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A stable lithium-metal electrode can enable the shift from the
Li-ion batteries to the next generation chemistries such as Li� S
and Li� O2 with significant gains in the energy density and
sustainability. This transition, however, is hindered by the
dendrite formation, high chemical reactivity, and volume
changes of the Li electrode. Although recent advancements in
computational and experimental research have deepened our
understanding of these issues, the primary obstacles to the
commercialization of the lithium-metal batteries (LMBs) still
persist. To address these challenges, a synergistic approach that

combines computational and experimental strategies shows
great promise. In this regard, this paper reviews the current
experimental and theoretical understanding of the lithium-
metal electrodes in view of the initiation and growth mecha-
nisms of the lithium dendrites and interface instability. Leverag-
ing the strengths of both approaches can offer a holistic insight
into the LMB performance and guide the development of
innovative designs for electrolytes and electrodes that can
enhance the stability and performance of the LMBs.

1. Introduction

There is a soaring demand for the sustainable battery
technologies to electrify the transport sector.[1] The International
Energy Agency (IEA) projects the sales of electric vehicles (EVs)
to surpass 100 million by 2035 commensurate with a pathway
to achieve a net-zero CO2 emission by 2050.[2] The state-of-the-
art commercial lithium-ion batteries (LIBs) rely on a rocking-
chair concept[3] where two Li-insertion active-materials at the
cathode and anode host and exchange the cyclable lithium via
a non-aqueous liquid electrolyte.[4] This battery concept has
commercially matured over the last 3 decades offering an
energy density of ~300 Wh/kg compared to ~150 Wh/kg at
nineties when LIBs were first commercialized by Sony.[5]

However, the need for more energy-dense alternative batteries
has motivated old ongoing research to revive the forerunner Li-
metal batteries (LMBs). This quest is simply incentivized by the
low density (0.534 g/cm3) and high electro-positivity (� 3.04 V
vs. standard hydrogen electrode) of the Li metal compared to
the conventional insertion anodes such as graphite used in
LIBs.[6–8] Moreover, the Li metal enables a radical shift from the
transition-metal-oxides (TMO) cathodes such as Li-
NixMnyCo1� x� yO2 (NMC) towards higher energy density alter-

natives like S and O2 in Li� S and Li� O2 batteries, respectively.
[9,10]

For instance, replacing the graphite and liquid electrolyte in
LIBs with Li and solid electrolyte, respectively, can potentially
rise the energy density of a Li-TMO cell above 440 Wh/kg.[8] The
gain will be even higher with Li� S and Li� O2 cells with practical
energy density values estimated to mount up above 600 Wh/kg
and 900 Wh/kg, respectively (Figure 1).[9,10]

Notwithstanding the alluring promises of LMBs, their
practical and commercial reality has been hampered by a
variety of technical issues. Inasmuch as the focus of the present
review paper is Li, the fast degradation of this electrode is liable
for the commercial immaturity of the rechargeable LMBs.[7,11]

Particularly, the dendrite formation, high reactivity, volume
changes, and the formation of dead Li are the major obstacles
that abstain the LMBs from delivering a safe and stable cycle
performance.[11–13] It is noteworthy that the emergence and
success of the LIBs is somehow indebted to the commercial
failure of the LMBs in the eighties. The Li/TiS2 and Li/MoS2
introduced by Exxon in 1978 and MoLi Energy in 1987,
respectively, were among a series of pioneering rechargeable
LMBs who lasted shortly on the market due to the major safety
concerns triggered by the Li electrode.[14–16] Since then Li is
known as the holy grail of the LMBs and remains as an
important research topic in the battery community.[8,11,17,18]

These researches particularly target mitigation strategies for the
growth of dendrite during Li plating which results in short-
circuiting and thermal runaway of the cell.[17] Moreover, the
instable interface of the Li leads to the electrolyte degradation
and the formation of “dead Li”.[19] Additionally, Li metal is highly
reactive, complicating the manufacturing and preservation
processes of LMBs.[11–13,20–22] However, remarkable milestones
have been marked toward the commercial viability of LMBs
during the last decade. These include the development of
artificial SEI layers,[23,24] the molecular design of electrolyte
constituents,[25–29] techniques for regenerating dead Li,[19] and
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Figure 1. The shift of interest between the Li-metal and Li-ion batteries in view of time and the rising demand for battery-powered electric vehicles according
to the net-zero-emission scenario.[2] The squared green and brown blocks represent the Li-insertion cathode materials and anode, respectively. The blue and
black blocks are the electrolyte and Li metal, and the purple block stands for the next generation S and O2 cathodes.
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pressure-regulated deposition.[30,31] Additionally, advancements
such as 3D anode structures,[32] protective coating,[33–35] electro-
lyte additives,[28,36] high concentration electrolytes (HCE)[37] and
the innovative concept of localized HCE[38] are noteworthy.

This paper provides a short review of the major theoretical
and experimental reports on the growth of Li dendrites in non-
aqueous batteries. Particularly, the synergistic gain in combin-
ing the experimental and computational methods is high-
lighted. Section 2 provides a short summary of the experimental
findings and the major characterization techniques employed
to investigate the morphological instabilities of the Li electrode.
Section 3 discusses the main physics-based modeling frame-
works of the dendrite growth followed by the findings of the
computational atomistic and molecular simulations in Section 4.
Lastly, in Section 5, suggestions and guidelines for further
research are proposed.

Experimental Insights into the Morphological
Instability of Li Electrode
Our current understanding about the physical picture of the
morphological instabilities at the Li electrode is based on the
experimental insights gathered during the past three decades. The
early observations of the arborescent like morphology of the Li
deposits[39] and dendrite growth[40] through the polymer electrolytes
and shorting the cell date back to nineties (Figure 2a). This physical
picture has been refined with more subtle details about the
initiation and growth mechanisms and their sensitivity to the
electrolyte formulation and plating conditions,[39,41] thanks to the

advanced characterization techniques of recent time (Figure 2b–
k).[42]

To elucidate the underlying mechanisms of Li electrode behavior
during electrochemical cycling, a suite of complementary exper-
imental techniques has been employed. These encompass atomic
force microscopy (AFM)[43] for real-time observation of surface
dynamics and nanoscale morphology, cryo-electron microscopy
(cryo-EM)[44] for high-resolution imaging of Li at the atomic level,
optical microscopy for direct visualization of dendrite growth and
evolution, and X-ray computed tomography (XCT)[45] for detailed 3D
characterization of electrode structure. Synchrotron-based X-ray
imaging further complements XCT by providing faster imaging
speeds and higher resolution, crucial for capturing dynamic
processes in operando.[42] Each method offers unique insights into
the intricate processes occurring at the Li electrode interface, as
summarized in Table 1.

Studies utilizing AFM have revealed the critical role of surface
conditions in influencing dendrite growth. For instance, Kitta and
Sano[46] observed that initial non-uniformities on the Li electrode
surface can promote selective growth and lead to dendrite
formation. Li et al.[47] have used peak force tunneling AFM to
measure the surface roughness and electronic conductivity on a
bare copper and a Cu3 N-modified copper. They showed that the
nonuniform distribution of electronic current in the bare copper foil
results in non-uniform plating and stripping, and thus Li dendrite
formation (Figure 2e–h). The work of Wang et al.[48] using in-situ
AFM demonstrated how current density significantly affects the
nucleation and growth of Li. At low current densities, large,
randomly dispersed nuclei form, while high current densities favor
homogeneous nucleation with smaller particles. This has implica-
tions for dendrite morphology and overall electrode performance.
The composition and concentration of the electrolyte play a pivotal

Figure 2. A growing dendrite in a symmetric Li/poly-ethylene-oxide-LiTFSI/Li cell at galvanostatic conditions (0.7 mA/cm2),[39] Copyright 1999, Elsevier (a). The
different density and morphology of the Li deposit after a plating throughput of 1.67 mAh/cm2 with the three different electrolyte formulations of 1 M LITFSI
in DME (b), 1 M LITFSI in tetraglyme (c), and 1 M LiI in tetraglyme (d),[41] Copyright 2014, Springer Nature. surface roughness measured by peak force tunneling
AFM on bare and Cu3N-modified Cu foil (e) and (h) at pristine state and (g) and (i) after the first Li plating and stripping processes[47] Copyright 2018, American
Chemical Society. (i) and (j) internal void morphology analysis of Li deposit during plating extracted from the segmented sample from XCT results at different
temperatures,[45] Copyright 2017, American Chemical Society. (k) formation of pits during Li stripping and the evolution of pits during the subsequent period
of Li plating,[53] Copyright 2019, American Chemical Society.
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Table 1. Comparison of experimental methods in the application of Li electrode characterization.[42–44]

Method Theory Strengths Weaknesses Applications Efficiency

Atomic Force
Microscopy
(AFM)

Uses a sharp tip to scan
the surface of a sample,
measuring the interaction
forces between the tip
and the sample.

High-resolution imag-
ing
in-situ analysis
ability to measure sur-
face roughness and
profile features at the
nanoscale, nanoinden-
tation capabilities
ability to measure
forces

limited to surface analysis
can be time-consuming for
large areas potential for tip-
induced artifacts sensitivity to
environmental factors like tem-
perature and humidity

real-time obser-
vation of lithium
deposition
influence of sur-
face film and ini-
tial conditions
on dendrite
growth
impact of cur-
rent density on
nucleation and
growth
study of SEI for-
mation and
properties

High for surface analy-
sis and real-time ob-
servation, lower for
bulk characterization

Cryo-electron
Microscopy
(cryo-EM)

A beam of electrons is
transmitted through a
rapidly frozen sample to
create a high-resolution
image.

High-resolution imag-
ing of lithium at the
sub-angstrom level
shields lithium from
thermal damage
caused by electron ex-
posure
slows down side reac-
tions with atmospheric
or water vapor
enables the capture of
high-resolution images
of electron-sensitive
lithium in its natural
state

requires specialized equipment
and expertise
sample preparation can be
challenging
limited to very thin samples

Visualizing lith-
ium dendrite
growth direction
understanding
the impact of ar-
tificial protective
layers on den-
drite growth

High for visualizing
nanoscale and atomic-
scale structures, but
lower for studying
large-scale phenom-
ena

Optical Mi-
croscopy

Uses visible light to mag-
nify and observe the
sample.

Relatively simple and
inexpensive,
can be used in-situ
and operando
provides real-time vis-
ualization of dendrite
growth and morphol-
ogy

Lower resolution compared to
AFM and cryo-EM
limited to surface observations
difficult to quantify morphol-
ogy changes

Real-time visual-
ization of den-
drite growth
identifying
growth mecha-
nisms
studying the im-
pact of current
density and
electrolyte on
morphology

Generally high for real-
time observations, but
lower for high-resolu-
tion imaging

X-ray Com-
puted To-
mography
(XCT)

Uses X-rays to create
cross-sectional images of
a sample, which can be
reconstructed into a 3D
model.

High-resolution 3D
imaging
non-destructive
can be used to study
the internal structure
of electrodes and bat-
teries
can differentiate be-
tween different materi-
als using phase-con-
trast imaging or
synchrotron-based X-
rays

Expensive and requires speci-
alized equipment
limited to relatively small sam-
ples
X-ray exposure can potentially
damage some materials
can be time-consuming for
data acquisition and analysis

Studying lithium
dendrite mor-
phology
morphological
evolution during
plating/stripping
identifying dif-
ferent forms of
lithium (needle-
like, mossy-like,
inactive)
studying the im-
pact of current
density and
temperature on
morphology

High for 3D imaging
and non-destructive
analysis, but lower for
real-time or dynamic
studies

Synchrotron-
based X-ray
imaging

Uses synchrotron radia-
tion to produce high-res-
olution images of the
internal structure of ma-
terials.

Extremely high resolu-
tion
Can penetrate deeper
into materials com-
pared to conventional
X-rays
Non-destructive
Capable of capturing
dynamic processes in
real-time

Requires access to a synchro-
tron facility
Expensive and complex setup
Limited availability due to the
need for specialized facilities

Detailed imag-
ing of lithium
electrode struc-
tures
Studying the
formation and
growth of den-
drites
Investigating
the impact of
cycling condi-
tions on elec-

High for detailed, non-
destructive, and real-
time imaging, particu-
larly for studying dy-
namic processes
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role in Li deposition and stripping. Wang et al.[49] have shown that
lower salt concentrations resulted in improved coverage and a
more even distribution of Li particles. Their findings revealed that
at 0.2 M concentration, Li nucleation was prolonged, leading to an
increased number of particles and a slower growth rate. Conversely,
at 1 M concentration, Li particle growth accelerated, with particles
merging quickly during deposition. In a study conducted by
Stepein et al.,[50] researchers examined the effects of FEC additive
on electrolytes. Their AFM results revealed that the presence of this
additive led to a more uniform distribution of Li particles, resulting
in a surface with enhanced smoothness. Liu et al.[51] highlighted the
importance of balancing Li ion binding energy to the substrate, as
excessive binding can hinder reversible stripping. Cryo-EM has
provided valuable insights into the structure and morphology of
deposited Li. Ju et al.[52] demonstrated that artificial protective
layers can alter Li crystallization, promoting spherical growth over
dendritic formations. Frisco et al.[45] used XCT and Zernike phase
contrast to study the internal structure of lithium metal electrodes
subjected to different current densities. They used 3D illustration of
Li electrode to show that low current density resulted in uniform Li
morphology, while high current density caused voltage spikes and
potential electrolyte oxidation and copper dissolution. Temperature
variations during cycling affected void size within the electrodes,
with low temperatures causing smaller voids and higher temper-
atures leading to larger voids (Figure 2i and j). Yu et al.[53] utilized
synchrotron-based X-ray imaging to provide comprehensive in-
sights into the dynamics of Li plating and stripping in real-time,
under conditions that closely mimic actual battery operations. This
study sheds light on how various critical operating parameters
influence the morphology of the Li deposits. These parameters
include the concentration of lithium salts, current density, ionic
strength, as well as the composition of the electrolytes and
additives. Also, as shown in Figure 2k, they employed X-ray images
to investigate pits formation during discharge. Wang et al.[24]

revealed that electrochemically deposited lithium is primarily
amorphous. Their cryo-TEM analysis highlights that while some
crystalline LiF is present in the SEI, the amorphous nature of the
electrochemically deposited Li plays a crucial role in its formation
and properties, suggesting a more complex interaction within the
SEI than previously thought. Fang et al.[54] employed cryo-EM to
quantify “dead lithium,” which is Li that becomes electrochemically
inactive due to detachment from the current collector or
encapsulation within the SEI. This inactive Li contributes to capacity
loss and safety concerns in LMBs.

2. Macroscopic Physics-Based Models of
DENDRITE Growth

2.1. Tip-Controlled Growth Mechanisms

The investigation into the electrodeposition of metals and
dendrite growth spans a significant duration in scientific
inquiry.[55] Before 1962, research in this field primarily provided
qualitative observations regarding the factors influencing
dendrite growth and their mechanisms.[55–57] Barton and
Bockris[58] combined experiment and theory to investigate
conditions that initiate and quantify parameters that control
the growth rate if silver dendrites from an ionic molten salt on
electrode substrates with different radii (50 to 500 μm). They
reported two key experimental observations and proposed a
model, accordingly, to formalize the growth rate of a dendrite:
(I) the growth of dendrites initiates after a critical current
density which directly and inversely scales with the concen-
tration of the silver ions (C0) and the radius of the electrode
substrate, respectively, (II) at a given potential and concen-
tration, although growth rates vary among dendrites, but are
bounded by a consistent maximum velocity (nmax). Their model
links the growth rate of a dendrite by linking the overpotential (
h), radius of the growing dendrite tip (r), assumed constant at a
given overpotential, and the current density (i) on the plane
normal to the axis of the growth.[58] In this model, three sources
of overpotential are considered, namely the spherical diffusion (
hd), charge-transfer or activation (ha), and the reversible
potential deviation of a curved metal/electrolyte interface from
that of a planar one (Der):

h ¼ ha þ hd þ Der ¼
i
i0
RT
F þ

irRT
DC0F2

þ
2gV
Fr (1)

where Der is expressed as a function of the surface tension
between the metal and the electrolyte (g), V is the molecular
volume of silver, i0 is the exchange current density, D is the
diffusion coefficient, T is temperature, F is Faraday constant,
and R is the universal gas constant. The dendrite growth rate
vð Þ reads:

n ¼
i
F (2)

which is quadratic in r, according to Equation (1), enabling the
determination of a maximum rate of dendrite growth:

Table 1. continued

Method Theory Strengths Weaknesses Applications Efficiency

trode morphol-
ogy
Real-time track-
ing of structural
changes during
battery opera-
tion
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nmax ¼
DC0F

2h2

2gRT

1 � 1

1þ 1þDC0F
2

2gVi0
h½ �

0:5

� �

1þ 1þ DC0F2

2gVi0
h

h i0:5h iþ
1
i0

(3)

According to Equation (3) for the dendrite growth velocity,
for large values of i0, i. e., pure diffusion and surface energy
control mode, nmax is proportional to h2:

nmax ¼
DC0F

2

8gRT h2 (4)

while at sufficiently low values of i0, charge-transfer controlled,
nmax is proportional to h:

nmax ¼
i0V
RT h (5)

According to Barton and Bockris’ theoretical framework,[58]

the preferential growth at the dendrite’s tip is due to a faster
spherical diffusion compared to a more sluggish diffusion at the
base of the electrode.

Chazalviel[59] introduced the concept of space charge to
explain and model the ramified electrodeposition of metals
from a binary electrolyte. His theoretical analysis revealed that
the dendrites should grow as fast as the drift velocity of the
anions to minimize the thickness of the space-charge layer. He
further interpreted the induction time, which is experimentally
observed before start of the dendrite growth, as the time
necessary to build the space charge by reaching a critical
potential drop near the electrode (dV). This potential drop plays
an important role in the Chazalviel’s model and was linked to
the ease of triggering microscopic instabilities at the electrode’s
surface. The theoretical findings of the Chazalviel was later
confirmed by experiments in a series of papers co-authored by
him, Brissot, and Rosso, using symmetric Li cells with polymer
electrolytes[39,60] Particularly, the optical observation of the rate
of dendrite growth was in line with the space-charge model in
both low and high current regimes. It was shown that the
experimental onset of the dendrite growth during galvanostatic
plating correlates very well with the Sand’s time (τs), time to
deplete the ions near the electrode:

ts ¼ pD
FC0

2J 1 � tLiþð Þ

� �2

(6)

where J is effective current density and C0 and D are the bulk
concentration of electrolyte and salt diffusion coefficient,
respectively, and tLiþ is the Liþ transference number. The
continuous plating beyond a critical current (J* ) in a cell with
the electrodes’ spacing of l leads to the ion depletion as early
as ts:

J* ¼
2FC0D

l 1 � tLiþð Þ
(7)

The observation of dendrite growth at currents below this
threshold (J* ) but with an induction time yet proportional to
the Sand’s time was explained by the non-uniform distribution
of current in-plane of the electrode triggered by the possible
surface inhomogeneities and passivation layers.[60]

Monroe and Newman[6] improved the earlier model of
Barton and Bockris,[58] by considering the transient changes in
the potential (F) and concentration (C) near a growing Li
dendrite tip. They assumed a binary dilute electrolyte and
neglected any violation of electroneutrality at the interfaces.
Consistent thermodynamic reference points were used to
define the surface overpotential (h ¼ F1 � F3) at the dendrite’s
tip (Figure 3a). Particularly, the surface forces were explicitly
introduced into a modified Butler-Volmer (BV) kinetics as the
equilibrium potential difference between the dendrite tip and a
hypothetical adjacent planar Li reference electrode:

F1 � F2ð Þeq ¼ �
2gV
rF (8)

i
i0;ref
¼
exp 2gV

rRT

� �
exp aaFh

RT

� �
� exp � acFh

RT

� �

cref
cd
0

Liþ

� �
aa

þ
ð1� tLiþ Þri0;ref

FDcd
0

Liþ

exp � acFh

RT

� � (9)

where i is the current density normal to the dendrite surface, aa

and ac are the anodic and cathodic transfer coefficients, and
i0;ref refers to the value of exchange current density measured at
a reference condition (cref ). The growth velocity of dendrite
(Equation 2) was then simulated and unlike previous works
showcased to be non-constant and to accelerate during the
galvanostatic plating of lithium. Later on, Monroe and
Newman[61,62] presented a thermodynamically consistent model
to account for the impact of elastic, viscous, and external
pressure forces next to the surface tension on the kinetics of Li
plating for a deformed electrode/electrolyte interface (Fig-
ure 3b). This was a significant progress compared to the
previous models in which the mechanical effects were only
limited to the surface tension at the dendrite/electrolyte inter-
face. The essence of this elegant model of Monroe is to relate
the difference between the electrochemical potential of elec-
trons at the deformed (a) and undeformed (a0) parts of the Li
electrode (Dma;a0

e� ) to the deformation-induced pressure differ-
ences at the both sides of the interface, i. e. Li (Dpa;a0 ) and
electrolyte (Dpb;b0 ):

Dma;a0

e� ¼ VLiDp
a;a0 � VLiþDpb;b0 (10)

where VLi and VLiþ stand for the partial molar volumes of Li
metal and lithium ions, respectively. Integrating the force
balance across the Li/electrolyte interface with Equation (10)
will expose the deformation (t

d

) and viscous (t
v

) stress tensors,

with a convention of positive compressive stress, and the mean
curvature of the interface (H) in the following equation:

(11)
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where ea

n
is the unit normal vector of the plane at the deformed

Li surface pointing towards the electrolyte. The roughening
kinetics of the Li/electrolyte interface was then derived
considering the mechanical impacts and transport limitations,
for a deforming interface, on the energetics of the Li plating
and stripping:

(12)

where am is a mechanical transfer coefficient representing the
fraction of the mechanically induced electrochemical-potential
difference that contributes to the activation energy of a
deformed Li/electrolyte interface.

Akolkar[63] modeled the current density at the dendrite tip (
it) as a multiple of the current density at the flat surface of the
lithium electrode, if (Figure 3c). The simplified model neglects
the concentration overpotential and surface forces at the
dendrite’s tip and further assumes that the overpotential at the
dendrite and the flat surface of the electrode is equal. A
stagnant Nernst diffusion boundary layer with the thickness of δ
is assumed near the electrode surface with a concentration-
dependent diffusion coefficient D ¼ ae� bc where a and b are
temperature dependent.

it ¼ if
� 1
bc0

ln e� bc0 þ
if
iL;f

1 � e� bc0
� �

� �� �
� ac

(13)

In this model the dendrite growth rate is sensitive to the
electrolyte bulk concentration (c0), the cathodic charge transfer
coefficients (ac), and the limiting current density for the flat
electrode (iL;f ). In a following study, Akolkar[52] further incorpo-
rated the effect of the temperature in his model and concluded
that at a given applied current density, there exists a critical
temperature above which the formation of dendrites is
inhibited.

2.2. Root-Controlled and Transition to Tip-Controlled Growth

Dendrite formation occurs even at low current densities, with
two distinct structures: dense filaments or mossy Li and
branched fractals known as dendritic Li. Koshina et al.[67]

reported that at relatively low current densities and high salt
concentrations, mossy Li is formed on the surface of Li anode.
Other investigations on tin deposition evidenced the growth of
tin whiskers from the base and not from the tip[68,69] due to the
generated stress in the tin substrate. Arakawa et al.[70] were the
first to report that Li dendrite can grow from the base of the
substrate. These observations inspired Yamaki et al.[71] to
investigate the formation of Li whiskers at low current densities,

Figure 3. Different concentration and potential regions around a growing dendrite tip (a) with and (b) without consideration of the deformation effects
described by Monroe and Newman,[61,62,64] (c) schematic of the electrode surface on which Li is deposited according to Akolkar’s model,[63] (d) Wang et al.,[65]

plating-induced stress mechanism for dendrite growth due to the stress-driven diffusion flux of Li towards the base of a surface grain (e) forming a Li
dendrite. (f) the schematic of the physical picture of dendrite penetration through the SEI layer proposed by Liu et al.[66]
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postulating that the stress in the substrate initiates growth of
whiskers. In this regard, they proposed the following mecha-
nism for the formation of Li whiskers based on the experimental
observation in a symmetric Li cell with EC/2MeTHF/LiAsF6
electrolyte. The deposition of lithium beneath the SEI layer is
non-uniform and generates mechanical stress. This stress drives
the transport of lithium through the grain boundaries, against
the opposing surface tension forces at the interface, in order to
relieve the stress. At a certain point, the SEI will break locally
and the lithium whiskers are extruded out of the resulting holes
in the SEI. They further proposed a phenomenological model to
relate the morphology of the lithium deposit to the surface
tension (g) and the internal pressure of the deposit layer (DP).
Particularly, it was hypothesized that different values of DP

g

relative to the creep strength of the lithium whisker can result
in different deposit morphologies. An important implication of
this model was that Li deposit adopts an amorphous particular
morphology when the surface tension is strong enough to
deform the Li whiskers. After 2 decades, these findings of
Yamaki et al.[71] was developed further by Wang et al.[65] who
conceptualized the impact of lithium plating-induced stress on
the morphology of the deposits (Figure 3d and e). They
experimentally showcased the role plating-induced compres-
sive stress in the promotion of dendrite growth and proposed a
model to contrast the Li plating on the soft and hard substrates.
They observed the wrinkling of the soft substrates as a stress
relief mechanism disfavoring the formation of Li dendrites. A
model was proposed according to which the dendrite forma-
tion begins when the Li filament growth rate, nfilamnet, exceeds
the rate of the uniform Li deposition:

nfilamnet ¼
DLiVLis

RTr (14)

where DLi is the Li diffusivity in the deposit, VLi is the molar
volume of Li, s is the compressive stress, and r is the filament’s
radius. Based on this model, a critical compressive stress, scrit ,
can be obtained for a given plating current density (i) below
which the Li dendrite formation is mitigated:

scrit ¼
RTr
FDLi

i (15)

The in-situ experiments[72–74] revealed that the growth of
deposited Li in liquid electrolytes undergoes a transition point
wherein the root growth mechanism shifts to a tip growth
mechanism. Utilizing an in-situ optical setup, Bai et al.[74]

demonstrated that during the initial stages of electrodeposition,
mossy Li grows from its roots, evident by the tip of the
deposition retaining its shape over time. However, at the
voltage spike, dendritic Li structures were observed growing
from the tip. Given that dendritic growth typically signifies
diffusion-limited aggregation, the experimental time to reach
the voltage spike was postulated as the Sand’s time, with
Equation (6) employed to derive an apparent diffusion coef-
ficient. Interestingly, the calculated diffusion coefficient aligned
with the reported measured diffusion coefficients for the similar

systems. Bai et al.[74] similarly demonstrated that the typical
operating current densities of LIBs favor mossy Li growth over
dendritic growth. Mossy growth, characterized by the accumu-
lation of Li whiskers, is conventionally associated with reaction
limitations. To delve deeper, Kushima et al.[75] conducted addi-
tional research on Li nucleation and growth through in-situ
environmental transmission electron microscopy (ETEM) to
highlight the significance of SEI formation in Li growth. They
identified two growth modes within the reaction-limited region,
preceding Sand’s era and the onset of diffusion-limited
dendritic growth. The first mode involves Li deposition
resembling cauliflower or Eden-like clusters on the electrode
surface, likely a mixture of tip and root growth mechanisms.
The second mode manifests as whisker-like Li growth, a
consequence of the competition between SEI growth and Li
deposition. This mode is controlled by the root growth
mechanism in line with the Kushima et al.’s proposed
mechanisms[75] and the theoretical findings of Yamaki et al.’s.[71]

Here, stress accumulation beneath the SEI layer prompts its
rupture at certain points, enabling Li whiskers to emerge
through the resulting holes as a stress-relieving mechanism.

Liu et al.[66] developed a model describing Li dendrite
growth, SEI formation, dendrite penetration through the SEI
layer, and the regrowth of SEI on the Li exposed surface
(Figure 3f). To do so, the total applied current density (it) was
split into the Li deposition current density (iLi) and the current
density consumed for the formation of SEI (iSEI):

it ¼ iLi þ iSEI (16)

The overpotential used in the kinetics equation was
corrected to incorporate the effect of the SEI layer and also the
stress on the substrate surface while the surface energy effects
were neglected:

h ¼ F1 � F2 � RSEIit � Ueq �
VLishs

F (17)

where F1 and F2 correspond to the Li electrode and electrolyte
potential respectively, Ueq is the equilibrium potential, and shs is
hydrostatic stress. RSEI is the resistance of the SEI layer and is
estimated according to the growth and the stretchability of the
SEI layer which depends on its strain rate.

Inspired by the works of Ferrese and Newman,[76,77] Jana
et al.[78,79] extended the thermodynamic framework of Ely and
Garcia[80] considering elastic energy contributions and Li plastic
deformation. Their model identified five distinct regimes of
dendrite growth, aligning with the experimentally observed
dendrite growth morphologies reported in the literature. These
five regimes include: (1) thermodynamic suppression regime,
(2) incubation regime, (3) based-controlled growth regime, (4)
tip control growth regime, and (5) mixed growth regime. In the
thermodynamic suppression regime, the Li embryos are ener-
getically unstable and tend to dissolve back into the electrolyte.
The incubation phase is defined as the time required for
thermodynamically stable electrodeposits to enter the stable
growth regime. Jana et al.[78,79] showed that the different
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regimes of Li electrodeposition can be well predicted by a
dimensionless applied current and a dimensionless electro-
deposit size. Their result showed that for relatively low current
densities and above the kinetic limits, the Li plasticity at the
base controls the electrodeposition, i. e., based-controlled
regime. Above a critical current density which depends on the
material properties of a specific system, diffusion limitations
induce the formation of high-branched dendrites that corre-
spond to tip-controlled regime. In the mixed growth regime,
plastic deformation and electrodeposition have significant
contributions. A chronological summary of the discussed
dendrite growth models is presented in Table 2. The dendrite
growth mitigation solutions corresponding to each specific
model are presented in this table.

3. Computational Insights

Due to the complexity of the underlying phenomena in Li
electrodes and their varying time and length scales, a multi-
scale approach combining various computational methods is
necessary to capture the intricate behavior of Li electrodeposi-
tion. These methods range from quantum chemistry (QC)
calculations,[83] which probe atomic interactions and electronic
structures, to molecular dynamics (MD) simulations[84] that
model the dynamic behavior of atoms and molecules, to kinetic
Monte Carlo (KMC) simulations[84] that explore the stochastic
nature of chemical reactions, and finally, to macro-scale
simulations[6,85] that encompass larger-scale electrochemical
phenomena (Table 3).

3.1. Dendrite Formation

In this context, dendrite formation and its influencing factors
have been investigated using computational and simulation
methods across different time and length scales. QC calcu-
lations are employed to determine the energy gap between Li
bulk and crystal surfaces.[86–89] A comparison of the energy gap
for Li with its alternatives, Na and Mg, indicates that a
comparatively low energy gap leads to a tendency for Li atoms
to create one-dimensional structures, such as whiskers[90] (Fig-
ure 4a). Detailed calculations have shown that this tendency
arises from weak interactions among Li atoms in the crystal
lattice.[86] From a thermodynamic viewpoint, the formation of
surfaces with low free energy is favorable. As a result,
deposition is expected to lead to Li growth on facets with the
lowest free energy.[20] Hagopian et al. performed[91] QC calcu-
lations based on surface tension as a function of the operating
potential of the Li anode. Their results have shown that the
facet (110) has the lowest free energy and exhibits the highest
growth at operating voltages higher than the point of zero
charge. A further decrease in the operating potential of the Li
anode would make other facets thermodynamically stable,
potentially leading to the creation of mossy and fractal
structures. However, another QC investigation[92] and a study at
a higher length scale by using KMC simulations,[93] have
depicted that kinetic factors can play a critical role in dendrite
formation, in addition to thermodynamic factors. While the
KMC results agree with thermodynamic expectations at low
deposition rates, their deviation increases at high deposition
rates. Ghalami Choobar et al.[93] attributed this behavior to the
fact that facets with higher energy participate in deposition
reactions, and Li cations are deposited on these surfaces.
However, when the deposition rate is low, there is enough time

Figure 4. (a) Free energy change for different coordination numbers of the adsorbed atom for Li and its comparison with Mg,[90] Copyright 2012, Elsevier (b)
schematic representation of various surface diffusion mechanisms: hopping, bulk-atom exchange, step-edge atom exchange, and grain boundary
mechanisms,[93] Copyright 2021, Elsevier and (c) comparison of experimental data for kinetics of Li surface against BV and Marcus model,[96] Copyright 2020,
American Chemical Society.
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for the electrode to relax and form surfaces with the lowest free
energy through surface diffusion mechanisms (Figure 4b). Li
exhibits a higher surface diffusion barrier compared to other

metals which may impede the formation of a smooth, uniform
surface during deposition. Although various thermodynamic
models exist to describe the behavior of the Li electrode, the

Table 2. A chronological summary of some of the main dendrite growth models based on tip-controlled, root-controlled, and tip and root mixed-controlled
mechanisms.

Model Mechanism Key assumptions Main outcomes Suggested dendrite mitigation solution

Barton and
Bockris[58]

1962

Tip-con-
trolled

Linear electrochemical kinetics
Static hemisphere dendrite
Inertial and mechanical forces
are ignored

Identification of a concentration-depend-
ent critical current density above which
dendrites from
The number of dendrites correlates with
the applied current density

Dendrite growth can be prevented by
decreasing overpotential

Chazalviel[59]

1990
Tip-con-
trolled

The developed space charge
near the anode surface is the
driving force for dendrite for-
mation
The model only applies above
limiting current density

The onset of nucleation is inversely
proportional to the square of the effective
current density
The dendrite growth rate is proportional
to the anion mobility

Dendrite dense branching can be mini-
mized by reducing the electric field

Yamaki[81]

1998
Root-con-
trolled

Stress in the substrate as the
driving force for dendrite for-
mation

Depending on DP
g
values, three deposition

morphologies were identified
Strong surface tensions can result in
particle/amorphous deposits

Monroe and
Newman[6]

2003

Tip-con-
trolled

The transient behavior of a
parallel electrode system is
studied
The dendrite is small enough
that does not affect the poten-
tial and concentration profiles

The rate of dendrite growth increases
with charging time
Surface forces show little effect on den-
drite growth

Increasing interelectrode distance can
postpone cell failure

Ely and
Garcia[80]

2013

Root-con-
trolled

Model applied for early-stage
nucleation of reaction-limited
systems

For a nucleus to enter the growth phase,
its size must be larger than both the
thermodynamic and kinetic critical radii
Embryos nucleate at interfacial heteroge-
neities

Dendrite formation can be suppressed
by controlling (1) the anode surface
roughness, (2) anode particle size, (3)
plating potential, and (4) wettability
properties of the surface

Akolkar[63,82]

2013 and
2014

Tip-con-
trolled

Concentration-dependent dif-
fusion coefficient
A stagnant Nernst diffusion
boundary layer exists near the
electrode surface
dendrite growth is solely gov-
erned by the activation mode

The dendrite growth rate depends on
electrolyte concentration, applied current,
and kinetics

A critical temperature was identified
above which dendrite formation is in-
hibited

Liu[66]

2017
Tip and
root
mixed-con-
trolled

Dendrite growth was coupled
with SEI formation
Effect of surface energy was
neglected

While working at relatively low current
densities, increasing the current facilitates
dendrite growth while maintaining the
dendrite shape.
At relatively high current densities, in-
creasing the current not only results in
faster dendrite growth but also form
sharp needle-shaped dendrites.
SEI with a lower resistance can mitigate
the formation of sharp needle-shape
dendrites.
The inhomogeneities and defects in the
SEI structure can induce dendrite forma-
tion even though the surface of the
lithium electrode is perfectly flat.

A flat initial lithium surface and a low-
resistance uniform SEI layer reduce the
dendrite formation and growth rate

Wang[65]

2018
Root-con-
trolled

The model applies to early-
stage Li dendrite growth
Stress in the substrate as the
driving force for dendrite for-
mation

dendrite formation begins when the lith-
ium filament growth rate, nfilamnet , exceeds
the uniform lithium deposition rate, nplating

A critical compressive stress, scrit , exists
below which the Li dendrite formation is
mitigated

Jana[78,79]

2017 and
2019

Tip and
root
mixed-con-
trolled

The bulk free energy of trans-
formation includes contribu-
tions from electrical, chemical,
and mechanical sources.
The plastic deformation of lith-
ium is described by a power
law creep model

Five regimes of dendrite growth were
identified as a function of a normalized
current density and normalized electro-
deposit size
At the typical current density ranges for
lithium-ion batteries, dendrite growth is
governed by a combination of mixed-
base and tip-control mechanisms.

Maximizing the hydrostatic share of the
stresses, and minimizing the deviatoric
share can suppress dendrite growth
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Butler-Volmer (BV) model[6] has been extensively employed to
represent surface reactions during simulations, which fails at
states far from equilibrium with non-Boltzmann distributions.[94]

In this regard, a theoretical framework based on Marcus kinetics
has been developed to address the shortcomings of the BV
model.[95] Experimental and simulation results have indicated
that the BV model suffers from reaction rate overestimation,
disagreement with experimental results, and symmetrical
response during plating/stripping.[96,97] The Marcus theory can
resolve these issues and also take into account the electronic
structure of the electrode and the molecular construction of the
electrolyte.[96–99] (See Figure 4c).

Furthermore, thermodynamic and kinetic tendencies can be
affected by surface roughness and the formation of tip points,
in addition to intrinsic characteristics. This point has been
elaborated on in further detail by calculating potential and
partial charge distributions.[100–103] KMC simulations have shown
that tips experience a higher rate of reactions due to changes
in the potential distribution in the electrode and electrolyte.[101]

Santos and Schmickler[100] confirmed this observation by
determining the partial charge distribution through QC calcu-
lations. They showed that an extra partial charge on an atom at
the tips can affect the charge distribution on the four atoms
surrounding it. A scrutinized dissection of the results indicates
that the electric field induced by a higher partial charge density
at the tips affects its nearby surrounding, due to the screening

properties of the electrolyte and electrode (Figure 5a and b).
This observation aligns with the aspect of dendrite growth on
tips presented in the previous section. Further investigation of
the Li crystal under the effect of an external electric field
confirms the screening property of the Li electrode since the
surface diffusion activation energy has changed negligibly.[87]

Aryanfar[104] utilized KMC to study the impact of surface
curvature on deposit roughness illustrating that a convex
surface is less prone to form dendrites due to the absence of
spatial hindrance compared to flat electrodes (Figure 5c and d).
From another perspective, phase-field modeling showed that
surface roughness impacts the electrode and electrolyte contact
by creating contact resistance to ion transportation.[105] This
observation was also confirmed by solving continuity equations,
where results showed a decrease in ion transport in the holes,
which intensifies uneven surface growth.[106]

3.2. Electrolyte Stability and SEI Formation

The effectiveness of metallic Li electrodes is intricately linked to
the electrolyte’s composition and stability.[28,107] It is imperative
that the electrolyte remains electrochemically stable upon
contact with the electrode surface, facilitating efficient cation
transfer. Variations in solvent type, salt, additives, and their
respective concentrations can significantly influence these

Table 3. Comparison of computational methods in the application of Li electrode simulation.[6,83–85]

Computational methods Force Field
Type

Strengths Weaknesses Applications Computational
Efficiency

Quantum Chemistry
(QC) Calculation

Quantum me-
chanical poten-
tial

Provides highly accu-
rate electronic struc-
ture information

Very expensive; limited to
small systems and very
short time scales

Calculating accurate ener-
gies, studying reaction
mechanisms

Very Low

Molecular
Dynamics
(MD) simu-
lations

Classical
MD

Classical poten-
tial

Efficiently simulates
large numbers of
atoms

Limited to studying sys-
tems with non-breaking
bonds; cannot capture
electronic processes

Ion transport in electrolytes,
diffusion phenomena

High

Ab Initio
MD

Quantum me-
chanical poten-
tial

Provides high accu-
racy for chemical
bonds and reactions

Expensive; limited to sim-
ulating small systems and
short time scales

Investigating chemical reac-
tion mechanisms at elec-
trode surfaces;
understanding interfacial
phenomena

Low

Reactive
MD

Reactive poten-
tial

Can simulate bond-
breaking and forma-
tion

Computationally expen-
sive; requires careful pa-
rameterization of the force
field

Simulating electrode-elec-
trolyte interface dynamics,
including reactions like Li
plating/stripping

Medium

Coarse-
Grained
MD

Coarse-grained
potential

Simulates large spatial
and temporal scales

Lower accuracy compared
to atomistic simulations

Simulating polymer electro-
lyte dynamics, morphology
evolution

High

Kinetic Monte Carlo
(KMC)

Classical poten-
tial

Simulates rare events
and longtime scales

Requires accurate rates for
all possible processes

Modeling nucleation and
growth of SEI layers, study-
ing battery degradation

Medium

Phase Field Modeling
(PFM)

Phase field
equations

Can simulate complex
morphologies and mi-
crostructure evolution

Requires careful parame-
terization of the free en-
ergy functional

Simulating dendrite
growth, and phase separa-
tion in cathode materials

Medium to
High

Macro Scale Simulation Continuum
equations (e.g.,
FEM, FVM)

Simulates large-scale
systems and considers
mechanical, and ther-
mal effects

Less detailed than atom-
istic simulations

Modeling battery packs,
simulating thermal runaway

High
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properties. QC techniques, particularly those assessing the
Fermi level of the anode against the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO), are utilized to analyze electrolyte stability on Li
electrodes.[108] These QC analyses, which involve evaluations of
the density of states (DOS) for the electrode and molecular
orbital for existing species within the electrolyte, offer pre-
dictive insights into electrolyte stability, albeit without address-
ing SEI layer formation potential. Empirical data reveals that the
common electrolyte, ethylene carbonate (EC) plus lithium
hexafluorophosphate (LiPF6), is prone to decomposition via
four-electron reactions when in contacts with the Li
anode.[109,110] Varying the anionic component by using alter-
native salts such as lithium bis(fluoromethanesulfonyl)imide
(LiFSI) or lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
facilitates a LUMO shift to the anion (See Figure 6a and b),
thereby mitigating further electrolyte degradation by enabling
electron acceptance and subsequent LiF layer formation.[109]

Investigations indicated that reduction of molecular interties
often involves a one-electron transfer to anion and its break-
down into ionic species, while oxidation is intricate since HOMO
can be located on solvent or anion.[111] However, high salt
concentrations are essential to maintain anionic presence
within solvent-coated electrolyte structures, preventing solvent
degradation during the charging cycle. High-concentration
electrolytes exhibit a dominance of contact-ion-pair (CIP) and
Aggregate (Agg) species over solvent-separated-ion-pair (SSIP)
configurations.[27,112] QC investigations into (Trimethyl

phosphate) TMP-based electrolytes with LiFSI salt have dis-
cerned that Li(TMP)3FSI and Li(TMP)4 represent the most and
least stable molecular entities, respectively, suggesting accel-
erated electrolyte decomposition at low salt concentrations.[113]

Beyond analyzing anionic effects, enhancements in solvent
molecular structure aimed at enhancement of electrochemical
stability or transport attributes are achievable through QC and
MD simulations. Such studies alongside experimental studies
have confirmed the superior stability of ether solvents when
utilized with metallic Li anodes.[107] QC calculations[113] and MD
simulation[29,114] have revealed that the solvent fluorinated 1,4-
dimethoxylbutane (FDMB) demonstrates exceptional compati-
bility with the metallic Li anode. This favorable interaction is
attributed to the CF2 functional group within the solvent’s
molecular structure, which facilitates a stable solvation environ-
ment for the Li ions. The CF2 group’s electron-withdrawing
properties enhance the solvation process, leading to a more
uniform and durable electrode-electrolyte interface.[29,113] More-
over, solid electrolytes formulated from poly(ethylene oxide)
(PEO) and LiTFSI salt have been studied through molecular
simulations for their superior physical and mechanical proper-
ties, alongside their dendrite mitigation capabilities. Initial
calculations confirm the stability of high molecular weight PEO
on the Li anode surface.[115] Scrutinized analysis of radial
distribution function (RDF) indicated the spatial hindrance,
posed by the macromolecule’s extended chain structure,
promotes anion-cation interactions in the vicinity of the anode,
thereby enhancing CIP species prevalence within the solid

Figure 5. (a) Charge distribution and (b) electrostatic potential contours on a pyramidal tip for a Li electrode with an excess charge obtained by QC
calculations,[100] Copyright 2021, John Wiley and Sons. Dendrite morphologies are grown on the (c) flat and (d) curved surface obtained by KMC simulation,[104]

Copyright 2020, American Physical Society.
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electrolyte matrix[116] (Figure 6c–e). While this phenomenon
contributes to the electrolyte’s electrochemical stability, it
simultaneously hinders Li ion transport toward the anode. Ionic
conductivity enhancement, coupled with improved physical
compatibility and diminished contact resistance, can be
achieved through the application of various additives, including
ionic liquids and salts. The addition of salts like potassium
Bis(fluorosulfonyl)imide (KFSI) and KPF6 not only enhances ionic
conductivity but also plays a role as a cationic barrier, due to
the presence of metal cations such as Na and K within the
electrolyte. Hao et al.[101] used KMC simulation to demonstrate
that the presence of these cations initiates competitive
interactions with Li cations during the plating process. Their
integration within the deposit structure fosters enhanced sur-
face diffusion through the formation of interstitial defects[117]

within the crystal lattice, thereby promoting the formation of
smoother surfaces throughout the battery charging process.
Concurrently, the lower mobility and reactivity of these ions
ensure a more uniform distribution within the electrolyte,
leading to a uniform electrochemical plating reaction rate
across the electrode surface.

The SEI layer plays a crucial role in LMBs, analogous to its
function in LIBs, where its absence significantly reduces battery
life. The presence of the SEI layer leads to a voltage drop due to
resistive losses. Moreover, its composition, thickness, and
porosity greatly influence the rate of Li deposition. To
investigate the formation of this layer and its performance
based on its constituents, MD and KMC simulations are
employed where the former focus on molecular interactions
and provides various details from the mechanism of formation

to the interaction of Li with the SEI layer components during
deposition.[119] On the other hand, the latter concentrates on
larger-scale phenomena such as the impact of SEI stiffness on
the distribution of deposition reactions and the probability of
dendrite formation. Classical MD simulations have been used to
study Li-ion transport in artificial SEI layers made of Li3P and
Li2S.

[120] Their results indicate that Li2S is superior due to its
higher ionic conductivity. Additionally, the presence of vacan-
cies and defects in the SEI’s crystalline network can significantly
reduce resistive losses by increasing the hopping diffusion
mechanism. Another study on the physical and mechanical
properties of an artificial layer of Li2� xO1� xFx showed that Li
could be trapped by oxygen.[121] Therefore, with a higher
number of fluorine atoms, the ionic conductivity of the layer
improves without a significant reduction in Young’s modulus.
Moreover, MD simulations with the capability to model bond
formation and breakage have been extensively used to
investigate the formation of this layer (see Table 3[78–80] to
compare various versions of MD simulation). A computational
study using Ab Initio MD simulations showed that in an EC+

LiPF6 electrolyte solution, the SEI layer does not form.[110]

Galvez-Aranda et al.[122] have shown that the presence of the
FSI� anion, along with its subsequent decomposition, results in
the consumption of 17 Li ions. This process yields a variety of
chemical species. Notably, the formation of LiF and Li2O is
observed among these species. The presence of these com-
pounds is indicative of the formation of a SEI layer. A computa-
tional comparison of FSI and TFSI anions using QC indicates
that the FSI anion is more prone to layer formation.[123] This
behavior is attributed to the lower stability of this anion and

Figure 6. Visualization of optimized molecular configurations and electronic properties: (a) The optimized molecular structure of Li(TMP)4 and (b) Li(TMP)3FSI,
showcasing the LUMO as determined by QC calculations employing the B3LYP functional within Gaussian software.[118] (c) Detailed molecular illustration
depicting the simulation of the PEO+LiTFSI electrolyte system proximal to the Li electrode. (d) RDF analysis for the Li� O pair interactions within the bulk
electrolyte matrix. (e) RDF plot highlighting the Li� O pair dynamics at the critical electrode-electrolyte interface, elucidating the interfacial structure and ion
transport mechanisms,[116] Copyright 2017, Elsevier.
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the fact that it releases more fluorine atoms. The released
fluorine reacts with Li cations to form the LiF layer, which has
desirable mechanical and transport properties as an SEI layer.
Additionally, MD simulations based on the ReaxFF force field
showed that adding HF to electrolytes can significantly aid in
the formation of this layer by decomposing and creating
fluoride ions.[124] In another reactive MD simulation study, Zhou
et al. examined the effect of pressure on the density of the
formed SEI layer.[125] It was shown that increasing pressure
increases the density of the layer and reduces its porosity.
Although this observation reduces dendrite formation, it also
affects the diffusion coefficient of cations. Therefore, it is
necessary to select an optimal value for the operational
pressure.

4. Perspectives on Computational-Experimental
Synergy and Future Directions

The synergy between computational and experimental ap-
proaches offers a powerful framework for unraveling the
complexities of Li metal electrodes and to devise mitigation
strategies. This collaborative approach not only accelerates the
discovery of novel materials but also refines our understanding
of dendrite formation, electrolyte interactions, and ion transport
phenomena. Computational models, based on the theoretical
chemistry and physics, provide a window into the atomic-level
interactions and processes that are often intangible in exper-
imental setups. They allow us to simulate various scenarios and
predict outcomes, offering insights that guide experimental
design and interpretation. On the other hand, experimentation

serves as a critical reality check for computational models,
ensuring their relevance and accuracy. In this section, we
highlight the pivotal role of computational-experimental syn-
ergy in advancing the Li metal electrode research and the
prospective pathways for the continued advancement of Li
metal electrode technology (Figure 7).

The good match between the predictions of the dendrite
growth models (Section 3) and the experimental data exempli-
fies the power of physics-based models in the quantitative
interpretation of the Li electrode performance. For instance, Pei
et al.[126] conducted SEM analysis to study the morphology of
deposited Li during the early stages of nucleation and growth.
Their observations demonstrated that the size, shape, and
density of the formed nuclei depend on current density,
identifying a critical current density aligned with the thermody-
namic suppression regime described in Ely’s and Jana’s
models.[78–80] Below this critical current density, dendrite
formation is suppressed. Also, they showed that the nuclei size
is inversely proportional to the overpotential, which clearly
confirms the predictions of Ely’s model.[80] Such specialized
experiments focusing on the early-stage nucleation and growth
of Li deposits are crucial for proposing dendrite mitigation
strategies.

It is well accepted that three phenomena play a crucial role
during battery charging and Li plating: ion transfer in the
electrolyte, surface electrochemical reaction, and surface diffu-
sion. If these phenomena are not balanced, structures such as
whiskers or dendrites will form instead of smooth and even
surfaces. To investigate and quantify these competitions,
dimensionless numbers and sensitivity analysis offer valuable
tools. Dimensionless numbers serve as powerful analytical tools
for comparing physical and chemical parameters across diverse

Figure 7. The power of combined methods to overcome the remaining challenges of the Li metal electrodes. Reproduced with permission,[24,47,156–158] Copyright
2017, American Chemical Society, Copyright 2018, American Chemical Society, Copyright 2021, American Chemical Society, Copyright 2017, Elsevier, Copyright
2014, Elsevier.
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systems. Particularly relevant dimensionless numbers for Li
electrode studies include the Wagner number,[127] the transport
number,[128,129] the Damkohler[101,130] number, and the dimension-
less time number.[131] By analyzing these dimensionless groups,
rather than performing expensive experiments and subsequent
analysis, researchers can gain deeper insights into the factors
governing Li plating behavior and establish design principles
for optimizing Li electrode performance. For instance, the
Chazalviel model[59] and particularly Equation (7) suggest that a
high transport number (the ability of Li ions to move through
the electrolyte compared to other ions) is beneficial for
mitigating dendrite formation. Therefore, scientists should focus
on developing materials and strategies to enhance the trans-
port number within the electrolyte. On the other hand,
sensitivity analysis studies[132,133] have revealed that the rate of
electrochemical reactions is more sensitive to temperature
changes compared to other parameters. Results from the KMC
simulation by Vishnugopi et al.[133] suggest that at operational
temperatures around 75�C, an increase in both ion transfer rates
within the electrolyte and surface diffusion rates at the
electrode can inhibit the formation of dendrites. This phenom-
enon, referred to as “self-healing,” has been consistently
observed in experimental settings.[134,135] Moreover, the temper-
ature range at which self-healing occurs can be effectively
lowered through the molecular engineering of the electrolyte
and by employing electrodes with a specifically designed crystal
structure. From another perspective, dendrites begin to form
when the local current density becomes so high that it
overcomes surface diffusion, which can be examined by
analyzing the order of magnitude of current density and surface
diffusion.[93] To do this, assume that qe is the charge of the
incoming ions, and J and a are the current density and surface
lattice constant, respectively. It is expected that dendrites will
form when the average distance (d) traveled by a diffusing
atom in the (average) time interval between two deposition
events at a location (t ¼ qe=ðJa

2)) is smaller than the tip of the
growing dendrite. Using analysis, it was shown that for a
microscopic average distance (d) of about 10–300 micrometers,
the diffusion activation energy that can enable a competitive
rate of surface diffusion should be in the range of 0.05 to 0.15
electron volts. This idea has been implemented in various ways,
such as a hybrid network of nanotubes,[136] defect
engineering,[117] predefined crystal structure,[137] and surface
engineering methods.[138]

Selecting a suitable and safe electrolyte for LMBs remains a
challenge, with only a limited range of practical options.
Electrolyte performance is highly dependent on operating
conditions, with lower ionic conductivity and diffusion at lower
temperatures,[27] while degradation reactions accelerate at high-
er temperatures.[139] Many traditional solvents used in LIBs
become ineffective with the transition from graphite to Li metal
anodes on account of the associated change in the operational
potential of the anode.[109,110] In this context, the predictive
power of QC calculations and MD simulations is crucial for
developing new electrolytes. The electronic structure of electro-
lyte components and the comparison of their molecular orbital
levels with the Fermi level of the anode determine the

electrolyte’s stability and its propensity to engage in oxidation
and reduction reactions during battery charging and discharg-
ing. For instance, the introduction of HCEs and localized HCEs
has always been a topic of interest. Molecular simulations have
shed light on the underlying mechanisms based on molecular
orbital transformations.[29,109,125] This has opened avenues for
designing more suitable electrolyte components based on the
molecular properties of the constituents. Additionally, molecular
calculations have demonstrated that the presence of fluorine
atoms in the electrolyte components and the electrolyte’s
ability to generate fluoride anions can extend battery life by
facilitating the formation of a SEI layer composed of LiF.[29,109]

Consequently, fluorinated solvents like FEC, and salts such as
LiFSI and LiTFSI,[49,140] have garnered significant attention and
are frequently used as primary components in electrolytes for
current research. Experimental studies have shown that the
performance of electrolytes in LMBs is strongly correlated with
the relative amounts of organic, inorganic, and gaseous
components formed during electrolyte decomposition.[44] The
SEI layer in LMBs must be sufficiently flexible to withstand the
stress from volume changes in the electrode. As a result,
reactive computational methods like reactive MD and Ab Initio
MD have become increasingly prominent.[21] While reactive
molecular simulation offers valuable insights into LMBs, its
computational expense has limited its widespread application.
To address this challenge, machine learning methods have
emerged as a promising avenue to accelerate LMB simulations,
enabling more efficient exploration of complex electrochemical
processes.[141,142] Moreover, solid-state and nanocomposite elec-
trolytes have emerged as significant areas of research due to
their safety benefits, suitable mechanical properties,[143] high
electrochemical stability,[111] and superior transference
numbers[144–146] compared to liquid electrolytes. In this context,
machine learning has proven to be an effective tool for
discovering novel electrolytes with tailored properties, thereby
enhancing battery performance.[147]

Furthermore, computational methods can be highly benefi-
cial for analyzing experimental results. The meticulous analysis
of microscopic images (e.g., AFM, SEM, TEM) and complex
spectra (e.g., XPS, XRD) using manual methods is time-
consuming and prone to errors. Moreover, humans alone
cannot accurately distinguish all the details of anode surface
morphology and its various compounds. Additionally, human
judgment can be influenced by various factors over time. As
previously mentioned, both simulation[148] and experimental[47]

results indicate that the initial structure and conditions of the
electrode play a crucial role in its performance during the
plating/stripping process. The accurate identification of the
electrode’s initial conditions based on experimental imaging
results is also essential to assess its impact on electrode
performance. In this regard, image processing methods have
gained significant attention due to their ability to extract
quantitative data from images.[149–151] For instance, image
processing algorithms can be used to measure the size and
distribution of dendrites or identify various chemical com-
pounds on the electrode surface. On the other hand, with the
generation of large volumes of numerical data from experimen-
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tal images, the need for efficient computational methods for
post-processing and analysis becomes imperative. Conse-
quently, both supervised and unsupervised machine learning
methods have been employed. For example, machine learning
algorithms based on convolutional neural networks,[152,153]

support vector machine and particle swarm optimization[154] can
be utilized to classify microscopic images based on dendrite
types or predict battery performance based on features
extracted from images.[155]

As we continue to advance the frontiers of LMB technology,
the integration of experimental and computational methods
will become increasingly vital. The following multidirectional
approaches are expected to accelerate the research and
development of LMBs:
- multiscale modeling: current models primarily focus on

specific phenomena (e.g., dendrite growth, electrolyte inter-
actions) at specific time and length scales (e.g., atomic,
microscopic). To gain deeper insights, multiscale models are
required that can bridge the scales. This would result in a
holistic understanding of Li metal behavior, considering the
interplay between atomic interactions, microstructural evolu-
tion, and macroscopic battery performance.

- machine learning for accelerated design: machine learning
algorithms can be further utilized to accelerate the design
and discovery of novel electrode materials and electrolytes.
By analyzing vast datasets of material properties and
experimental outcomes, these algorithms can identify prom-
ising candidates and predict their performance with higher
accuracy.

- machine learning for accelerated simulation: machine
learning can significantly reduce the computational cost of
high-fidelity methods like QC and MD simulations. This can
be accomplished by employing machine learning to predict
the properties of materials, thereby reducing the number of
full simulations required. Also, machine learning can be used
to create simplified models that capture the essential
behavior of complex materials, allowing for faster simulations
with good accuracy. This approach holds immense potential
for accelerating the discovery and optimization of new
electrode materials for LMBs.

- operando characterization techniques: traditional ex-situ
characterization techniques provide snapshots of electrode
behavior. The next step lies in developing robust operando
techniques that can monitor critical processes like dendrite
growth and SEI formation in real time during battery
operation. This will provide invaluable insights for optimizing
electrode design and electrolyte composition.

- integration of high-throughput techniques: high-through-
put computational and experimental techniques coupled
with machine learning can significantly accelerate the
discovery of new materials. This could involve automated
synthesis and characterization of electrode materials, fol-
lowed by machine learning analysis to identify optimal
candidates for further investigation.

5. Conclusions

A deep and quantitative understanding of the Li electrode
behavior is necessary for the development of high-performance
lithium metal batteries (LMBs). This insight cannot be achieved
through isolated efforts, but rather demands a synergistic
approach that exploits the strengths of both computational and
experimental methods. The added value of such a synergistic
approach was elaborated in this review paper. Particularly, the
models of dendrite growth with different levels of sophistica-
tion were summarized and discussed. The good match between
the experimental data and the model predictions underscores
the importance of this synergy. For instance, the experimental
data on the critical current density and the overpotential for the
onset of dendrite growth was showcased to align with the
theoretical predictions.

The future of LMB research lies in several promising
directions. Multiscale modeling can bridge atomic, microscopic,
and macroscopic scales, offering a comprehensive understand-
ing of Li metal behavior. Machine learning techniques hold
potential for accelerating the design and discovery of novel
materials and for reducing the computational costs of high-
fidelity simulations. The development of operando character-
ization techniques will provide real-time insights into critical
processes during battery operation, further optimizing the
electrode and electrolyte composition. By pursuing these
approaches, researchers can unlock the full potential of Li metal
electrode to develop high-performance, safe, and long-lasting
LMBs.
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