellow areas are representative of the Au
electrode with some red/yellow specks being Au-Li alloys. Reprinted (adapted) with permission from ref. 47. Copyright (2019) Wiley John and Sons.
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consisting of Li compounds including dominantly Li carbonate
and also LiF, LiOH and metallic Li. Another observation was
conducted during the delithiation of the Au electrode exposing
the failure mechanism of the SEI film where the film swells due
to the shrinking of the Au electrode. As the electrode shrinks,
the SEI roughens and dissolves into the electrolyte leading to
exposure of the Au to the electrolyte directly, leading to rapid
delithiation of the alloyed phase. The group concludes with
cumulating their evidence to propose that SEI growth occurs at
the SEI/electrolyte interface with the further reduction of the
electrolyte. HAADF-STEM and ABF-STEM (not discussed here)
allowed the group to distinguish between the inner and outer
layers of the SEI and propose a formation and growth mecha-
nism with these observations.

Ye et al. synthesized nitrogen-doped hollow porous carbon
spheres (N-HPCS) as a possible nanostructure for housing Li
deposition as an anode.*® After synthesis and confirmation
characterization with TEM, energy dispersive X-ray spectro-
scopy (EDX), X-ray photoelectron spectroscopy (XPS), and
others, the group examined the nanostructures’ validity as a
possible solution to the challenges with Li metal, including
dendritic deposition, SEI, and dead Li formation. To do this,
the group utilized a dry cell configuration, touching a Li metal
counter electrode with a Li,O native layer employed as the solid
electrolyte to the working electrode consisting of their N-
HPCSs. An overpotential of —3 V was applied and the lithiation
process was observed via in situ TEM analysis. The first step of
lithiation observed was the thickening of the outer carbon shell
and the widening of the inner hollow portion. This is evidence
of Li filling the outer shell before plating inside the N-HPCS
where crystalline Li fills the inner cavity with the resemblance
of liquid filling a spherical container. Upon stripping, the
overpotential is then reversed to +3 V and Li effectively drains
out of the N-HPCS back to the counter electrode until it is fully
delithiated. Then, the nanostructure returns to its empty size.
After visualizing one full electrochemical cycle, the group
observed similar plating and stripping for up to 50 cycles,
observing no dendritic morphology and full lithiation and
delithiation of several nanostructures. The group also noticed
that lithiation did not immediately begin with the N-HPCS
close to the Li source, but Li preferentially plated at seemingly
random N-HPCSs. When one nanostructure is fully lithiated,
the lithiation then moves on to the next nanostructure.
The group also observed the performance differences in
similar carbon nanostructures, such as with less N doping
and reduced pores. Both alternatives resulted in dendritic
deposition and an entirely different mechanism for plating
than the N-HPCS. Finally, the group confirmed the utility of
these structures in a coin cell configuration after plating with
ex situ SEM where they observed full lithiation without dendri-
tic morphology and high cyclability up to 270 cycles with
a CE up to 98.5%. The in situ TEM methods utilized by
this group allowed for the detailed explanation for the mechan-
isms of lithiation and delithiation of their novel nanostructure
that tackles the challenges involved in Li metal anode
implementation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Chen et al. developed a novel in situ TEM cell that they use to
expose a relationship between the SEI composition and the
morphology of Li deposition.*® The cell used a nickel grid
substrate for Li deposition and an equimolar mixture of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSA) and tetraethylene
glycol dimethyl ether (TEGDME) as the electrolyte with a
counter electrode of LiCoO,. The group imaged the substrate
surface after applying a constant voltage of —4.25 V (vs. LiCoO,)
for 1 h and observed three different deposition morphologies
described as fiber, moss, and film. Each of the growth modes
observed are encapsulated by a thin shell (10-30 nm) that is
believed to be the SEI Using selected area electron diffraction
(SAED), the group identified single crystalline Li metal with a
body-centered cubic structure on a deposited Li fiber. The
group also identified LiF from the LiTFSA electrolyte. Another
SAED investigation of uniformly deposited Li revealed both LiF
and LizN. Based on these findings, the group suggests that
inorganic compounds like LiF and Li;N support the desirable
film-like Li deposition and suppress dendrite growth. With this
in situ TEM visualization technique, the group observed three
growth modes of Li deposition and identified a unique SEI
composition on the most desirable growth mode, i.e., 2D film-
like deposition.

In another study, Sun et al. utilized two in situ TEM setups to
observe Li plating and stripping through LLZTO SSE.*° Both of
these setups include a tungsten (W) substrate with a Li working
electrode touching a chip of LLZTO solid electrolyte, which is
held against the Li working electrode by either a Cu counter
electrode or an AFM tip, which is used to investigate the growth
of a Li dendrite underneath the solid electrolyte. Experimenta-
tion began with two full cycles of discharging and charging at
approximately 4 mA cm™? through the SSE using the Cu
counter electrode setup. The first discharge half cycle yielded
a cylindrical Li dendrite protruding from the top of the SSE
(between the contact points of the Cu counter electrode), after
discharge, a crumpled shell of the dendrite was left over,
identified to be composed of Li,CO;. The following cycle
resulted in new dendrite nucleation and following stripping
resulted in a similar shell left over. The next experiments were
conducted on the AFM tip setup, in which more dendrites
nucleated below the SSE in the first discharge cycle, and
similarly left behind a shell of Li,CO; upon charging. The
following cycles yielded dendrite nucleation above and below
the SSE, also leaving behind the SEI or dead Li shell. Based on
these results, the group concludes that Li prefers to deposit
through fresh LLZTO without the Li,CO; left behind because
the fresh SSE has a Li" ion conductivity 4 times greater than
Li,CO;. The group investigated the stripping dynamics of
several dendrites that had grown from the bottom of the LLZTO
chip in the AFM setup where they found that stripping can
originate from the base, tip, and from the side of the dendrite
and propagate toward the rest of the dendrite, removing all Li
and leaving behind the Li,CO; shell. The results of the experi-
ments described in this study reveal the mechanisms of Li
nucleation, growth, dendrite propagation, as well as the strip-
ping mechanism where a shell of Li,CO; is left behind. These
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results are accumulated in a model proposed by the group in
which particulates deposited inside the solid electrolyte swell
until they bulge from the electrolyte eventually bursting upward
in a columnar shape. Upon dissolution, the Li,CO; shell is left.

Additionally, Gong et al. utilized operando TEM to expose the
difference in Li plating and stripping mechanisms through LiF-
rich and LiF-poor SEI layers.”" The electrolytes used to promote
these two different SEI layers were 1 M LiPF in 1:1 EC: DMC
with and without 5 wt% FEC. Cyclic voltammetry was con-
ducted on the Pt electrodes submerged in the two electrolytes
while STEM imaging was carried out at a beam exposure dose
lower than the threshold needed for damage to occur. In the
electrolyte without FEC, Li was deposited and grew into gran-
ular structures. The deposition mainly occurred at the ends of
the ‘dendrites’ supposedly due to the change in electric field.
After stripping, some dead Li was left behind. In the FEC added
electrolyte, a similar morphology was evident, and dead Li was
also left after stripping. A difference in the two experiments,
however, was the formation of a bubble in the FEC added
electrolyte as well as the evidence of an organic layer on the
outer edges of the SEIL In the second cycle, however, the Li
deposition in FEC-free electrolyte resulted in needle-like growth
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and after stripping resulted in dead Li. While the FEC-added
study showed more uniform growth with much less dead Li
produced after the stripping process. Through plasma focused
ion beam - secondary ion mass spectroscopy (PFIB-SIMS) and
nuclear magnetic resonance (NMR), the group confirmed the
existence of more LiF in the SEI of the electrolyte with FEC
added and later confirmed this SEI could suppress the for-
mation of dead Li after 10 cycles.

Furthermore, Dachraoui et al. conducted a comprehensive
study on the mechanisms involved in Li plating and stripping
to and from a glassy carbon (GC) working electrode in 1 M
LiPFs EC: EMC (3:7 by volume) electrolyte with 10 mmol L™*
ferrocene.>* The group used a nanoscale in situ cell for STEM
observations. Cyclic voltammetry was performed on the cell
sweeping from 0 to —4 V at 20 mV s~ ' and back to zero again,
revealing two peaks. The first peak at —2 V corresponds to
decomposition of the electrolyte, forming an SEI layer on the
surface of the GC working electrode, and the second at —4 V is
due to plating (and stripping in the reverse sweep) of Li ions on
the working electrode. Fig. 19(a) depicts the observations made
during the forward sweep from 0 V to —4 V at 20 mV s~ . The
first observation is made at 150 s depicting the reduction of the
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(a) In situ S/TEM images recorded during the forward sweep depicting the formation of the SEl layer (150 s), deposition of Li nanoparticles under

the SEl layer (155-165 s), and the growth of Li dendrites (170190 s). (b) Dendrites formed as they are stripped in subsequent reverse CV sweep.2* (c)-(g)
SEI development over 4 cycles.?® Reprinted (adapted) with permission from ref. 24 and 25 under a Creative Commons Attribution (CC BY) license.

Energy Adv.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00240k

Open Access Article. Published on 30 October 2025. Downloaded on 1/9/2026 1:18:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

SEI layer, made visible by the darkening of a region corres-
ponding to a decrease in density in that region. Next, Li
nanoparticles are visible under the SEI, and more and more
nucleate until 170 s when dendrites begin to grow into the
liquid electrolyte. The group explain this by contributing the
switch from nanoparticle nucleation to dendrite growth to the
breaking of the previously formed SEI layer due to tensile
stress. After the initial SEI layer forms, it isolates the GC surface
from the surrounding liquid electrolyte, preventing further SEI
formation. As Li ions penetrate the SEI layer, they nucleate Li
nanoparticles on the surface of the GC (as GC will not allow
intercalation) underneath the SEI. As more of these Li NPs
nucleate, they stretch the SEI layer, eventually cracking it,
exposing Li to fresh electrolyte. This allows for Li ions to
deposit directly onto the nanoparticles leading to tip growth —
and therefore the growth of dendrites. As these dendrites grow,
a new SEI layer forms on the surface of them, preventing
further tip growth, therefore base growth pushes the dendrites
away from the GC surface (170-185 s). As these dendrites
continue to grow, they stretch and crack the new SEI allowing
for more tip growth of dendrites creating branches (175-190 s).
Fig. 19(b) depicts the images of the dendrites formed in
Fig. 19(a) as they are stripped away in the following reverse
CV sweep from —4 to 0 V. Stripping begins with the shrinking of
the thickness of the dendrites, leading to isolation of the
dendrites’ tip because the base of these dendrites is thinner
than the rest of the body. This stops further dissolution for
some of the dendrites leading to dead Li, and for others the
thin ‘new’ SEI allows for dissolution to occur around the
surface of the dendrite, leading to some portions becoming
isolated dead Li and for others to be completely stripped. These
observations show that dissolution mechanisms vary from
dendrite to dendrite, and that the mechanism itself is overly
complex.

The observations made by Dachraoui et al. reveal the com-
plexity of Li deposition and dissolution at the nanometer scale.
These observations lead the group to formulate a model
depicting the mechanisms of plating and stripping not
described in this review. However, the model clearly depicts
the observations and explanations described above. This paper
strongly demonstrates the efficacy of in situ TEM experiments
and their value in studying the electrochemical mechanisms
of Li.

Another study by Dachraoi et al. utilized an operando elec-
trochemical liquid cell for STEM to visualize the development
of the SEI on a GC working electrode through continuously
flowing 1 M LiPF, in EC:EMC electrolyte.”® To observe the
decomposition of the electrolyte, CV cycles in a range of 3.5
to —0.25 V (vs. Li/Li") were applied to the cell in succession.
Fig. 19(c)-(g) depict the development of the SEI over 4 CV cycles
at the aforementioned overpotential range and the corres-
ponding CV curves. The first cycle (Fig. 19(d)) depicts a sharp
peak at 0.75 V (vs. Li/Li") and high current, indicating a high
rate of decomposition of the electrolyte. In the following cycles,
the peak indicative of electrolyte decomposition lessens in
current, indicating the layer of products of the decomposition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is thickening and sealing portions of the GC working electrode
from the electrolyte, preventing further decomposition. This
can be confirmed in Fig. 19(c) with the layer of products
thickening with each cycle, eventually sealing the electrode
from the electrolyte. Using EDX on the SEI layer that had
developed after 4 CV cycles, the group identified higher con-
tents of carbon and oxygen in the outer region of the SEI layer
while still seeing a distribution of fluorine, phosphorus, and
silicon throughout the SEI. This evidence supports both models
suggesting that inorganic products of electrolyte decomposi-
tion are more concentrated at or near the surface of the
electrode, while more porous, inorganic products exist closer
to the electrolyte, even though either may exist in the inner or
outer portion of the electrolyte. The operando observations of
SEI development made by Dachraoi et al. suggest the SEI is
formed over the course of cycling in successive stages. The first
stage is initiated by the decomposition of the LiPF, salt into
inorganic compounds like LiF and their precipitation onto the
surface of the electrode. Next, as more electrolyte decomposes,
islands of these products form, and grow further as more
electrolyte is consumed, eventually forming a layer. As cycling
continues, decomposition continues with the production of
more inorganic and organic products until the SEI is dense
and covers the surface of the electrode.

All the afore-discussed investigations utilized in situ or
operando TEM techniques to study the mechanisms of Li
insertion or plating on various electrodes. Because these stu-
dies utilized novel or unique cells to house liquid electrolytes
inside the high-vacuum TEM chambers, their findings can
relate directly to the mechanisms of current and future LIB or
LMB systems. Namely, Dachraoi et al.’s findings in the last two
studies discussed show meaningful discussions of the Li plat-
ing mechanisms and the mechanisms of SEI formation at high
magnification and in real time.

5. AFM observations on the evolution
of Li dendrites

In situ AFM enables high resolution, real-time imaging of
electrode surface topography during electrochemical cycling.
Compared to electron-based techniques, AFM offers superior
surface sensitivity, especially in the vertical dimension."
Recent in situ AFM research advancements have extensively
captured these nanoscale mechanisms, particularly to investi-
gate the SEI formation and changing dendrite morphology
under various conditions.>

To understand the SEI layer development, Lin et al. investi-
gated Li metal anodes using in situ AFM.>® Their experimenta-
tion began with a composition study of the surface of as-
received Li metal foil, identifying the native layer on the surface
as Li,0, LiOH, and Li,COj; using XPS. Since the Li metal was not
exposed to air, they claimed that the surface film originated
from unavoidable reactions during supplier processing. After
soaking the Li metal in PC solvent for 18 h, more pronounced
surface features were present, and the oxygen signal peaked at
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these surface features. These findings suggest that ridges and
grain boundaries on the Li metal surface induce localized
electric field enhancements, accelerating electrolyte solvent
decomposition. Using the in situ AFM setup depicted in
Fig. 20(a), the group observed the development of the SEI layer
for up to 12 h. A line scan was taken at 0.5, 2, 6, and 12 h after
submersion and the results were compared for their heights
(Fig. 20(b)—(f)). The high points in the scan grew taller while the
low points remained essentially the same height, validating the
group’s previous theory that the ridges, peaks, or other surface
features accelerate PC decomposition and SEI growth at those
points. They further scratched a 20 x 20 pm square on the Li
metal surface and thereby observed how surface features
evolved during submersion in the PC solvent for up to 72 h.
The scratched surface quickly grew an SEI layer over the course
of the submersion period, leading to significantly increased
surface roughness across the entire scratched area. This was
the opposite from the untouched Li surface which resulted in

14 16 1820

Ar ~
=

iLi metal

o
=
©
©
-

0 2

b 1.04 8
2.
3 084 :
3
£ 064 o
£ °
0.4 ®
°
02 -
00
0 2 3 4 5
Lateral length (um)
165 "
g B Bareli P
T 7604 ® ALDILI | %
N n >
§ 1554 j, =
S s
S 750 -
3 n °
3 d o e
g 145 ; » - - °
T 7404 slope (a;) ~0.15 £ 0.18 nm/h
1354

A
24
o4
=
o
=]
®
o
-

>

0

Fig. 20

View Article Online

Energy Advances

SEI developing primarily over the surface features such as
ridges and grain boundaries. Given the results received with
bare Li, Lin et al. further studied the protection effects of a
nanoscale Al,O; coating on Li metal. They deposited 100-cycle
Al,O; via atomic layer deposition (ALD) over Li metal. Using the
in situ AFM setup, they observed the surface of the ALD-Al,0;-
coated Li metal after submersion in the PC electrolyte for 0.5, 3,
6, and 12 h, as shown in Fig. 20(j)-(m). The roughness of the
ALD protected Li surface increased at a much slower rate than
the bare Li metal, as illustrated in Fig. 20(g). This demonstrated
that the Al,O; coating protected the Li metal and the PC from
degradation. Also, the even distribution of oxygen signal across
the surface after 24 h of submersion in the solvent further
verified the prevention of decomposition at surface features.
SEM imaging (Fig. 20(h)) and EDX mapping (Fig. 20(i)) were
both applied to the same location and further confirmed these
findings. In addition, the group observed the production of
gasses during submersion of bare Li and coated Li in DME/DOL
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(a) In situ AFM cell schematic. (b) Indication and comparison of line scans of in situ AFM images taken after (c) 0.5, (d) 2, (e) 6, and (f) 12 h of the Li

surface soaked in PC solvent. (g) RMS roughness compared between bare and Al,O3 coated Li metal after submersion. (h) SEM and (i) EDX of the coated Li
metal after 24 h of submersion in PC. In situ AFM images taken after (j) 0.5, (k) 3, (1) 6, and (m) 12 h of the coated Li surface submerged in PC solvent.
Reprinted (adapted) with permission from ref. 53. Copyright (2016) Wiley John and Sons.
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solvents (1/1) using an in situ/operando quadrupole mass spec-
trometer. Results showed a sharp production of CO, C,H,, and
C,H;0 with bare Li, while the ALD-coated Li produced no
gasses during submersion and showed nearly the same gas
production profile as that of DME/DOL without submerged Li.
In situ AFM characterization also revealed that the bare Li
surface evolved with time while the ALD-Al,O; coating could
protect the Li from decomposition.

Ultimately, AFM has provided excellent insight into the
dynamic nature of the electrode surface and development of
the SEI layer in Li-based batteries. The detailed vertical mea-
surements allowed for 3D visualization of the SEI layer devel-
opment in the form of surface roughness and SEI thickness.
Combined with previous optical and electron-based techni-
ques, AFM further encapsulates Li electrodeposition behaviors
to provide a well-rounded analysis of its complex nature.

6. X-Ray microscopy studies on Li
dendrites

In situ and operando X-ray microscopy techniques offer a power-
ful approach to visualize Li morphology evolution in real time
under realistic operating conditions. The exceptional penetra-
tion capability of X-rays allow for the direct visualization of
intact electrochemical cells, covering the entire hard X-ray
(> ~6 keV) and soft X-ray (< ~2 keV) waveband.’*”> Synchro-
tron radiation beams present high brightness and flux com-
pared to lab-based X-rays, and are continuously adjustable by
tuning the strength of bending magnets, insertion devices, and
energy of the circulating electrons.”®
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Synchrotron X-ray imaging can be grouped into two cate-
gories based on their data acquisition strategy: full-field ima-
ging methods and scanning imaging methods.’®*” In a full-
field microscope, the X-ray beam is focused down to a few
micrometers, generating a large field of view to enable
large images with fine resolution in a single shot without
mechanical sample movements.”” In contrast, scanning ima-
ging methods focus the beam prior to illuminating the sample,
performing a mechanical raster scan over the region of interest,
acquiring images through individual pixels, then building
up images point-by-point.>” Thus, the spatial resolution is
determined by a combination of beam and scanning step size.
Full-field imaging offers higher image throughput, while scan-
ning techniques allow for greater versatility in high contrast
mechanisms.””

Of the two synchrotron X-ray imaging methods, the two
prevalent techniques considered as microscopy are transmis-
sion X-ray microscopy (TXM), using full-field imaging, and
scanning transmission X-ray microscopy (STXM), using scan-
ning imaging. TXM provides high chemical sensitivity, high
spatial resolution, environmental friendliness, and a thick
penetration path.’® It can be performed on thick samples in a
real battery, such as a coin cell, with a large field of view in the
micrometer range under an ambient pressure and
atmosphere.’>®® Cheng et al. was the first to utilize TXM for
direct visualization of Li plating and stripping.>® Inside a heat
sealed plastic bag, a resin-insulated thin Cu wire was used as
the working electrode and Li metal was deposited in LiPFg
electrolyte, displayed in Fig. 21a. Performed at a constant
current density of ~1 mA c¢cm > for plating and stripping,
images were taken periodically (Fig. 21b). In the corresponding

Copper Wire

Copper Wire

(a) Cell setup using a heat sealed plastic bag and a resin-insulated thin Cu wire for the working electrode. (b) Plating and stripping performed at a

constant current density of ~1 mA cm™2, images were taken periodically. (c) Current density effects on dendritic evolution, plating/stripping at 25, 12.5,

and 6.3 mAcm™2

in three subsequent cycles. (d) Plating and stripping with an SEl-isolated and electrochemically inactive dead Li impurity present, placed

on the Cu electrode before cycling. (e) Mosaic images of a larger portion of the electrode surface. Reprinted (adapted) with permission from ref. 59.

Copyright (2017) American Chemical Society.
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images, the Cu is starkly contrasted as black compared to the
electrolyte and semi-translucent Li deposits. The initial 680 s
sees no Li deposition, as it was suggested the SEI layer formed
during this period, though this is difficult to observe due to the
thinness and atomic makeup similar to electrolyte. Li deposi-
tion is observed with nuclei continually growing and overlap-
ping, developing a 5-7 pm thick deposit layer. The theoretical
deposited Li layer at this current density is ~ 3.6 um, indicating
voids and pores are present within the mossy Li. Upon strip-
ping, the Li layer shrinks and fades, leaving only a blurred layer
with weak contrast, denoted as irreversible SEI or dead Li.

Fig. 21c demonstrates current density effects on dendrite
formation, testing 25, 12.5, and 6.3 mA cm ™ in three subse-
quent plating/stripping cycles. The first cycle at a high current
density created a porous, dendritic structure that grew quickly.
The second and third cycles at lower current densities produced
layers of Li with much smaller volume and higher CE, due to
the more stable SEI formation and reduced irreversible Li
deposits. The governing mechanism here is that Li-ion con-
sumption on the surface, named 2-D growth, generally occurs
at equal rates for all current densities. When the Li-ions near
the surface are depleted, however, bulk solution ions are next to
be reduced. As the metallic Li reduction is restrained by kinetic
limitations, increased current density means quicker Li growth
in height, named 3-D growth, meaning more rapid and porous
branching dendrites. The black arrow in the figure points to the
porous first cycle layer, while the red and blue arrows point to
the higher density second and third cycle layers, respectively.
Therefore, the growth type and porosity of Li is greatly influ-
enced by current density during plating and stripping.

To further observe the effects of plating and stripping with
an impurity present, an SEl-isolated and electrochemically
inactive dead Li chunk was then placed on the Cu electrode
before cycling (Fig. 20d). During plating, the impurity was lifted
under the deposited Li layer, then remained in this position
during the entirety of the stripping process. This result suggests
dead Li will continually cause issues for further cycles, as it can
agglomerate and cause an uneven Li surface, even when plating
and stripping at lower current densities formed a denser and
more uniform surface layer. To capture a larger portion of the
electrode surface, Fig. 21e displays mosaic images, stitching
several single images and eliminating the limitation of frame
boundaries. The pristine Cu wire surface before cycling showed
no evidence of impurities across the electrode. After one full
cycle, a high-contrast layer is seen near the Cu surface, with a
particularly contrasted region circled in red. In agreement with
the operando images, this is dead Li that lost mechanical and
electrochemical connection to the electrode. After the third
cycle, there is a gap of low contrast between the electrode
surface and the dead Li. It is suggested that continuous Li
plating underneath this layer onto the electrode left a thin SEI
isolation layer when stripped, simultaneously pushing the
older dead Li away from the working electrode. The initial
dead Li had a higher X-ray contrast than the residual SEI/dead
Li structure that remained from subsequent cycles, creating a
gap between the dead Li from the first cycle and the electrode.
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The X-ray microscopy images here illustrate the irreversible
composition differences left behind from the first and remain-
ing cycles, including why dead Li can be seen extending from
the electrode with continued cycling. More extensive experi-
ments will be necessary to determine the overall effects of dead
Li on cycling using this method, though distinct details have
been captured in this imaging.

This experiment demonstrates TXM as a unique technique
to observe Li morphology evolution in operando conditions. It
emphasized the effects of current density and repeated cycling
on dead Li formation and SEI development, using the high
spatial resolution and thick penetration properties of hard X-
rays to their advantage. It is one of only a very few studies using
in situ TXM, as the high equipment cost and complex recon-
struction software both pose significant challenges in its wide
implementation.®* Cook et al. used TXM to image tin anodes at
several points during cycling, while Olivares-Marin et al
observed cathode reactions in a Li-O, cell, both proving full-
field X-ray imaging techniques to be a powerful characteriza-
tion tool for different Li-based battery chemistries.®*** The
main limitation of TXM is its poor image contrast for light
elements due to the low X-ray absorption in the hard X-ray
energy range.”® More research attention should be focused on
this technique as a viable way to better understand Li growth
and morphology.

STXM is a scanning microscopy technique that reveals
chemical heterogeneity and diffusion dynamics for better Li-
ion transport observations, also capable of light-element
identification.*®**%* Due to the required vacuum chamber, a
specially designed cell is required to avoid liquid electrolyte
evaporation, which can complicate operando experiments.®®
Additionally, the low penetration path under soft X-rays
requires a thin sample, generally single-layer particles, and less
electrolyte for optimal image quality.®® There have been several
experiments that use STXM to effectively visualize Li-ion beha-
vior in operando conditions. Lim et al. used STXM to observe Li
insertion into LiFePO, cathodes at single-particle resolution,
revealing the key role in the heterogeneous Li surface reaction
rate.®® Li et al. combined TEM and STXM to image LiFePO,
cathode lithiation, identifying crucial current density effects on
cycling rates, exemplifying the ability to combine microscopy
techniques effectively.”” However, there are no published
experiments to date that utilize STXM to purely observe LMA
morphology under in situ or operando conditions.

X-ray fluorescence microscopy (XFM) and coherent diffrac-
tive imaging (CDI) are two intriguing X-ray techniques that may
be used in future studies. XFM has recently been applied in
sensitive element analysis, as it can map trace elements in a
sample by analyzing emitted secondary photons. This form of
spatial mapping is a notable method for both heterogenous
or homogeneous structures, as its ability to combine with SEM
or TXM can provide unique information.®® However, its long
acquisition time required to obtain a reasonable signal-to-noise
ratio for each pixel is time-consuming and limits its operando
application. CDI represents a lens-less form of X-ray micro-
scopy that can theoretically reach atomic-scale resolutions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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beyond the diffraction limit of optic based X-ray microscopes.
Currently, a spatial resolution of ~10 nm has been achieved
with coherent X-ray sources, reconstructed using the phase-
retrieval algorithms from CDI>® Taking advantage of next-
generation X-ray sources, CDI and XFM are expected to simulta-
neously achieve higher spatial and temporal resolution to
expand the current understanding of electrochemical kinetics
in battery reactions.

Projection-based imaging methods such as X-ray radiogra-
phy and X-ray tomography (XRT) are not considered microscopy
techniques but are crucial characterization methods for obser-
ving Li metal behavior. Synchrotron X-ray radiography, also
referred to as X-ray imaging (XRI), is a 2-D imaging technique
where the synchrotron X-rays transmitted through the sample
are converted into visible light by a scintillator, then magnified
and imaged with a camera using a detector or charge-coupled
device.*”’° It allows for real time visualization of dendrite
formation, providing clear contrast of bulk Li and deposited
Li on the surface. Jeoun et al. used operando XRI to observe Li
plating behavior in a new electrolyte (1 M LiPFq in equal parts
EC, DEC, EMC, and DME, termed the pentamery electrolyte
(PenE)) (Fig. 22a).®° Different from common 1 M LiPFg nuclea-
tion, Li deposition in PenE was observed in the images as
dendrite-free with a dense layer of homogeneous thickness
across the entire electrode (Fig. 22b and c), an important trait
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for reversibility in LMB applications. Yu et al used XRI to
observe plating and stripping under practical battery condi-
tions, then to measure CsPF, additive effectiveness in suppres-
sing dendrites to determine Li’s complex mechanisms.”! Using
an operando technique in these cases were especially helpful, as
the sharp dendrite edges turned into smoother surfaces, so
ex situ images could appear similar to the bulk Li surface.
From the set of over 1000 2-D radiographic images that can
be taken at various angles on an axis perpendicular to the
incident beam, 3-D images can be generated to form a recon-
structed internal sample structure.”” This process is known as
tomography, which uses software to combine the images and
encompass the entire volume imaged into a single diagram.
XRT can accurately distinguish bulk Li from the electrochemi-
cally generated high specific surface area Li, the accuracy of
which is determined by the spatial resolution of the radio-
graphic measurement and the reconstruction software.”*® The
high resolution and extensible versatility of XRI and XRT
enables both 2-D and 3-D visualizations of the internal pro-
cesses, making these synchrotron-based imaging methods
powerful tools for battery research. Harry et al. carried out
the first experiment to image Li growth using 2-D X-ray tomo-
graphy slices and reconstruct them into 3-D volumes, capturing
the symmetric Li metal cell after various amounts of charge
passed during cycling.”® The operando 2-D images (Fig. 22d)
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Fig. 22 (a) and (b) Cell setup and operando XRI images to observe Li plating behavior in PenE electrolyte.®® (c) XRI observing plating in both the
reference electrolyte and with a CsPFg additive. (d) Operando 2-D radiography images and (e) their 3-D reconstructions capture the LMA's transition from
clear electrode/electrolyte interfaces to large and clearly visible heterogeneity across both electrodes.”® (f) Operando 2-D radiographs and (g)
reconstructed 3-D imaging within a cell, highlighting crack evolution during Li filament growth.”* Reprinted (adapted) with permission from ref. 69.
Copyright (2022) American Chemical Society. Reprinted (adapted) with permission from ref. 73. Copyright (2013) Springer Nature.
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capture the LMA’s transition during cycling from clear elec-
trode/electrolyte interfaces to large and clearly visible dendrites
across both electrodes when the cell shorts. The 3-D reconstruc-
tions (Fig. 22e) provide an in depth look into the damaging
dendritic growth, capturing an interestingly split between the
electrode and electrolyte, both containing Li and polymer
separator material. Sandoval et al. used X-ray computed tomo-
graphy to observe and analyze Li behavior in SSEs at varying
resistance, including operando 2-D (Fig. 22f) and reconstructed
3-D imaging (Fig. 22g) within the cell.”* The 3-D reconstruction
enabled filament-driven crack analyzation to better understand
SSE particle size on Li-ion resistance and porosity, including
how existing cracks evolve during plating and its subsequent
stripping. Thus, operando 2-D and 3-D XRT provides substantial
information regarding microstructural changes including
volume change, feature size, specific area, and curvature dis-
tribution, as well as chemical evolution during battery cycling.

Overall, there has been very few studies conducting in situ or
operando X-ray microscopy using a synchrotron, as both the
high equipment cost and complex reconstruction software pose
significant challenges in their wide implementation on LMAs.
X-ray microscopies have proven to allow for more realistic
experimental setups, but have a limited resolution based on
beam and scanning step size.>® There will likely be an increased
usage of this technique in the future, as it provides several
unique benefits not available with other microscopy techni-
ques. The resolution range of X-ray microscopy lies between
OM and electron microscopies, while the contrast of
synchrotron-based X-ray absorption reveals important morpho-
logical details such as solidity and porosity.”” Its nonvacuum
condition can be considered a distinct advantage to provide
information on the internal structure of the materials while in
realistic conditions.””> One concern is possible radiation
damage to samples, which may occur during operando battery
experiments with liquid electrolytes that are more sensitive to a
synchrotron X-ray beam.>® In order to allow X-rays to penetrate
the cell to perform in operando synchrotron X-ray characteriza-
tion, modifications to the coin cell typically involve perforation
of the X-ray attenuating, a conductive stainless-steel casing, and
then sealing with an X-ray transparent thin film.>® Neverthe-
less, operando X-ray microscopy techniques can be used as a
powerful, non-destructive approach to visualizing Li morphol-
ogy evolution in a realistic cell setup.

7. Conclusion and outlook

A comprehensive understanding of LMA behavior remains
fundamental to realizing high-energy-density rechargeable bat-
teries. Despite significant progress, the complex relationships
of electrochemical, mechanical, and chemical processes that
govern Li deposition and dissolution continues to challenge the
stability and reversibility of LMAs. Through recent imaging
advancements, researchers have gradually uncovered the dynamic
evolution of dendrites, the formation and reactions of an SEI, and
the pathways allowing short-circuit failure with novel clarity.
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The center of these advances is the emergence of in situ and
operando microscopy, transforming how Li interfacial behavior
can be studied. In situ microscopy enables direct observations
of structural and morphological evolution under carefully con-
trolled environments, linking Li morphology with voltage
response, current distribution, and CE. Operando microscopy
extends this capability through synchronized imaging with
realistic operating conditions, providing valuable mechanical
insights into nucleation, SEI growth, and void formation. These
temporal advantages have enabled visualization of morpholo-
gical evolution while simultaneously tracking electrochemical
processes, a feature not possible with ex situ measurements.
The ability to observe Li metal phenomena under realistic
conditions without removal from its environment further
demonstrates in situ and operando importance, as their further
integration into imaging systems will strengthen their role far
beyond the existing ex situ techniques.

Among all microscopy techniques, OM remains an invalu-
able method for directly observing morphological transforma-
tions during cycling. It offers wide-field, real-time visualization
of dendritic growth and surface evolution on the macroscopic
scale, capturing the fundamental behaviors of Li deposition
and dissolution. SEM provides much higher spatial resolution,
revealing the fine structural features, nucleation patterns, and
interfacial roughening under sub-micron precision. TEM deli-
vers atomic-level insights into SEI composition, interfacial
reactions, and crystal structure evolution unlike any other
microscopy method. However, electron beam microscopies
suffer from beam sensitivity, vacuum restraints, and functional
cells that remain as demanding obstacles. AFM complements
these techniques by quantifying nanoscale topography, track-
ing local surface evolution with exceptional sensitivity. More
recently, X-ray microscopy has implemented both synchrotron-
based and laboratory-scale methods to non-destructively probe
internal structures and reconstruct 3-D morphologies. This new
technique for observing Li behavior has combined its chemical
sensitivity with deep penetration for a promising opportunity to
correlate Li distribution and SEI heterogeneity across multiple
scales. Collectively, these imaging modes can form versatile
experimental parameters for investigating the physical and
chemical mechanisms governing LMA degradation.

The greatest promise for future progress will be combining
these techniques into a complementary framework. Strategies
that can effectively integrate the wide-field temporal tracking of
OM, the high-resolution surface imaging of electron micro-
scopy, the mechanical and topographical quantification of
AFM, and the volumetric chemical mapping of X-ray micro-
scopy will enable a more well-rounded understanding of Li
behavior and beyond. The range from the atomic to the
macroscopic scale, combined with in situ and operando mea-
surements, can provide extensive insight across several aspects
of battery performance. A pressing challenge for this field is to
translate these characterization setups from optimized labora-
tory environments to realistic conditions of practical batteries.
Most studies to date have utilized simplified cells, using
moderate current densities and excess electrolyte. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parameters can achieve success in moderate configurations,
but can diverge significantly from commercial-scale applica-
tions. In situ and operando microscopy must be adapted to
formats essential for understanding Li mechanisms under
realistic stresses, requiring innovation of cell designs, environ-
mental control, and improved materials and interfaces compa-
tible with realistic conditions.

As the field advances, in situ and operando microscopy will
continue to redefine how Li metal interfaces are understood,
bridging the divide between fundamental electrochemistry and
practical battery operation. By enabling real-time visualization
of Li evolution under realistic conditions, these approaches will
not only clarify the mechanisms governing instability and fail-
ure, but also provide rational design insights of interfacial
solutions that promote uniform deposition, efficient long-
term cycling. Continued progress in cell engineering and
imaging technologies will further improve these methods for
increasingly practical and complex systems, more relevant for
commercial applications. Ultimately, these advances will drive
a more comprehensive, mechanistic understanding of Li metal
behavior, guiding the development of safer and more reliable
next-generation energy storage technologies.
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