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Li dendrite formation

Lithium (Li) metal is the holy grail of anode materials for high energy density batteries. However, safety hazards
due to the formation of Li dendrites have prevented their commercialization. This study provides a compre-
hensive review of the recent works on the mechanisms of Li dendrite formation utilizing in-situ and operando
imaging techniques. These multiscale and multimodal techniques include optical imaging, electron microscopy,
scanning probe microscopy, X-ray imaging, neutron microscopy and resonance-based imaging techniques.
Briefly, optical microscopy enables visualization of Li morphological transitions, and if coupled with a Raman
spectrometer, can provide chemical imaging of the Li/electrolyte interface. Electron microscopy and scanning
probe imaging offer high spatial resolution enabling near-atomic structural studies of Li dendrites and solid
electrolyte interphases. X-ray based techniques offer a high beam penetration depth allowing the study of Li
microstructure evolution in large cells. Neutron imaging based on Li has higher sensitivity compared to X-ray
imaging and can visualize the Li-ion concentration as a function of sample depth, while “Li nuclear magnetic
resonance allows for quantified analysis of Li microstructures and provide chemical and spatial information on Li
microstructural growth. Finally, some prospective directions for further utilization of in-situ/operando imaging
techniques in Li anode research was proposed.

Li-metal anode

1. Introduction metal/electrolyte interface, hostless nature of Li metal and its natural
dendritic electrodeposition [4]. Brissot et al. [5] showed that the den-
dritic Li microstructures can reach the positive electrode, causing in-

ternal short circuit leading to fast discharge, heating and eventually

Since 1970s, lithium (Li) metal has been known to be the holy grail of
electrode materials, due to its large theoretical capacity (3860 mAh g~!)

and low redox potential (—3.04 V vs standard hydrogen potential, Hy/
H™) [1]. In 1971, Exxon demonstrated the practical application of Li
metal batteries in digital watches, calculators, and implantable medical
devices, where Li metal was used as anode and titanium sulfide (TiS-) as
cathode [2]. However, Li metal batteries showed poor cycle stability and
safety hazards, which prevented their commercial application [3]. These
issues stem from the high reactivity of Li, instability of the Li
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explosion of the cell. The associated problems rendered lithium metal
batteries (LMBs) to lose the opportunity of the commercial market.
Consequently, research on LMBs slowed down and the focus was placed
on finding alternative materials to replace lithium. As a result, the
rechargeable Li-ion batteries (LIBs) based on graphite anode were
invented, which have revolutionized many applications ranging from
consumer electronics to electric transportation [6]. However, direct
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Fig. 1. Representative schematic of the main challenges associated with Li metal anode: (a) short circuit induced by Li dendrites, (b) formation of inactive (dead) Li,

and (c) development of thick and mechanically unstable SEL
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Fig. 2. Widely accepted parameters affecting the Li dendrite growth: (a) ionic concentration gradient and growth of dendrite at Sand’s time: Reproduced with
permission [16]. Copyright 1990, American Physical Society, (b) effect of separator’s mechanical stability of the roughness of Li interface: Reproduced with
permission [20]. Copyright 2005, Electrochemical Society, (c) effect of surface tension and overpotential driving forces in the Li dendrite growth mode: Reproduced
with permissionl [27]. Copyright 2013, Electrochemical Society, (d) SEI contribution to the formation of Li dendrites: Reproduced with permission [31]. Copyright

2000, Elsevier.
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incorporation of Li metal as the anode has remained the ultimate goal of
battery community, as Li metal can provide 10 times the capacity of
currently utilized graphite anodes. To achieve this target, extensive
studies are underway to understand the dendritic Li deposition as the
key parameter determining the safety and life cycle of Li-metal batteries.

Overall, the Li-metal challenges can be summarized to be due to the
(1) dendritic electrodeposition of Li metal (Fig. 1A), (2) formation of
inactive Li (Fig. 1B), and (3) development of thick and mechanically
unstable solid electrolyte interface (SEI) (Fig. 1C), all of which occur at
the interface between Li metal electrode and electrolyte. It is suggested
that Li dendrites form around the protuberances of the electrode surface
with enhanced electric field [7-10]. Meanwhile, the SEI spontaneously
formed at the interface of Li and electrolyte is not mechanically stable
enough to accommodate the high volume changes of the Li anode during
repeated Li deposition/dissolution leading to the localized formation of
Li dendrites and excess consumption of fresh Li and electrolyte [11,12].
In addition, during prolonged cycling, the Li dendrites with narrow roots
can easily detach from the electrically conducting deposition substrate
and form electrochemically inactive (dead) Li. Under extreme circum-
stances, Li dendrites can make internal short circuit between the elec-
trodes and cause catastrophic phenomena and explosion of the cell [13,
14]. Below we briefly discuss the highly accepted models for the growth
of Li dendrites that are mainly related to ion transport, surface reactions
and mechanical stabilities at the interface of lithium and electrolyte.
Then, we discuss the crucial role of in-situ/operando imaging techniques
for in-depth understanding of Li dendrite growth mechanism and elab-
orate on the recent advancements in this field. Challenges associated
with in-situ/operando imaging techniques, and potential new contribu-
tions of these techniques to gain more in-depth understanding of Li
dendrites are also discussed.

2. Understanding Li dendrites formation and growth

To investigate the deposition behavior of metallic Li at the nucle-
ation and early stages of dendrite growth, many groups have modeled
the Li dendrite formation and growth process. Chazalviel's
electromigration-limited (space charge) model and its derived ones have
been widely accepted for decades to be responsible for the Li dendrites
growth [15]. According to this model, under polarization, the electro-
lyte moves away from the steady-state ionic concentration, where Li*
ions and anions diverge and move towards the negative and positive
electrodes, respectively. Under this condition, Li" ions obtain electron
from the electrode surface and are reduced to Li. At the macroscopic
scale, constant supply of Li" ions under the electric field compensates for
the depletion of Li* ions. However, this is not the case at microscopic
scale and can greatly affect the deposition morphology of Li. Based on
this understanding, Chazalviel et al. [5] described the Li dendrite growth
by calculating the concentration gradient in a Li symmetric cell under

. J . .. .
operation (%f <x> = m) In this model, C is ionic concentration, x

is the distance from the electrode surface, J is effective current density, D
is diffusion coefficient, e is electronic charge and y, and uf; are the
anionic and Li" mobility, respectively. Based on Chazalviel's
electromigration-limited model, with the inter-electrode distance L and
initial Li salt concentration C,, if dC/dx > 2C,/L, the ionic concentration
at the negative electrode surface goes to zero. So at high current den-
sities, exceeding diffusion limitation, the violation of neutrality near the
electrode surface can form a space charge in dilute solutions and at a

2
specific time defined as “Sand’s time” (T =zD (%) , the scarce supply

of Li cations preferentially deposits onto surface protuberances forming
Li dendrites (i.e. tip growth mode) (Fig. 2A) [16]. T is Sand’s time, Cy is
the initial concentration where t, is the anionic transference as 1— tj;

=g ":‘L’ . Based on their model, at low effective current density where

dC/dx < 2C,/L, a stable ionic concentration gradient exists, and no Li
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dendrites will form. However, Rosso et al. [17] observed Li dendrites at
lower current densities predicted by Chazalviel. Rosso et al. [17] and
Teyssot et al. [18] proposed that the Chazalviel’s model can be extended
to low currents due to the nanoscale inhomogeneity in concentration
around surface protuberances. Based on these understandings, Li
deposition occurs readily on the surface protrusions due to the higher
effective current density and lower Sand’s time, leading to tip-induced
nucleation of dendrites. Chazalviel’s model successfully explained the
distribution of ionic concentration at the electrode tips and predicted
that dendrite growth velocity, v, is proportional to the applied electric
field (Ep) and the mobility of the anions (v = -u4Ep). However, in-situ
imaging techniques have shown that other modes of root induced, and
also multidirectional induced nucleation are also possible for Li elec-
trodeposition, which we will discuss through this paper.

In contrast to the Chazalviel’s model, Monroe and Newman [19]
suggested a theory of dendrite growth based on the elasticity of the
separator and discussed how shear modulus and Poisson’s ratio of
polymer electrolytes can affect roughness on the Li interface (Fig. 2B).
They suggested that the dendrite growth is a tip surface-energy
controlled reaction and is directly proportional to the overpotential
and inversely proportional to the tip curvature of needle-like dendrites.
They theoretically suggested the “double shear modulus theory”, in
which Li dendrites are expected to be mechanically suppressed when the
shear modulus of the separator is about twice that of lithium (~10° Pa)
[20]. However, later on, it was experimentally shown that Li dendrites
can penetrate even through the solid electrolytes with much larger shear
modulus than what the Monroe and Newman model has predicated
[21-23]. Experimental works suggest that other parameters such as
defects, grain boundaries, and non-homogeneities in the interface are
also responsible [24]. Furthermore, it was recently shown that me-
chanical strength of narrow Li dendrites is much higher than that of bulk
Li, which can lead to easy penetration of Li dendrites through stiff
structures like solid electrolytes and causing short circuit [25,26].

Ely and Garcia [27] utilized the thermodynamic and kinetic
analytical frameworks and incorporated the effect of surface tension and
overpotential driving forces in the Li dendrite growth model. They
proposed that an overpotential-controlled critical radius must be over-
came before the dendrite formation begins. They suggested this mech-
anism for the reaction rate limited systems at low current densities. In
the early stages of growth, they identified five regimes of behavior:
nucleation suppression regime, long incubation time regime, short in-
cubation time regime, early growth regime, and late growth regime.
Below the blue curve in Fig. 2C is the nucleation suppression regime,
where embryo sizes are not in favor of growth. Above the black curve is
the growth regime, in which the nuclei sizes and overpotentials lead to
stable growth of the electrodeposit. The long incubation time regime is
above the blue curve and below the gray curve where stability of nuclei
is dependent on the local fluctuations to reach the growth regime. They
showed that dendrites start to grow after thermal fluctuations made
stable growth kinetically favorable. Once the stable Li nuclei are
established, evolution of the deposits will be dominated by the surface
inhomogeneities and localized electric fields.

These models have established a foundation for understanding the
nucleation and growth mechanisms of dendrites; however, they still
have many limitations and can be highly simplified, which excels the
importance of experimental contributions in understanding the details
of Li dendrite growth. One critical factor in the dendritic growth of Li,
which was not initially considered in theoretical simulations is the solid
electrolyte interphase (SEI). The highly negative electrochemical po-
tential of Li, besides delivering a very high energy density in LMBs, can
lead to unavoidable surface reactions between Li, electrons and solvent
species. In 1979, Peled realized the formation of a thin film at the
interface of Li and electrolyte and named it solid electrolyte interphase
(SEI) [28]. As discussed by Goodenough, considering the electro-
chemical stability window of the electrolyte components (the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
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Fig. 3. In-situ/operando imaging techniques with respect to their comparative spatial and temporal resolutions. The techniques include MRI, optical/Raman, NDP,
TXM, AFM, SEM and TEM and their in-situ cell designs used for studying Li dendrites are shown schematically.

orbital (LUMO) levels) and the Fermi level Li, electrons tend to transfer
from Li to the unoccupied orbital of the electrolyte and reduce the
electrolyte at the Li/electrolyte interface [29]. This thin SEI layer has the
properties of an ideal solid electrolyte, beacuses it is electronically
insulating but ionically conductive, with the thickness ranging from few
to hundreds of nm determined by the electron tunneling range [30].
Different from the intercalation and alloying type electrode materials
(such as carbon and silicon), Li is a hostless anode material with infinite
relative volume change upon cycling. This means that the volumetric
ratio of Li metal at charged state to the discharged state is infinite. As
such, the naturally formed SEI layer that is not flexible enough and does
not satisfy the Monroe and Newman'’s double shear modulus limit [20],
cannot accommodate such large volume change and breaks under the
induced stress favoring formation of randomly oriented Li dendrites
(Fig. 2D) [31]. It is also speculated that the SEI layer has a heteroge-
neous and non-uniform composition, which results in local variation in
mechanical stability and ionic conductivity. Therefore, random frac-
tures in the SEI layer and unequal ionic flux excels the inhomogeneous
and local deposition of Li dendrites [32]. Liu et al. [33] recently modeled
the effect of evolving SEI thickness on the lithium electrodeposition
reaction and suggested that flat lithium surface, uniform SEI layer, and
low SEI ionic resistance are key factors in homogeneous Li deposition.

3. In-situ and operando imaging techniques

For decades, the understanding of the Li dendrite growth mechanism
was highly reliant on the theoretical calculations. However, the models
developed through numerical simulations may overlook some of the
influential parameters, thus could deviate from the working conditions
of electrochemical systems. There have been many experimental evi-
dences demonstrating that the complexity of Li-dendrite formation
mechanisms is beyond the developed models and there are ambiguities
yet to be discovered before we can fully understand this phenomenon.
Hence, the development of advanced materials characterization
methods capable of imaging and monitoring various stages of Li dendrite
formation and growth could greatly contribute to achieving a compre-
hensive understanding about major phenomena that were predicted to
cause Li dendrite formation. Therefore, understanding, prediction and
suppression of Li dendrite formation have been reexamined through the

newly discovered imaging techniques at various scales to help re-
searchers in finding solutions to address the Li dendrite growth issue.

Although ex-situ characterization techniques could provide valuable
information about the Li metal anode structure and composition, the
highly reactive nature of Li and its moisture/air sensitivity brought
many challenges and artifacts to ex-situ studies of Li dendrites. There-
fore, in the recent years, experimental imaging and analysis of Li den-
drites were sought mainly under in-situ and operando conditions to
obtain realistic understandings of the Li dendrites growth behavior.

The Latin phrase in-situ (as opposed to ex-situ), means “on site’’,
which indicates that the material is studied in its original/natural state
or in a chemical environment that replicates its service environment. On
the other hand, operando means ‘“‘under operation’’, so ideally the
operando experiments refer to studying the materials during their service
condition, such as charging and discharging for the battery materials. In
other words, imaging the Li deposition periodically by pausing the
current/voltage and then restarting it, is considered as an in-situ
experiment, while uninterrupted study of Li formation under operation
is called an operando measurement. Utilization of non-invasive operando
monitoring techniques can provide valuable information about the
behavior of Li electrodes, which are free of potential artifacts caused by
ambient and moisture exposure of Li metal after cell disassembly.
Exploring the correlation between electrode materials structure, cell
design and electrochemical performance under operando electro-
chemical conditions can allow for finding accurate cause-and-effect
relationship and reaching clearer conclusions about the failure mecha-
nisms of Li metal batteries. Besides differences, in-situ and operando are
generally used interchangeably in literature. In-situ/operando imaging
techniques can evaluate the existing theories about Li dendrite growth
and contribute to the discovery of more developed and comprehensive
models, based on which effective Li dendrites mitigation strategies can
be invented. The development of reliable in-situ/operando methods is a
non-trivial and complicated task that require special design of the
electrochemical cells and probing equipment, so special considerations
should be applied to prevent any significant artifacts affecting the
interpretation.

In this work, we carried out a comprehensive review on recent
studies involving Li dendrite formation and growth mechanisms
revealed by microscopy and imaging techniques. These
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Fig. 4. Representative figures of in-situ/operando optical microscopy results on Li dendrite growth. (a) Insertion of Li atoms either from the base, at kinks or in a
region at the tip of deposited Li in IM LiPFs in EC/DMC electrolyte: Reproduced with permission [47]. Copyright 2014, Elsevier; (b) Spherical deposition of Li in 1 M
LiTFSI in DOL/DME electrolyte: Reproduced with permission [50]. Copyright 2015, Elsevier; (c) Transition from Li filament to bushes under the effect of crystal
structure, electrochemistry and SEL: Reproduced from [51]. Transition from mossy to dendritic Li by (d) optical microscopy and (e) theoretical calculations:
Reproduced with permission [45]. Copyright 2016, The Royal Society of Chemistry.

characterizations include optical, electron, X-ray, scanning probe,
neutron and resonance-based microscopies. Fig. 3 shows configuration
and design of different in-situ/operando imaging techniques used for
studying the deposition of Li dendrites, with respect to their spatial and
temporal resolutions being limited by the physics of the probing or
exciting beam. The temporal resolution provides information over time
spans that the reactions can be observed, which is generally limited by
the signal-to-noise ratio of the technique. While spatial resolution is the
sampling interval of the microscopy techniques in the spatial domain.
Optical and nuclear-magnetic based imaging techniques have lowest
spatial resolution, while electron microscopy has the highest. While, the
spatial resolution of X-ray, atomic probe and neutron-based imaging
techniques lie in between. This review focuses on the in-situ/operando
imaging techniques used to study Li dendrites. The operating principles
and details of in-situ cell designs, are described elsewhere [34,35]. The Li
growth mechanism understandings from each imaging technique is
elaborated here, and possible future research directions are provided.
Recent developments on spectroscopy and imaging of other battery
materials can be found elsewhere [35-37].

3.1. In-situ/Operando optical-based imaging techniques

3.1.1. Optical microscopy

In-situ optical imaging and analysis have been utilized intensively to
study the Li-electrodeposition behavior and dendrite growth. This is
because in-situ optical imaging is the most accessible in-situ imaging
method and can be simply made on a glass vial. In-situ holographic
interferometry, which is able to detect changes in the concentration of
chemical species, is a strong method in the study of Li dendrites. It is
known that the sudden and uncompensated decrease in the Li* con-
centration at the Li/electrolyte interphase reflects the formation of Li
dendrites [38-40]. Therefore, by using holographic interferometry,
valuable insights about the mechanisms and steps of Li-dendrite growth
such as the incubation time and the diffusion layer development,
correlated with Li™ concentration changes, has been obtained. In addi-
tion, the effect of parameters such as applied current density, water
contamination content and the choice of electrolyte on the dendritic
deposition of Li could be monitored. Through such studies it was
demonstrated that the dendrite growth incubation time decreases
significantly by increasing the current density and the recorded
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incubation times are in good agreement with calculated values based on
Sand’s theory. Nonetheless, utilizing microscopy techniques, it is shown
that Li dendrites can start to grow before the surface Li* concentration
drops to zero [41,42]. This indicates that the surface concentration is not
the only parameter responsible for the Li dendrites evolution. Nishikawa
et al. [43] suggested that initial surface state and chemistry of the sub-
strate together with Li* depletion are the responsible factors in both
organic and ionic liquid electrolytes. They demonstrated that the length
of the dendrites is controlled by ionic mass transfer and follows a linear
growth rate with square root of time and the slope changes drastically
after depletion of Li* ions. Even though it can provide valuable infor-
mation regarding morphological changes of Li during plating/stripping
close to commercial battery environment, there are some drawbacks
associated with in-situ optical imaging of Li dendrites. Important chal-
lenges are the detrimental effect of electrically non-conducting and
opaque electrolyte on the image quality, especially at high magnifica-
tions, and the poor resolution of optical microscopy. This is funda-
mentally restricted by the diffraction limit of the visible light, which
makes it challenging to monitor microstructural changes. Therefore,
laser scanning confocal microscopy (LSCM) with superior optical reso-
lution and contrast was utilized for the in-situ optical microscopy study
of Li dendrites growth. Using this technique, the effect of electrolyte
[42] and electrolyte salt compositions [44] on the morphology and
structure of Li dendrites were studied. It was realized that Li morphology
is also dependent on the SEI layer composition together with ionic mass
transfer rate [42,44]. It was shown that at low current densities (<2 pA
cm™~2) the deposition morphology of Li does not follow the branch-type
morphology of Li dendrites predicted, but a mossy/bush structure is
observed [45]. Yamaki et al. [46] for the first time identified the root
based growth of Li whiskers, which was not expected from the typical
growth models of dendrites. They attributed this behavior to internal
stress that can be released on the lithium electrode beneath the SEI layer.
Later, Steiger et al. [47,48] studied the deposition behavior of mossy Li
further and proposed that the deposition not only happen at the base,
but Li atoms can insert into the crystal at the crystalline defect sites, as
well (Fig. 4A). This behavior disputes the conventional explanations of
Li dendrite growth based on field and concentration gradients. Here they
suggested the major role of SEIL. The thick SEI shell formed at the tip of
the whiskers holds the structure at the same position on the tip and Li
can insert from the more freshly formed thin SEI at the grain boundaries
(kinks of needles) or in between lithium particles and stress-mediated
diffusional transport promotes whisker growth. Different morphol-
ogies of Li has been observed in different electrolytes, which imply the
role of SEI composition and morphology on the deposition behavior of Li
[44,49,50]. They observed a more spherical Li deposition in case of LP30
1 M LiTFSI (lithium bis(trifluoromethanesulfonyl)imide) in DOL/DME
(1,3-dioxolane/1,2- dimethoxyethane) compared to 1 M lithiumhexa-
fluorophosphate LiPFg in EC/DMC 1:1 and concluded that different SEI
composition formed in LiTFSI-containing electrolyte leads to the more
spherical Li deposition (Fig. 4B) compared to the filament shaped Li
formed in LP30 (Fig. 4A). Steiger et al. showed that Li filaments could
grew even in the absence of electrolyte and under insertion mechanism
during thermal evaporation deposition [50]. This behavior suggests the
independency of Li filaments growth to SEI and electrolyte and adds the
role of lithium diffusion and crystallization as key processes to be
considered for controlling the deposition behavior of Li. Steiger et al.
[51] suggest that the early stages of Li deposition is in the form of fila-
ments; then growth continues by a lithium insertion mechanism at the Li
crystalline defect sites; once the defects sites increases and the effect of
SEI becomes more significant, branching and transition from filament to
bush occurs (Fig. 4C). Besides, Bai et al. [45] reveled transition from
mossy to dendritic deposition utilizing a novel capillary cell (Fig. 4D).
The striking differences in morphology and dynamics imply that Li
growth can follow two different mechanisms of reaction limited and
diffusion limited. Relatively dense mossy Li grows in a reaction-limited
manner and follows with a diffusion-limited dendritic Li deposition.
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Fig. 4E shows the theoretical explanation of the Li growth mechanisms
during concentration polarization. Based on Sand’s time formula, the
dendrite initiation time 7 is in an inverse relation with J [2]. It has been
known that by applying higher current densities, dendritic deposition of
Li initiates at an earlier stage. However, Bai et al. [45] incorporated the
effect of deposition time in the morphologic transition of Li, as well.
Based on their in-situ observations Sand’s capacity term (Csand = JT sand)
was developed. They correlated the beneficial effect of high concen-
tration (larger co) and lithium ion diffusivity (D) of electrolyte, large
active surface area (A) and low current density (I) to higher Sand’s ca-
pacity and engineering rechargeable high-rate and large-capacity

lithium metal anode (Csand~ %). Monroe and Newman proposed

that the Li growth rate at high current density increases exponentially
and high current density worsens the dendritic deposition of Li [19],
which was confirmed by in-situ optical and electron microscopy char-
acterizations. Many researches have shown the effect of current density
on the deposition behavior of Li, showing faster transition of mossy to
dendrites [52,53]. However, based on in-situ optical imaging results the
high current density is not detrimental at all the stages of Li deposition.
The higher current density leads to higher number of electrodeposition
sites beneficial at the nucleation stage [44,54,55]. The nature of Li
deposition has been recently shown to be also dependent on the prox-
imity of the current collector to defects. Porz et al. [56] have shown that
above a critical current density, Li can penetrate/infiltrate at the defect
sites and move in solid electrolyte leading to short circuit. This behavior
has been shown to be consistent for amorphous (70/30 mol%
LisS-P3Ss), polycrystalline (p-LisPS4) and crystalline (LigLazZrTaOq2)
solid electrolytes and independent of the shear modulus of electrolyte.
They proposed an electrochemomechanical model for plating and
penetration of Li in the presence of solid electrolytes. This is inconsistent
with the theoretical calculation of Monroe and Newman [57] where they
predicted that Li dendrites can be completely suppressed by having an
interface with shear modulus of at least twice of Li (shear modulus of Li
is 4.2 GPa) [58].

Spatial variations in reaction kinetics can result in the morphological
evolution of the Li metal electrode. Utilizing in-situ optical microscopy Li
dendrite progress is directly related to the shape of voltage traces and
has been used to interpret the electrical signals [9,59]. Voltage peaks
observed during dissolution stage is correlated with the formation of pits
in the bulk Li electrode. Utilizing continuum-scale modeling together
with operando optical microscopy, Wood et al. [9] provided explanation
about dendrite nucleation and evolution as a function of time, surface
pitting during Li electrodissolution and kinetic parameters that affects
the overpotential over the course of Li morphological alteration. During
dissolution process formation of electrochemically insulating Li “dead
Li” was also observed with in-situ optical microscopy [48,60]. By
concurrently characterizing the Li growth evolution and electrical
characteristics, different types of short circuits showing differently in
electrical signal, were detected [59]. Complete short circuit happens
when the two electrodes are fully connected by Li dendrites and the
voltage drops to zero, while soft short-circuit happens when Li dendrites
are regarded as contact fuses and a drop in voltage without reaching to
zero is detected. In this condition the current passes through the small
physically connected areas and rises temperature, which leads to the
local melting of the short-circuited dendrite and connection breakage.

3.1.2. Raman imaging

Raman spectroscopy is composed of a conformal microscope com-
bined with a spectrometer that can be used to obtain spectra from a
specific spot on sample. Raman spectroscopy allows for identifying the
vibrational energy of molecular/crystal bonding, which are defined by
crystal symmetry, structural (dis)order and strain [61]. Since Raman
spectroscopy can detect Li* by Li*-solvent interactions [62] or anion
concentration by “electro-neutrality” concept [63], it is considered a
great technique to study the correlation of Li dendrite growth with Li-ion
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Fig. 5. Representative figures of in-situ Raman imaging results on Li dendrite growth. (a) 3D visualization of ion transport/depletion and dendrite growth on Li metal
electrode (left). Average Li" concentration 5 pm away from the Li surface (right): Reproduced with permission [65]. Copyright 2018, Springer Nature; (b) Correlation
between Li growth and Li™ concentration at two representative moments: Reproduced with permission [65]. Copyright 2018, Springer Nature.

concentration gradient in the electrode/electrolyte interphase. As
mentioned earlier uneven Li-ion concentration and its depletion at the
electrode/electrolyte interphase were considered as correlating phe-
nomena with the formation of Li dendrites. Although, Raman spectros-
copy and imaging have many advantages over conventional optical
microscopy methods, including high contrast/spatial resolution, valu-
able bonding/chemical information and ability to analyze materials
with poor crystallinity, it suffers from low spatial and temporal (~10
min per frame) resolution.

Confocal Raman microspectroscopy (CRM) utilizes a confocal aper-
ture, which can achieve <1 pm lateral and ~8 pm axial spatial resolu-
tion, and is capable of collecting optical sections from thick samples
[61]. Accordingly, the correlation between the LiT concentration
gradient and Li dendrite formation was confirmed by CRM in Li/p-
olymer electrolyte symmetric cells [63]. In addition, the diffusion co-
efficient of Li ion in liquid electrolytes such as DMC in various
concentration regimes could be measured using CRM. However, Raman
confocal microspectroscopy cannot be applied for accurate 2D cartog-
raphy of concentration. In the same system, in-situ optical absorption of
an anion in the electrolyte were used based on the assumption that a
linear relationship exists between the absorption and the ionic concen-
tration [63]. Also, in-situ gradient-sensitive optical detection was used to
characterize variations in optical index near the electrode surface
correlated to concentration gradients [63]. It should be noted that in-situ
measurement of lithium ion concentrations with Raman spectroscopy is
challenging since Li" does not contain accessible optical signatures like
fluorescence or active vibrational modes [62].

Poor temporal resolution of spontaneous Raman, which is limited by
signal/noise ratio of the system, cannot follow rapid changes in elec-
trolyte concentrations. Therefore, the stimulated Raman scattering
(SRS) microscopy, which utilizes spatially and temporally synchronized
picosecond laser pulse trains and achieves 108 times higher temporal
resolution (compared to the conventional Raman spectroscopy) and
high spatial resolution of ~500 nm was utilized for in-situ mapping of Li
concentration profile and study of Li-dendrite growth [64]. This

technique utilizes two synchronized beams: a pump laser beam with a
constant frequency and a Stokes laser beam with a scanning frequency.
When the difference between the two beams is equal to the vibration
transition of the exposed material, the occurrence and probability of
such transition is significantly increased and can be detected in a
considerably smaller acquisition time. By introduction of SRS micro-
scopy with high sensitivity (<0.5 mM), fast imaging rate (~2 ps/pixel)
and acceptable spatial resolution (300-500 nm) additional insights
about the Li dendrite growth mechanism were achieved. As such, Cheng
et al. [65] demonstrated that the Li dendrite growth follows a
three-stage process namely mossy Li deposition, mixture of mossy Li and
Li dendrites, and eventually Li dendrite formation that occur sequen-
tially as a function of Li concentration at the interphase. Using this
technique, the effectiveness of artificial SEI layers and electrolyte ad-
ditive on suppressing or delaying the dendrite growth at each specific
stage has been also evaluated. Fig. 5 is a visualization of ion trans-
port/concentration and its correlation with dendrite growth. SRS images
in Fig. 5A clearly has resolved the Li ion depletion regime near the Li
electrode surface that allows simultaneous observation of Li ion deple-
tion and uneven deposition of Li. The right panel in Fig. 5A shows the
average Li ion concentration 5 pm away from the Li metal anode surface.
Fig. 5B show the temporal evolution of Li microstructure (with interval
of five minutes). The left panel shows the solid Li electrode at t1 = 100
and t2 = 105 min in turquoise with the corresponding Li" distribution
above it. The arrows in the electrolyte denotes the local concentration
gradient. Fig. 5B right panel shows Li at t1 in turquoise, the Lit distri-
bution at t2 and its growth between t1 to t2 in dark gray.

3.2. In-situ/Operando electron-based imaging techniques

3.2.1. Scanning electron microscopy

Scanning electron microscopy (SEM), utilizes a raster scanning of
focused electron beam that probes the surface of sample and provides
topographical compositional information through detection of second-
ary and backscattered electrons and generated X-rays. In-situ SEM is a
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Fig. 6. Representative figures of in-situ/
operando SEM results on Li dendrite
growth. a) Effect of the residual oxygen
pressure on in-plane and out-of-plane Li
deposition behavior: Reproduced with
permission [72]. Copyright 2018,
American Chemical Society; (b) Li
plating behavior using different current
collector materials in contact with LLZO
solid electrolyte: Reproduced with
permission [77]. Copyright 2019,
Elsevier; (c) Time lapse series of SEM
images of the lithium plating and strip-
ping processes in the presence of LiNO3
additive: Reproduced with permission
[78]. Copyright 2017, John Wiley and
Sons.
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reliable technique for studying the Li dendrites due to very higher
spatial resolution compared to optical systems, and, on the other hand,
much lower beam damage and simpler cell design compared to trans-
mission electron microscopy. However, the penetration depth of low kV
electron beam is very limited, and the information is limited to the outer
surface of the samples, making imaging restricted to open/electron-
beam transparent cells. In-situ SEM study of Li dendrites evolution and
growth requires specific cell design and operation under high vacuum
environment, which limits the electrolyte choice to less volatile ionic
liquids and polymeric/solid electrolytes.

Orsini et al. [66] used a semi in-situ SEM technique utilizing air-tight
transfer chamber and also a cooling stage to study the Li dendrite
morphology in high resolution and under different current densities.
Following that work, in-situ SEM was widely used to study the Li
deposition behavior in the presence of ionic liquid and solid electrolyte
[67-69]. The plating of Li at the interface of Li/solid electrolyte was
studied to evaluate the mechanisms of Li dendrite nucleation, growth
and stripping in solid state batteries (SSBs) under different current
densities [68,70-73]. It was shown that the Li nucleation rate increase
with increasing the current density [70]. At low current densities the Li
nucleation happens sparsely at the Li/solid electrolyte interface, which
later on develops into Li fibers [74]. Meanwhile, the low current density
(50 pA cm™2) during the Li stripping leads to uniform deflatation of the
Li fibers form head to bottom and only a thin surface skin remained
un-stripped, which was further verified to be the SEI layer [75]. Utilizing
in-situ SEM imaging, it is shown that the localized cell pressure and also
oxygen partial pressures can significantly affect the Li deposition
behavior at the solid electrolyte interface as well [71,72]. The results
convey that the homogeneous pressurization of the sample at the
Li/solid electrolyte interface is a critical factor for a stable charge/di-
scharge process [71] and the presence of residual oxygen can signifi-
cantly affect the Li deposition morphology [72]. Filament-type (1D)
growth of Li will be promoted at an intermediate Oy level (partial
pressure of ~10~°Pa) due to formation of a thin oxide sheath around the
growing Li (Fig. 6A). The bewildering mechanism of Li penetration
through solid electrolytes, which has been evaluated by in-situ optical
and also neutron imaging [56,76], was also evaluated by in-situ SEM
analysis [77]. A comprehensive prediction by including the possible
micro non-uniformities in the interfacial kinetics that depends on sur-
face microstructure was proposed by Krauskopf et al. [77] Utilizing
ex-situ and in-situ SEM imaging. Fig. 6B shows how the behavior of Li
electrodeposition can change by altering the current collector proper-
ties. It is shown that defect sites introduced by mechanical damage can
severely affect the deposition behavior. Also utilizing alloy forming
metals (like gold) can reduce nucleation barrier for deposition of Li and
form more uniform Li and delay penetration of Li through solid elec-
trolytes. However, the Li penetration through the current collector was
still observed. On the other hand, utilizing a small Li metal reservoir can
diminish the driving force for heterogeneous nucleation and prevents
the penetration of Li through solid electrolyte and short-circuiting the
battery. Noteworthy such results have challenged the theoretical
assessment of Newman and Monroe on Li dendrite suppression with
solid electrolytes in case of inorganic solid electrolytess [77].

Tang et al. [69] used a special assembly using a thin layer of carbon
as a local current collector that is able to physically isolate the ionic
liquid, meanwhile allows Li to diffuse through. In this assembly con-
centration polarization effect will be lessened. This will allow for a
better clarification of the effect of stress and mechanical force imposed
by oxide layer and SEI, thus can drive Li morphological evolution from
root through diffusional stress relaxation. The first in-situ SEM charac-
terization of the Li dendrite growth in volatile electrolytes was per-
formed in 2017 by Rong et al. [78] Using the EC-SEM liquid cell, they
studied the effect of different additives (lithium nitrate (LiNO3) and
lithium poly-sulfide (Li»Sg)) on the lithium dendrite growth. The
false-colored map in Fig. 6C shows the growth of dendrites and its partial
dissolution under a reversed current. The unchanged Li particles that
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were observed after fully discharging the cell confirm the formation of
dead Li. It was also demonstrated that LiNOs can form a desirable SEI
and Li,Sg etches away “dead’” Li. Based on the comparison between
length and density of dendrites in the presence of additives, they pro-
posed the effective suppression of Li dendrites by using Li»Sg and LiNO3
as co-additives in the LiTFSI/DOL/DME electrolyte. Recently, Meng
et al. [79] identified the formation mechanism of dead Li in different
types of electrolytes and quantified the contributing amount of
unreacted metallic Li (Lio) to the whole dead Li amount. Utilizing
cryo-FIB-SEM and cryo-TEM results, they showed that dead Li consist of
both electrochemically formed Li* compounds in the SEI and isolated
metallic Li®. They proposed that dendritic Li micrsstructures with high
morphological tortuosity are more prone to trap unreacted metallic Li®
in SEI during the stripping process.

Utilizing an in-situ nanomechanical device integrated in an SEM
system, Xu et al. [25] calculated the Yield strength of polycrystalline
bulk Li and also Li whiskers. Their analysis shows the Yield strength of
bulk Li to be about 1 MPa, but about 100 MPa is case of narrow Li
dendrites. Also, it is mentioned that mechanical stability is highly
dependent on crystallographic orientation of Li dendrites. This can be
one reason why “double shear modulus theory” of Monroe and Newman
is not applicable in commercial batteries and explains how the Li den-
drites penetrate through some solid electrolytes with much higher shear
modulus that what was calculated for bulk Li.

3.2.2. (Scanning) Transmission electron microscopy

Different from SEM, transmission electron microscopy (TEM) relies
on an electron beam with much higher voltage that can transmit through
a thin sample and form images with ultrahigh spatial resolution. Besides
detailed morphological information, TEM provides phase contrast im-
ages revealing the crystalline structure and chemical composition of
materials at the atomic scale. The development of in-situ TEM is a major
breakthrough in the field of in-situ techniques for battery research and
was initially designed by using an open-cell configuration [80]. Since
volatile electrolytes are not compatible with the ultra-high vacuum of
TEM columns, two types of open-cell configurations using either ionic
liquids, with extremely low vapor pressures, or metal oxides (like LiO
or LiAlSiOy) as the solid-state electrolyte are used for in-situ TEM ex-
periments [80,81]. However, the utilization of open cells to study the Li
dendrites have disadvantages such as large deviation from commercial
cell conditions, which can lead to invalid conclusions. Interfacial sta-
bility of Li with solid electrolyte was studied through S/TEM imaging,
identifying the formation of an interlayer between Li and electrolyte that
can add interfacial resistance over cycling. This is a result of localized
cathodic behavior of the solid electrolytes like LLZO that become in
contact with Li [82,83]. In 2011, our group used in-situ transmission
electron microscopy (TEM) technique for the first time to observe the Li
dendrite growth in nanoscale Li-ion batteries [81]. Through the clear
observation of Li nucleation and growth at the anode/electrolyte
interface, it is shown that Li fibers grow at the tip of nanowire with
locally enhanced electric field and grows parallel to the direction of the
applied electric field [80,81].

In the initial studies an ionic liquid -based electrolyte with low vapor
pressure was used instead of the practical liquid electrolyte and the
study was performed on nano-batteries, which can be different from real
battery conditions. Therefore, development of vacuum-tight, electron-
transparent environmental cells for TEM has always been a key in
improving the operando investigations of Li dendrite growth mechanism.
Liquid cell studies with scanning/transmission electron microscopy (S/
TEM) approach employs electrodes that are microfabricated onto a sil-
icon electrochemical microchip device such that the desired electrodes
can be interfaced with a potentiostat by means of electrical contacts in a
TEM holder [84]. In-situ electrochemical liquid cell transmission elec-
tron microscopy (TEM) allows imaging chemical reactions in liquids
with high spatial resolution that can be used to study the thin SEI layer
on the electrodeposited Li [84-86]. The previously studied nucleation
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Fig. 7. Representative figures of in-situ/operando S/TEM results on Li dendrite growth. (a) Time series of Li electrodeposition and stripping images taken every
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growth: Reproduced with permission [26]. Copyright 2020, Springer Nature; (e) Yield strength of Li whiskers with different diameters and growth directions:

Reproduced with permission [26]. Copyright 2020, Springer Nature.

and growth of copper (Cu) and lead (Sn) dendrites using in-situ electron
microscopy in liquid cells were the motifs for studying Li electrodepo-
sition in commercially used electrolytes [87,88]. However, use of elec-
trolytes with high vapor pressures (like LiPFg in organic solvents) is
difficult and additionally due to low atomic number, Li has low contrast
when imaged through the membrane windows. Zeng et al. [84] utilized
electrochemical liquid TEM cell and visualized Li dendrite and SEI for-
mation. An important aspect of Li metal degradation is the formation of
SEI passivation film due to the reduction of the electrolyte solvent at the
Li/electrolyte interface. Of particular importance for STEM imaging is
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the identification of an image contrast reversal that can differentiate
between solid Li, SEI and the surrounding liquid electrolyte [89]. In
bright-field STEM imaging (background with zero scattering show
bright), materials with higher atomic number or thickness appear darker
and the electrodeposited Li being less dense than the surrounding
electrolyte show up darker and facilitates imaging. Utilizing chemically
sensitive annular dark field STEM imaging it was discovered that the SEI
is twice as dense as the electrolyte [85]. Based on in-situ electrochemical
TEM studies, Sacci et al. [85] speculated that the non-uniform ordering
of the SEI in LiPF¢/EC/DMC liquid electrolyte plays a role in the
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with FEC additive (bottom row): Reproduced with permission [106]. Copyright 2018, Elsevier.

subsequent Li dendrite morphology. These results which were also
confirmed by Zhu et al. [90], demonstrated that the SEI formation was
not uniform and had a random shape resembling that of Li dendrites.
Zeng et al. [84] showed an initial fast growth of SEI film up to 200 nm,
followed by stopped growth process, which suggests the low transport
rate of electrons through the SEI film. Utilizing STEM dark field imaging
the structural evolution of Li was studied under different current den-
sities considering the effect of electron beam as well [91]. It was
discovered that electron beam can accelerate surface film formation and
generate a unique SEI that facilitates multisite nucleation of Li (Fig. 7A).
The top row panels in Fig. 7A show needle-like Li growth behavior under
in-situ imaging (one-minute intervals), which is different from the
rounded nodules observed during operando imaging (every few seconds)
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shown in the bottom row panels of Fig. 7A. Thus, considering the sig-
nificant effect of electron beam on the deposition behavior of Li, it is
important to carefully regulate the imaging conditions to obtain the
most reliable data reagarding both surface SEI and also bulk Li dendrite.
Mehdi et al. [89] used electron beam dose rate of <0.3 electrons A2g71
for collecting high-angle annular dark field (HAADF) images shown in
Fig. 7B that clearly show the Li deposition, stripping and formation of
dead Li. Kushima et al. [86] presented in-situ environmental trans-
mission electron microscopy (ETEM) observations of metallic Li pro-
trusions growing from their roots or tips depending on the overpotential,
which showed the voltage-dependent competition between lithium
electrodeposition and SEI formation reactions (Fig. 7C). The conclusion
from their research is that the rate of SEI formation can affect Li
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deposition behavior. At low overpotentials, the rate of SEI formation is
slower than the lithium deposition rate, and Li metal grows from the
surface. At high overpotential and formation of thick SEI layer, when
compressive stress at the root of Li deposits reaches a threshold, the SEI
cannot sustain the applied stress, thus the intermittent volcanic erup-
tions activates the root growth mode. Slight separation of Li deposits
from the original SEL, allows for easy diffusion of fresh lithium under the
root, causing the whisker to extend and form kinked segments of nearly
constant diameters. Also, they observed that root-grown dendrites are
less stable during stripping due to the thinner SEI layer at the root and
preferential stripping of Li from that area leading to easy formation of
dead Li. The root growth mechanism under elastic constraint was very
recently evaluated by He et al. [92] and Zhang et al.25. By coupling an
atomic force microscopy cantilever into a solid open-cell set-up in
environmental transmission electron microscopy (AFM-ETEM), they
studied the nucleation and growth mechanisms of Li whiskers under
mechanical constraints that resembles the effect of separator/solid
electrolyte pressure on Li dendrite growth. The geometrically
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conducting points and in open circuit conditions (bottom row) showing thickening of the SEI layer:

unchanged tip of the whiskers (Fig. 7D) during the growth process in-
dicates the root-growth mode. He et al. [92] showed that Li whiskers can
yield, buckle, kink or stop growing under specific elastic constraints.
Also, Zhang et al. [26] evaluated the yield strength of Li whiskers to
reach as high as 244 MPa (Fig. 7E), which is much higher than the
previously measured strength of 105 MPa using in-situ SEM [25].

3.2.3. Cryo transmission electron microscopy

As mentioned earlier, Li metal samples are highly sensitive to elec-
tron beam damage, thus obtaining intrinsic information about Li
dendrite growth mechanism without introducing any artifacts is a
challenging task. Extensive high-energy beam of TEM can either de-
stroys Li samples or induce artifacts leading to doubtful conclusions.
High energy electron beam can break the sample bonds (primary dam-
age) and produce secondary electrons and free radicals (secondary
damage). Reducing the radiation damage has always been important in
studying beam sensitive materials like Li that can be achieved by either
reducing the exposure of sample to electron beam or by cooling the
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sample. Dose reduction can be achieved by capturing images at high
frame rates, by utilizing direct electron detection cameras, which can
significantly reduce the beam dose and improve the signal to noise ratio.
On the other hand, cryogenic electron microscopy (EM) allows for im-
aging of the structure of the light compounds like Li and its SEI at the
nano scale. Inspired by structural biology characterization by cryo-TEM,
Cui et al. [93] and Meng et al. [94], developed protocols for studying
highly sensitive Li microstructures at liquid nitrogen temperatures
(—170C). The strategies for preserving the pristine structure of Li metal
anode during sample preparation, transformation, and imaging are
discussed elsewhere [95]. It is shown that while standard TEM condi-
tions result in sample degradation even at low dosage, cryo-EM enables
high resolution imaging of Li samples even at high beam exposure times.
They discovered that Li initially nucleates as amorphous phase [94] and
later on develops into single crystal with specific growth directions
(Fig. 8A) [93]. Kourkoutis’s group identified two different types of Li
dendrites [96,97]. They concluded that Type I dendrites are thicker with
low curvature and has an extended solid/electrolyte interphase layer,
whereas the tortuous Type II consists of lithium hydride instead of
lithium metal (Fig. 8B). It was known that SEI formation due to elec-
trolyte decomposition can greatly affect the deposition morphology of Li
[98,99]. However, the detailed understanding of SEI nanostructure and
crystallography was not clear before development of cryo-TEM research
on Li metal. In this regard many works have utilized cryo-TEM to study
SEI formation on the Li electrodes that are in contact with different
electrolytes/additives [93,100,101]. Fig. 8C shows that the mosaic-type
SEI formed in EC/DEC electrolyte is different from the multilayer SEI
formed in EC/DEC +10% FEC additive forming a layer of Li;O at the
very top SEI surface (Fig. 8D) [93]. Also, the effect of additives such as
LiNOs, as well as environmental conditions such as temperature were
studied on the SEI structure [102,103]. It is concluded that the multi-
layer SEI maintains mechanical stability over longer cycling periods and
effectively passivates the surface of deposited Li [104], while allows for
uniform stripping of Li through its structure (Fig. 8E) [105].

In sum, the results suggest that electrolyte degradation, SEI forma-
tion, dendrite growth modes, and interfacial reactions are closely
correlated and play synergetic role in the battery performance. A com-
bination of cryo-EM and in-situ TEM should be utilized to enable in-situ
studies of the Li deposition in different environments/conditions. Un-
derstanding the unknown formation mechanism of different SEI can
greatly help in rationally designing strategies to suppress dendrites.

3.3. In-situ/Operando scanning probe-based imaging techniques: Atomic
force microscopy

Atomic force microscopy (AFM) uses a micro/nano-level probe tip
that provides a 3D/2D topographic image from the surface. AFM is a less
explored tool for in-situ imaging of batteries being capable of revealing
unique surface characteristics of Li microstructures. Among the benefits
of AFM over other microscopy techniques is the simpler sample prepa-
ration and pretreatments. Also, it allows for experiments to be con-
ducted in both liquid and air environments. Combination of AFM with
spectroscopic techniques can provide interfacial properties in addition
to the reaction kinetics. In-situ electrochemical (EC)-AFM that is a
modified scanning probe microscopy (SPM), is suitable for electro-
chemical measurements, and can play a unique role in the investigation
of Li metal anodes and the mechanical integrity of SEL, as well [107,
108].

Cohen et al. [109] studied the effect of solution composition,
extended storage, Li deposition, and dissolution at low and high current
densities on the morphology of lithium electrodes by in-situ AFM. They
utilized variety of alkyl carbonate solutions with different salts and
observed different surface morphologies under prolonged storage of Li,
which were associated to different types of SEI by changing the Li salts.
The non-uniformities observed in nano and micro scales cause localized
deposition and stripping at parts of the SEI that have a higher
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ion-conductivity. The higher conductivity can come from varying local
thickness or composition in the electrolyte. The breakdown and repair of
SEI film during Li dissolution was also suggested as a result of low me-
chanical stability of the SEI species such as ROCO,Li, Li,COs3, LiF, etc.
The cracks in SEI become the preferred locations for the Li ion reduction,
and locally amplified dendritic deposition of Li occurs in these spots
(Fig. 9A). Fracture and continued formation of the SEI lead to con-
sumption of both lithium and electrolyte, and increases the interfacial
impedance and growth of dendrites, which leads to poor performance of
Li metal anode. The mentioned characteristics are shown to be amplified
upon applying higher current densities [109]. A mechanical analysis
was used to study the strain-induced elastic buckling of Li thin film on a
soft Polydimethylsiloxane (PDMS) substrate to determine the plane
strain modulus of the SEI in different electrolytes [110]. A combination
of AFM and membrane-bulge configuration has been used recently to
accurately measure the stress-strain behavior of SEI [111]. Fig. 9B
presents detailed surface topographies of SEI formed in EC electrolyte
near the elastic limit [111]. Fig. 9B top left shows the AFM image of the
SEI at a strain of ~3.6%. By increasing the strain to ~4.0% isolated
cracks start to show up along longitudinal direction (determined by
boxes), which further develops into complex 2D pattern by increasing
the strain to 4.6% and 5.6% in Fig. 9B.

Kitta et al. [108] observed the initiation of Li deposition under
operando conditions utilizing peak force tapping (PFT) mode of AFM
developed by Bruker. In this scanning mode, collection of force curves
from all the scan pixels allows the fast acquisition of surface images with
low sample damage. Topographic height images (Fig. 9C top row) and
adhesion mapping images (Fig. 9C bottom row) obtained in operando
conditions, show slight contrast on the surface of the growing Li pro-
trusions that are correlated to the preferred deposition of Li on the
surface non-homogeneities. The protrusions labeled with blue arrows
grew noticeably larger than the ones indicated with red arrows. The
adhesion images (Fig. 9C bottom row) show higher contrast (darker) for
the protrusions marked with blue arrows, indicating the small adhesion
of the well-grown bumps. They correlated this observation to the
varying thickness of SEI (Fig. 9D top row). Newly grown Li protrusions
with thin SEL, have a low adhesion and can grow faster and the film that
remains thin during growth, while a thick SEI with low Li ion conduc-
tivity prevents further growth of protrusions. Under open circuit con-
dition (OCP), the SEI layer thickens without further growth of Li bumps
(Fig. 9D bottom row).

In addition, the effect of different Li dendrite suppressive strategies
such as use of additives [112,113] and surface modifications like in-situ
[114] and ex-situ [115] surface film coating and nano-patterning [116]
have been studied by in-situ AFM. Nano-patterning the Li surface has
shown to change the surface tendency to form Li dendrites by changing
the mechanical properties of the Li surface [116]. The work-hardened Li
surface accommodates significant residual stress that could inhibit the
formation of new high-activity sites favorable to the dendrite formation.
It is shown that additives like FEC can form a compact and stiff SEI with
80% higher elastic modulus that is capable of suppressing Li dendrites
[111,113]. A thin (3-4 nm) film formed during the in-situ experiment on
Li metal as a result of pre-charging retreatment has shown to lessen the
severe corrosion of Li during cycling [114]. These studies show that AFM
can be used as a robust diagnostic tool to design electrolytes with stable
SEI over cycling. However, the utilization of in-situ AFM imaging for the
study of Li dendrites has some drawbacks. For instance, the slow im-
aging rate (~10 min/image) of conventional AFM technique is not
suitable to record the growth process of Li dendrites when a high current
density is applied. Another limitation of EC-AFM is the requirement of
open-cell utilization, which makes it challenging to study Li dendrites in
volatile electrolytes.
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Fig. 10. Representative figures of in-situ/operando X-ray imaging results on Li dendrite growth. (a) Computed hard x-ray microtomography images demonstrating
two adjacent dendrites and their subsurface structures: Reproduced with permission [121], Copyright 2013, Springer Nature; (b) Synchrotron x-ray phase contrast
imaging results from Li-Si and Li-Li cells demonstrating the exacerbated non-uniformity of Li microstructures when cycled in half cells: Reproduced with permission
[124]. Copyright 2016, American Chemical Society; (c) Visualization of Li dendrite formation and dissolution over plating and stripping electrochemical cycling
processes imagedby operando transmission x-ray microscopy: Reproduced with permission [126]. Copyright 2017, American Chemical Society; (d) Schematic of
narrow 3D dendritic and thick 2D mossy lithium growth formed at high and low current density, respectively: Reproduced with permission [122]. Copyright 2016,
American Chemical Society; (e) Orthogonal virtual slices and corresponding segmented volume from x-ray computed tomography imaging of Li-metals cycled at low
and high current density (top row) and in various temperatures (bottom row). The results demonstrate that cycling Li-metal at low current density and room
temperature results in the most uniform morphology. In-Situ/Operando Neutron-Based Imaging Techniques: Reproduced with permission [128]. Copyright 2017,
American Chemical Society; (f) Corresponding 3D visualizations of the Li surface evolution and thickening of dead Li layer over different cycle numbers: Reproduced

with permission [123]. Copyright 2017, Royal Society of Chemistry.

3.4. In-situ/Operando X-ray-based imaging techniques: (Scanning)
transmission X-ray microscopy/Tomography

Transmission X-ray microscopy (TXM), provides a non-destructive
approach in studying the microstructural evolution of electrodeposited
Li under in-situ/operando conditions. The X-ray microscopy experiments
can be carried out both by a laboratory source X-ray beam and a con-
ventional diffractometer as well as using synchrotron facilities. Using
conventional laboratory X-ray systems is less costly and relatively easier.
However, the synchrotron sources provide a much higher X-ray flux that
improves the contrast, which is especially critical for detecting low
density materials (e.g. Li) and achieving high temporal resolution.
Synchrotron TXM, is a non-invasive analysis method that can detect
light elements such as Li. Also, due to the high energy of hard X-rays,
TXM can analyze thick samples and thus enables the analysis of com-
mercial and packaged battery cells. X-ray microscopy can also be carried
out in scanning mode (STXM), where images are recorded using a
focused X-ray probe that scans the surface of specimen. In addition,
construction of 3D images can be carried out utilizing computed to-
mography on a revolving sample during TXM imaging. The word “to-
mography” is composed of Greek words “tomos” meaning section and
“graph”, which translates to image. As such, this technique provides 3D
image of an object by illuminating the sample with a penetrating beam
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from various directions [117]. Additionally, in-situ/operando studies of
Li microstructural evolution regarded as 4D X-ray tomography imaging
(time added as the 4th dimension) has been performed [34,35,
118-120].

This technique was initially utilized by Harry et al. [121] to study the
Li dendrite formation in symmetric cells with polymer electrolytes.
Synchrotron hard X-ray microtomography that enable imaging of the
structures existing on both sides of the Li electrode revealed new aspects
of Li dendrite formation mechanism. This ground-breaking research
demonstrated that Li dendrite formation initiates on pre-existing sub-
surface structures. These subsurface structures or impurities that can be
found in the pre-cycled Li foils were identified as the nucleation points
for Li dendrites that protrude through the separator/solid electrolyte
and cause the short-circuit of the battery (Fig. 10A) [121]. Later on,
Kapton capillary cells with symmetric Li electrodes were used for in-situ
imaging of Li microstructure evolution in liquid electrolytes [122].
Using such novel design, formation of high surface area structures
during Li deposition with a different composition compared to the
metallic Li was detected through phase contrast imaging [122]. More-
over, it was demonstrated that Li stripping and redepositing processes
result in the formation of cavities [123] and regrowth of Li micro-
structures (LmSs) that do not participate in the subsequent cycles [124,
125]. The X-ray tomography results by Sun et al. [124] demonstrated
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Fig. 11. Representative figures of in-situ/operando neutron-based imaging results on Li dendrite growth. (a) Fractional Li density from operando NDP during plating
and stripping at 0.5 and 2.0 mA cm 2 (top row) and the corresponding schematic representation of the plating and stripping process at two different current densities
(bottom row) showing more nucleation points and shorter dendrites formed at higher current density: Reproduced with permission [141]. Copyright 2018, Springer
Nature; (b) NDP spectra of °H and “He showing the evolution of Li in the surface holes (top row) and the corresponding schematic illustration of lithium plating under
Ti film with and without holes showing the beneficial effect of 3D structures in the formation of more smooth Li deposition: Reproduced with permission [144].
Copyright 2019, Elsevier; (c) 3D evolution of the Li distribution in the battery cell at different stages of charging and discharging showing the dendritic Li growing
during charge and vanishing at the end of discharge: Reproduced with permission [140]. Copyright 2019, American Chemical Society. (d) 2D evolution of Li dis-
tribution over charging period. Black/blue color show enriched Li regions, while red/white color show depletion of Li resulting in formation of Li dendrites:
Reproduced with permission [140]. Copyright 2019, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

that after the initial cycle and formation of LmSs, the further stripping of
Li occurs from the metallic Li and the nascent LmSs do not show further
electrochemical activity (Fig. 10B). These leads to gradual consumption
of Li metal and formation of inactive/dead Li compounds that eventually
protrude through the solid electrolyte and cause short circuit and cata-
strophic failure of the battery cells [124,125]. It was also demonstrated
that the failure mechanism of symmetric Li/Li cells is rapid and more
severe compared to the Li/Si(C) systems [124]. Additionally, time laps
laboratory X-ray tomography demonstrated the formation and gradual
penetration of moss-like Li deposits into the separator, which indicates
the importance of separator properties such as tortuosity when used in Li
metal batteries [123]. Cheng et al. [126] utilized operando 2D TXM to
investigate the Li deposition behavior and understand the effect of
current density on Li microstructure (Fig. 10C). High resolution TXM
results that distinct between the mossy and dendritic Li microstructures,
demonstrated the preferred dendrite formation under high current Li
deposition, leading to increased dead Li formation (Fig. 10D). Addi-
tionally, X-ray imaging was utilized to study the effect of temperature on
the Li microstructural evolution [127,128], which showed that lower
temperatures induces more voids and increases the surface area of Li
microstructures (Fig. 10E) [127,128]. Microstructural evolution of
deposited Li metal during prolonged cycling condition was also studied
using time lapsed laboratory X-ray CT imaging. This work demonstrated
the formation of a mossy-like Li microstructure which penetrated
through the separator gradually through repeated cycles of plating and
stripping (Fig. 10F) [123]. Recently, Kasemchainan et al. [129] utilized
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in-situ X-ray CT imaging to identify a critical stripping current density
that results in formation of Li dendrites on plating. Dendrite formation
was suggested to be the result of higher rate of Li removal from bulk Li
electrode than that of replenished that leads to formation of voids, which
act as hot spots for Li dendrite formation.

In conclusion, X-ray tomography and imaging are popular tech-
niques for the direct study of Li microstructural evolution. They provide
valuable insights about the degradation and failure mechanisms of Li
metal batteries [125], and allow for optimization of cell parameters such
as current density [127], temperature [128], choice of electrolyte and
separator [130-132].

3.5. In-situ/Operando neutron-based imaging techniques: Neutron depth
profiling and radiography/tomography

Neutron imaging results have so much in common with X-ray im-
ages; however, neutrons have a stronger attenuation compared with X-
rays when interacting with light elements such as Li [133]. When a
neutron beam passes through a Li-containing sample, the neutrons react
with the °Li isotope and generate two charged particles with
well-defined energies (4He (2044 keV) and SH (2727 keV)) that lose
their energy at a known rate when travelling through the cross section of
the sample. Based on their energy loss and the stopping power of the
material, original position of ®Li through the cross section of the sample
can be identified. So, neutron depth profiling (NDP) allows for direct
quantification of lithium concentration as a function of sample depth.
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Fig. 12. Representative figures of in-situ/operando resonance-based imaging results on Li dendrite growth. (a) Change of Li NMR spectra in the case of mossy and
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resolution reconstruction of lithium dendrite microstructure by the dendrites’ indirect MRI imaging of the surrounding electrolyte overtime resulting in a short circuit
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separator (left) and First derivative CEPR signal, as measured in a field swept EPR experiment, for metallic lithium with different morphologies ranging from bulk,
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Knowing that each generated particle represents one Li, NDP can mea-
sure the Li density with high sensitivity as a function of depth. This
non-destructive analysis method can be used to identify the location of
electrochemical reactions in battery cells, Li dendrite formation mech-
anism, interfacial transport behavior and kinetics of Li transport,
quantifying the density of the Li dendrites and assessing the reversibility
of electrochemical reactions with temporal resolution of ~30 s and
depth resolution of ~70 nm in operando conditions [134-136].

In-situ neutron diffraction was first utilized to distinguish the onset of
Li plating on graphite anode [137]. The increase in the LiCg (the phase
with the highest Li level) peak intensity is the indicator of Li plating on
the graphite surface at the end of charge. NDP was used to reveal the Li
plating/stripping behavior at the interface of liquid or solid electrolytes
with metallic Li, achieved by direct measurment of the Li-ion concen-
tration profiles [138-140]. The short-circuit prediction capability of
in-situ NDP measurement was demonstrated according to the increasing
NDP count prior to short-circuiting [138]. This technique was also used
as a complementary to microscopy techniques, providing the spatial
density of lithium during plating/stripping [140,141]. It was also shown
that Li plating dramatically increases above a threshold current of C/2 at
a temperature of —2 °C [142]. Recently, Lv et al. [141] showed that the
density of the initially forming Li-metal strongly depends on the applied
current density and its morphology templates the concurrently forming
SEIL Fig. 11A shows the Li density profiles after each plating and strip-
ping cycle at two different current densities of 0.5 and 2 mA cm ™2 The
top row panels in Fig. 11A indicates denser Li plating for the current
density of 2 mA cm™2. The less dense Li plating at low current density
results in thicker SEI formation and consequently more amount of
“dead” Li, which is schematically depicted for better understanding in
Fig. 11A bottom row. It should be realized that the total amount of
inactive Li quantified by NDP is a combination of both dead Li metal and
the Li ions existing in the SEIL. It is worth noting that a limited
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penetration of Li into the Cu current collector was detected (20 pg
cm™2), which is partially reversible (4 pg cm ™2 remains after stripping).
Noteworthy, the early stages of Li penetration through current collector
has been visualized by means of in-situ SEM, as well [77]. Additionally,
NDP allows for visualization of the direct deposition of Li inside solid
electrolytes [138,143]. Li et al. [144] captured the lithium plating
behavior at the interface of Lig4LasZr; 4Tag 012 (LLZTO) solid elec-
trolyte and 3D/2D Ti current collector. Knowing that the kinetic energy
of the Li particles travelling through Ti layer attenuates much more than
those through holes, the stopping power of *He at Ti film is large enough
to distinguish between the increasing lithium atoms under 2D Ti film
and in the holes present in the 3D Ti. This work demonstrated the
preferred deposition of Li in the void spaces of 3D Ti electrode, which
greatly diminish solid electrolyte/electrode interface degradation and
validates the positive impact of a structured 3D electrode on Li deposi-
tion uniformity. From these understandings the possible model for the
lithium plating in the flat and hole-containing battery systems is pro-
posed (Fig. 11B). Recently, Han et al. [145] highlighted that partial
electronic conductivity of solid electrolytes especially in the grain
boundaries can initiate the Li deposition and penetration even in
disconnected pores. Electrons can combine with Li ions at the grain
boundary, reduce Li-ions between the solid electrolyte grains and
eventually cause short circuit in the battery.

Although, NPD is robust technique to depth profiling of Li concen-
tration, it does not allow for direct visualization of Li metal micro-
structures. However, neutron radiographic imaging (NRI), is capable of
imaging the Li microstructures based on the level of neutron absorption
and penetration in various areas of the sample depending on its density
and composition [146]. Song et al. [140] for the first time performed 3D
tomography high-resolution operando neutron scattering studies and
visualized branch-like Li dendrites with progressive growth at different
stages of charging (Fig. 11C). The dynamic features were also revealed
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through 2D operando radiography during charging period showing
increased depletion of Li over time (Fig. 11D). They also investigated the
Li dendrite short-circuit and post shorting effects to understand the
thermal runaway as a result of Li dendrites.

Overall, although neutron-based profiling and imaging can provide
unique and valuable information regarding Li metal batteries, there are
several constraints associated with utilizing such techniques. For
instance, the generation and handling of a neutron probe in the labo-
ratory scale is more challenging and time consuming in comparison to X-
rays and electron beams. Also, having smooth surfaces/interfaces for
neutron imaging is highly necessary, and an intense volume change
during Li deposition can lead to artifacts and inaccurate NRI and NDP
results. Additionally, natural lithium consists of only 7.5% °Li, thus a
better noise-to-signal ratio can be obtained on a °Li enriched battery,
which increases the complexity of the experiments. Also, because the
created alpha and tritons particles will strongly get absorbed by metals,
very thin current collector and no metallic casing is desired for NDP and
NRI experiments.

3.6. In-situ/Operando resonance-based imaging techniques

3.6.1. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) is able to detect the local mag-
netic fields around atomic nuclei, and allows the detection and moni-
toring of the microstructural evolution of Li metal during depositing and
stripping processes. This is because the resonance from Li in diamagnetic
structures such as electrolyte and the SEI is well separated from the
resonance from paramagnetic Li metal, which is shifted to about 260
ppm, by the Knight Shift mechanism [147]. In other words, slight shift in
the NMR signal frequencies can provide detailed information about the
local electronic environment of “Li and °Li around the nucleus and
electrochemically induced structural changes of the Li metal electrodes.
NMR is a quantitative analysis technique, but due to inability to use
magic angle spinning, it lacks high spatial resolution (resolution is
limited to ~15-25 pm). However, NMR has shown a great potential in
measuring the Li-ion concentration gradient [148] and also monitoring
Li dendrite formation [21]. Penetration depth of radiofrequency (RF)
signal to the bulk of Li metal is limited to < 15 pm (known as skin effect),
and it is known that the feature size of Li microstructures (moss and
dendrites) are smaller than 15 pm. Thus, in a constant mass of Li in a
symmetric cell, a change in the extent of ’Li NMR signal corresponds to a
change in the surface/bulk fraction of Li metals [149]. Therefore, Li
NMR provides a direct way to monitor the formation of Li microstruc-
tures with <15 pum feature size [150,151]. Noteworthy, 7Li NMR allows
for quantified analysis of Li microstructural evolution, whereas quanti-
fied information is not achievable through other imaging techniques.

Using such potent technique, Bhattacharyya et al. [8] were able to
quantify the microstructural evolution of electrochemically deposited Li
in symmetric cells cycled with different electrolytes. Due to the skin
effect and the subsurface penetration of RF-field, the NMR signal is
proportional to the area of the Li microstructure, thus can monitor and
quantify the evolution of Li microstructure formed during plati-
ng/stripping. Later on, using in-situ NMR results corroborated with SEM
imaging it was demonstrated that formation of different Li microstruc-
tures results in a change in the Li chemical shift [21]. Specifically, for-
mation of thick and dendritic Li microstructures gives rise to an
additional NMR peak at higher frequency region of the spectrum, which
can help in distinguishing between mossy and dendritic deposition of Li
(Fig. 12A). Intensity of the NMR peaks define the amount of material,
while the chemical shifts show formation of different compounds.
Therefore rapid and quantified analysis of the microstructural evolution
of Li as a function of cell pressure [21], temperature regimes [149] and
electrolyte compositions [8] were carried out using NMR. Using 1D
NMR imaging Klamor et al. [152] could determine the concentration
profile of the anions and correlate the Li™ accumulation near the elec-
trode surface to the formation of SEI. However, one main limitation of
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NMR is that its spatial resolution is limited to about 50 pm, while the
expected thickness of the SEI is only a few tens of nanometers [153].
Therefore, dynamic nuclear polarization (DNP) in which the large po-
larization of unpaired electrons is conveyed to nearby coupled nuclear
spins by microwave, have been incorporated to increase the sensitivity
of NMR to study thin SEI layers [154]. However, in typical DNP ex-
periments, a solution with organic radicals are added to the electrolyte
that can increase the level of impurities and induce artifact to the SEI
composition. In addition, it requires cooling the sample to cryogenic
temperatures, which eliminates the chance of in-situ studies. Very
recently, Hope et al. [155], utilized the inherent conduction electrons to
hyperpolarize the room temperature ’Li NMR signal of Li metal with
higher magnetic field and microwave source under magic angle spinning
(MAS) to study SEI. This recent development indicates the possibility of
utilizing high resolution NMR for in-situ studies of SEI and Li dendrite
formation.

3.6.2. Magnetic resonance imaging (MRI)

Although NMR provides valuable quantitative information about the
microstructural evolution of Li metal, it cannot image the morphology
and shape of the Li microstructures. However, magnetic resonance im-
aging (MRI) that is a resonance based, non-invasive diagnostic tool can
address this issue by providing spatially resolved “Li MRI chemical shift
images (CSI). The orientation of Li metal microstructures with respect to
the external magnetic field (By), can result in the chemical shift in the
NMR spectra. Since the Li dendrites generally grow perpendicular to the
bulk Li metal electrodes, one can distinguish the signal from Li dendrites
from that of the Li electrode. CSI demonstrated the Li microstructures
with a resolution of 60 pm x 376 pm [156]. The spatial resolved in-
formation revealed that the dendritic Li have a narrow range of chemical
shifts near 270 ppm in contrast to the broad peak of mossy micro-
structures in the range of 262-274 ppm. Moreover, through 2D in-situ
CSI the sequence of Li microstructure evolution from mossy to dendritic
was investigated under various current rates [157]. It was experimen-
tally demonstrated that at high current rates the Li dendrite formation is
a function of Li depletion at the electrolyte (Fig. 12B), which is close to
Sand’s time theory. At low current rates, Li dendrites start to grow at
earlier stages than predicted theoretically (Fig. 12B left), which denotes
to a different and elusive mechanism for dendrite formation at low
current regime [157]. It was further demonstrated that dendrites could
be imaged indirectly by fast 'H MRI method. This imaging method that
is based on the changes in Li concentration, allows for imaging the Li
depletion regions, has a poor spatial resolution and only identifies the
shadow of dendrites (space taken up by the dendrites). Fig. 12C shows
the series of 3D MRI images, which depicts the evolution of the depos-
ited Li morphology over time [158]. Li-metal deposition behavior can
also be predicted by analyzing the evolution of electrolyte due to high
concentration of Li-ions, narrow line widths, and accepted signal life-
times [159]. As such, in-situ MRI has been used in solid electrolytes such
as Li;0GeP2S12, where Li inhomohenity and local depletion of electrolyte
in Li/solid electrolyte interface were identified [160]. In addition Li
microstructural growth and short-circuit through solid electrolyte were
recently detected in the garnet-type solid electrolyte, LigsLasZry s.
Tag 5012, through 7Li NMR/MIR imaging [161]. However, it should be
noted that the short-circuit events cuased by dendrites smaller than the
detection limit of the NMR measurements, cannot be detected. Note-
worthy, although most of the MRI studies were performed in the spe-
cifically made cells, “inside-out” MRI technique has enabled studying
the electrode materials in commercial cell designs without requiring RF
access to the inside of the cell [162]. This is because, the magnetic field
produced by the cell is material dependent and varies over change in
materials distribution during cell operation.

3.6.3. Electron paramagnetic resonance (EPR)
Electron Paramagnetic Resonance (EPR) allows for studying mate-
rials with unpaired electrons and utilizes a similar concept to NMR.
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However, despite the NMR where the spins of atomic nuclei are recor-
ded, EPR relies on the detection of electron spins. Therefore, EPR re-
quires a higher electromagnetic frequency compared to that of NMR in
the same magnetic field strength. Thus, EPR utilizes microwaves instead
of radio waves used in NMR experiments. This leads to ~10 times
smaller skin depth than NMR, making it highly sensitive to thin surface
layer of the Li microstructures based on the signal width [163-166].
Noteworthy the penetration depth of microwave field in metallic Li is
much smaller than RF signal, limiting the skin depth effect to about 1.1
pm for Li, which results in more sensitive analysis of Li microstructure
localization [165,166]. Although, EPR can achieve better spatial reso-
lution (about 8 pm), which is highly superior to the spatial resolution
achieved by MRI (>100 pm) [164], majority of its application has been
limited to biology and was not largely utilized in studying battery sys-
tems. This is mainly due to the cell design constrains such as compati-
bility, transparency to microwave radiation and EPR inactivity of the
electrochemical cells [167]. The Li EPR signal depends heavily on
concentration of impurities and disorder in Li structure, which leads to
featureless spectrum from the bare Li metal foil and high selectivity for
dendrite detection [167]. The peaks ascribed to Li microstructures can
be utilized for electron paramagnetic resonance imaging (EPRI), which
enables the monitoring of Li dendrite localization during operando
measurements by implementing novel cell designs (Fig. 12D) [163,164].
Finally EPR imaging can be considered as another unique and
semi-quantitative tool in studying and optimizing the electrochemical
cell variables to achieve uniform and non-dendritic Li metal deposition
[168].

4. Conclusion and outlook

Understanding the fundamentals of dendrite nucleation and growth
is critical for developing strategies to prevent/suppress dendritic Li
deposition for viable Li metal batteries. For a long time Chazalviel’s
space charge theoretical calculations and its derivatives were the only
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models explaining the dendritic deposition of Li in dilute electrolytes.
Understanding the mechanism behind the notorious behavior of Li
deposition has always been challenging through experimental works
and in real life battery conditions. This is mainly due to the high reac-
tivity and sensitivity of Li metal and the misleading effects of experi-
mental conditions on its structure and morphology. The recent
technological advancements in materials characterization techniques
and development of sophisticated cell design for various in-situ/operando
imaging techniques have offered novel understandings on morpholog-
ical, structural and chemical characteristics of the Li dendrites. In this
work, we reviewed the technical aspects of in-situ/operando imaging
studies on the Li dendrite deposition behavior and discussed the ach-
ieved scientific understandings. These techniques include optical im-
aging, electron microscopy, scanning probe imaging, X-ray microscopy,
neutron and resonance-based imaging approaches. Such in-situ/oper-
ando imaging techniques are designed to minimize the exposure of
highly sensitive Li metal to air/moisture, restrict beam damage and
reduce post-mortem experimental artifacts.

Optical microscopy is a simple and reliable operando imaging tool
with high temporal resolution, for which the cells can be built easily
with glass slides/cuvettes; however, the spatial resolution is poor, being
limited by the wavelength of light (200 nm). No analytical information
can be obtained through optical microscopy technique; although, com-
plementary to optical microscopy, Raman imaging can provide infor-
mation about the spatial distribution of chemical compounds in the
sample and can identify the variation in Li-ion concentration at the Li/
electrolyte interface. However, it has a lower temporal resolution as the
existence of electrolyte and surface deposits weakens the Raman signal
and adds artifacts to data interpretation.

Electron microscopy has very high spatial resolution compared to
optical microscopy (e.g. 2-10 nm for SEM and 0.2-0.05 nm for TEM),
capable of revealing the microstructures of Li dendrites and the SEI at
the early stages of formation. However, electron microscopy has its own
drawbacks, e.g. significant beam damage, ultra-high vacuum operation
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Fig. 14. Different parameters shown to be effective in suppression of Li dendrites that need to be visited by in-situ/operando imaging techniques to develop an
effective mitigation strategies: Reproduced with permission [98,173-177]. Copyright 2015, Springer Nature. Copyright 2018, The American Association for the
Advancement of Science. Copyright 2014, American Chemical Society. Copyright 2017, American Association for the Advancement of Science. Copyright 2016, John

Wiley and Sons. Copyright 2019, American Chemical Society.

environment and complicated design of In-situ/operando beam-
transparent liquid-cells, which limit the achievable spatial resolution.
The integration of fast direct electron detection cameras and enhance-
ment of cell designs are critical for high resolution imaging of Li den-
drites in such environment. Recently, cryo-TEM studies showed major
contributions to resolving the nanostructure and crystallographic details
of Li and SEI at high spatial resolutions. The cryo-TEM results are very
reliable as the beam damage is highly controlled and also the samples
can be preserved at their natural state. However, cryo condition does not
allow for in-operando imaging of Li dendrites during nucleation and
growth. The freezing processes are mainly developed for biological
samples with low thickness, which is challenging in Li electrodeposition
studies. Considering the sensitivity of Li to the electron beam, direct-
detection electron-counting cameras with high quantum efficiencies
are needed to record images at high frame rates [169]. Designing the
experimental parameters is also challenging. For instance, conventional
wisdom suggests that a lower voltage TEM (<100 keV) should reduce
beam damage for a metallic sample like Li. However, it is shown that
higher voltage can minimize the interaction of Li with the electron beam
and reduce specimen heating, radiolysis, and sputtering damage [93].
On the other hand, compared to electron-based techniques, X-ray im-
aging does not induce significant beam damage artifacts and can pene-
trate through thick samples. This enables operando/in-situ imaging of Li
dendrites in solid electrolytes and also commercial cells with liquid
electrolytes. However, lack of chemical information and insufficient
temporal and spatial resolution is the main drawback of X-ray imaging.
Neutron-based imaging, with higher sensitivity compared to X-ray im-
aging, can investigate the Li plating behavior inside solid electrolytes
and recognize the reaction location by visualization of Li concentration
profiling of Li-ions in the battery cross section. Resonance-based

19

imaging can distinguish between different types of Li deposition, from
bulk to mossy and dendritic, and quantify the Li microstructures but
does not provide very high spatial resolution. The recent improvement
utilizing magic angle spinning (MAS) technology in room temperature
and inside-out MRI technique, mapping the magnetic field changes
surrounding the cell, show the possibility of utilizing high resolution
resonance-based techniques for in-situ studies of SEI and Li dendrite
formation in commercial battery cells. However, performing the in-situ
electrochemical experiments under spinning conditions are challenging.
AFM can provide information on the topography, mechanical and
electrochemical properties of the lithium/electrolyte interface and SEI,
which is shown to be among the critical parameters affecting the for-
mation and growth of Li dendrites. It would be substantial to track the
movement of single Li atoms inside SEI and along the grain boundaries
and visualize the interfacial reactions in complementary to the DFT
calculations [170,171].

As mentioned earlier, a critical part of in-situ/operando battery
research is the design of electrochemical devices compatible with the
applied techniques, close to the typical cell models and low possibility
for artifacts (Fig. 13A). For example, electron microscopy requires thin
liquid layer to be transparent to electrons for visualization of Li struc-
tures. MRI requires RF access to the inside of the cell. Also, special
design is needed for 3D images in MRI and XRT to make sure the beams
are not blocked during the rotation of sample. Cell designs for in-situ/
operando imaging has continuously been revisited and improved in the
past few years, but still there is a long way to image the commerical
batteries in operando conditions and achieve a highly realistic and reli-
able understanding about the Li dendrites (Fig. 13B).

Another potential future direction would be to integrate multiscale
characterization techniques in order to gain multidimensional
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information on Li metal anode deposition (Fig. 13C). Multimodal/mul-
tiscale measurements can provide new insights and answer fundamental
issues such as the significance of SEI on morphological evolution of Li
metal, which drive research forward and enable innovative solutions.
For example, X-ray techniques such as TXM can provide high penetra-
tion depth, important for analysis of commercial batteries. In addition,
X-ray based techniques cause less beam-induced damage compared to
electron microscopy, but with the cost of reduced spatial resolution.
Thus, these techniques can be used complementary to each other to
provide detailed and comprehensive information. As an example, a
homemade bimodal Raman-TEM has already been developed in Na-
tional Institute of Standards and Technology (NIST) that can provide
atomic-scale dynamic imaging together with detailed chemical analysis
[172].

Another prospective contribution of in-situ/operando techniques can
be the evaluation and elucidation of Li electrodeposition behavior under
mitigation strategies (Fig. 13D) [98,173-177]. Although there are
several methods proposed to mitigate the dendritic electrodeposition of
Li metal (Fig. 14), only few of such works have included in-situ and
operando imaging techniques to fundamentally examine the effective-
ness of their approaches. For instance, a few in-situ/opererando studies
have been carried out to identify the mechanism for improved Li
deposition behvior using modifed electrolytes [178], additives [78,
179], current densities [55,91], the electrodeposition substrate
composition [77] and substrate morphology [116,180]. However, un-
derlying mechanism for improved cycling stability of various engineered
Li-metal batteries are not fully udnerstood. Therefore, extensive utili-
zation of in-situ and operando imaging techniques in quest for uncovering
the most effective approaches from the pool of several Li dendrite sup-
pression strategies should be considered for future works.
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