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Metallic lithium (Li) is known as the “Holy Grail” of anode materials in the research area of Li-based batteries.
However, Li metal anodes (LMAs) are plagued by infinite volume changes and dendrite formation during
operation. Spherical Li exhibits rounded surfaces, which effectively mitigates the short circuit risks associated
with dendritic Li, and has the smallest specific surface area compared to other deposit morphologies, thus
enabling less electrolyte consumption and higher Coulombic efficiency (CE). What's more, three-dimensional
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as the advantages of combining Li spheres with 3D conductive frameworks based on our previous works. We
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1. Introduction

The escalating consumption of fossil fuels and global environ-
mental degradation problems are propelling the surging
demand for renewable, eco-friendly, and cost-effective energy
conversion or storage technologies."™ Among different kinds of
new energy technologies, batteries have achieved significant suc-
cess due to their user-friendly nature and cost-effectiveness.””
After the invention of the first battery by Volta in the 19th century,
a variety of electrochemical batteries have gradually stepped into
the commercial market, including lead-acid, nickel-cadmium,
and lithium-ion batteries (LIBs).*'® Among them, the LIB with
Li cobaltate as the positive electrode and carbon material as the
negative electrode, which was successfully launched by Sony
Corporation of Japan in 1991, occupies an important position in
the commercial market; this kind of battery overcomes the mem-
ory effect of the traditional batteries, and has the advantages of
high energy density and long cycle life, and hence is rapidly
occupying the consumer electronics market.'* ™ At the beginning
of the 21st century, LIBs continued to expand in the field of
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hope that this review can inspire researchers in this filed to pave the way for advanced LMAs.

consumer electronics, revolutionising the way modern life is
communicated and transported, enabling the rise of camcorders,
mobile phones, laptop computers and more recently electric
vehicles. However, the current graphite anode (370 mA h g ') is
not suitable for powering the booming development of new and
advanced electronics.'” > Fortunately, owing to the remarkable
theoretical capacity of Li metal (3860 mA h g~ ') and the excep-
tionally low electrochemical potential (—3.04 V vs. H'/H,), the early
lapsed Li-metal batteries (LMBs) have returned to the public
eyes.”'>* This is also an opportune moment to reassess the two
primary challenges inherent in LMBs.

(1) The Li dendrite problem

The disordered characteristics due to the uneven deposition of
Li will trigger dendritic Li growth, cause repeated elongation,
and even puncture the separator so that the batteries short-
circuit, resulting in safety accidents.>* >’

(2) The infinite volume expansion problem

Continuous relative volume expansion will make the solid
electrolyte interface (SEI) film fracture, exposing the surface
of fresh Li in contact with the electrolyte, resulting in endless
consumption of the electrolyte and Li, reducing the Coulombic
efficiency (CE) and producing “dead Li”.>*"*

LMBs are plagued by these two major issues, which have
hindered their commercial success. Consequently, strategies
aimed at inhibiting dendrite growth and moderating volume

changes have sparked intense discussions over the past two
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decades. These solutions primarily focus on the implementa-
tion of Li alloy electrodes to mitigate dendrite formation,**°
the improvement of organic electrolytes and the establishment
of artificial passivation films for stabilizing the interface of Li
metal/electrolyte,’®™*? the realization of solid-state electrolytes
to improve shear modulus and safety,"**” and developing a
structured anode design by taking advantage of the revolution
in nanotechnology and nanomaterials.**™"

The development of LMBs has been propelled by these
proposed strategies; however the behavior of Li deposition is one
of the most critical issues which is still waiting to be explored. In
general terms, Li metal deposits exhibit various shapes, such as
mossy,”>** fibrous,>*>® whisker-like,’® planar nodular,>*” and
spherical forms.*”*® Randomly distributed and disorganized Li
deposits with needle-like or branching morphology can give rise to
significant safety concerns, whereas ordered and uniform Li
deposits with smooth surfaces pose challenges in terms of separa-
tor penetration.’*® Furthermore, among the various depositional
morphologies, spherical Li metal deposits exhibit rounded sur-
faces and a lack of protruding tips, effectively mitigating the short
circuit risks associated with dendritic Li deposits while also
contributing to volume change mitigation.®® Additionally, spheri-
cal Li has the smallest specific surface area compared to other
deposit situations, which reduces the contact area between the Li
anode and the electrolyte, resulting in better electrochemical
performance, such as higher CE and longer cycling life.®* Con-
sidering the aforementioned factors, spherical Li deposition holds
immense potential for advancing highly energy-efficient Li metal
anodes (LMAs). Currently, numerous studies have documented the
emergence of spherical Li deposits with promising results.®* %*
However, there remains a notable gap in comprehensive and
systematic elucidation regarding the formation mechanisms and
influencing conditions of these spherical Li deposits. Conse-
quently, this work is aiming to deliver a systematic overview of
spherical Li deposition to facilitate advancements in the field and
inspire future innovations in LMA design.

In this study, firstly, some theoretical models that have been
developed to interpret the mathematical relationships between
different Li metal structures and their main influencing issues
are summarized. Secondly, the distinctive properties and electro-
chemical behavior of polycrystalline Li are comprehensively
elucidated, thereby facilitating the development of targeted inhi-
bition strategies. Subsequently, a summarized description of the
formation advantages, formation conditions, and formation
mechanisms of spherical Li deposits is given. Finally, the benefits
of the Li deposition model are analyzed and the advantages of
combining Li spheres with three-dimensional (3D) conductive
frameworks are considered based on our previous works.

2. General mechanism and growth
morphology of Li

Li stands out among the alkali metals due to its distinct
properties, such as being the lightest and having the smallest
atomic diameter. These intrinsic features endow Li with a
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remarkable high capacity and enable rapid transfer.®' There-
fore, the investigation of using Li metal as the anode for
applications has been a hot research topic. Nevertheless, there
are still many challenges for the wide commercialization of LMAs.
The high reactivity and low potential of Li metal make Li unstable
when it encounters electrolytes in rechargeable batteries, resulting
in a potential crisis. In brief, upon contact with the electrolyte, Li
undergoes corrosion and experiences a decrease in its utilization.
Simultaneously, during the electrodeposition of Li, Li" lacks a
definitive position and exhibits non-homogeneous initial nuclea-
tion of Li.*® It is widely recognized that the formation of dendritic
Li significantly hinders the advancement of LMBs. The prevention
of Li dendrite growth has been a major focus and challenge in this
area. Despite the emergence of numerous strategies to inhibit
dendrite growth, there is a lack of comprehensive exploration into
Li deposition behavior, which directly influences dendrite for-
mation. Therefore, this summary will briefly introduce the Li
deposition behavior from the perspectives of multi-physical fields
(ion concentration field model, electric field model) and Li nuclea-
tion. It aims to reveal the formation mechanism of different Li
morphologies and make contributions to correctly guiding the
smooth plating of Li.

2.1. Modeling Li deposition behavior with multifield and
nucleation models

The Li deposition process follows the basic electrochemical prin-
ciples, including four steps: (1) ion diffusion, (2) ion adsorption, (3)
ion reduction nucleation, and (4) Li metal growth. According to the
simplified electrodeposition behavior, solvated Li" migrates to the
anode side as a result of electric fields, adsorbs on the surface of
the electrode through the double electric layer effect, undergoes
the desolvation process, and finally produces Li metal on the
anode through continuous reduction reactions. Among them,
nucleation is widely acknowledged as a pivotal process in dictating
the final form of deposited Li and ensuring anode surface stability
during subsequent plating/stripping cycles. The Li* diffusion and
adsorption process as a precursor strictly controls Li nucleation
behavior and provides balanced “power” and “escort” for Li
nucleation.®*®” Consequently, when LMBs are operated under
practical conditions - such as electrolyte limitations and elevated
operating current densities — the ion adsorption and diffusion
processes exert a more pronounced influence on Li deposition
compared to the nucleation and growth phases.*> Under these
circumstances, parameters including current distribution, Li-ion
homogeneity, and salt concentration at the interface of the anode
side critically determine the final morphologies and cycle stability
of the LMA.**% Therefore, a better understanding of the close
connection between the ion concentration field and the electric
field distribution and the morphological evolution of Li is needed
to develop precise strategies to regulate diffusion and adsorption.

(1) The well-known Sand’s time (tg,,4) model is based on the
ion concentration field. In 1901, Sand et al.”® discovered the
formation of branching structures in the electrodeposition
process of a mixture of CuSO, and H,SO,, which was controlled
by the salt concentration close to the electrode surface. In the
process of deposition, positively charged ions and negatively
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charged ions move in opposite directions. Cations gather close
to the anode, while negatively charged ions go opposite to the
cathode side. Concurrently, positively charged ions are used up
during the process of depositing the metal, resulting in a
gradual reduction of the amount of salt on the surface of the
positive electrode. When the salt concentration on the anode
surface becomes 0, the stable deposition will change to a self-
amplifying dendritic growth mode. The onset of dendrite
growth is represented by tsana (eqn (1)):

t=mnD (_COeZC)z (l“a + :“c)2 )
2J Ha

Here, D represents the binary diffusion coefficient, e denotes
the elementary charge, C, stands for the initial concentration of
cations (Li salt), J signifies the effective current density, Z.
indicates the cation charge number, and u. and p, represent
the migration numbers of cations and anions respectively.
Sand’s model provides a quantitative understanding of the
development of Li dendrites. It suggests that by reducing the
effective current density or increasing the speed of ion move-
ment, the lifespan of 7g,,4 could be prolonged. Furthermore, in
1999, Brissot et al’' proposed the utilization of a bipolar

diffusion equation at the electrode for the detection of changes
in ion concentration, as represented by eqn (2):

oC Ju,
o™ = oDl + 1) @
The symbolic meaning here is equivalent to the equation
(eqn (1)) above. If d./d, < 2Co/L (where L is the inner electrode
distance), the concentration of the ion at the negative electrode
remains stable, and both the electrostatic potential value and the
concentration gradient remain unchanged, indicating uniform Li"
deposition. However, when d./d, < 2C,/L, as depicted in Fig. 1(a),
the ion concentration at the electrode drops to 0, and there is a
spike in the potential value. The critical diffusion time derived at
the inflection point corresponds to the Sand time. In addition, to
simplify the identification of crucial running conditions for the Li
negative electrode in actual scenarios, by utilizing the inverse
correlation between dendrite nucleation time and total deposition
capacity, Tsang is changed into Sand’s capacity (Csana = JTsand)-
While Sand’s time model holds certain reference value for
predicting battery performance, its accuracy is limited by multi-
ple factors. The intricate internal microstructure of batteries,
exemplified by the irregular size and distribution of electrode
material particles, results in variations in ion diffusion paths
and velocities, thereby impacting model predictions. Moreover,
environmental factors such as temperature fluctuations signifi-
cantly influence chemical reaction rates and ionic conductivity.
Particularly at low temperatures, the actual discharge duration
of batteries markedly deviates from model predictions. Addi-
tionally, polarization during high-rate charging and discharging
further contributes to discrepancies in capacity and timing.
Considering these existing limitations, by setting some specific
conditions, Sand’s time model can still provide more accurate
prediction results. When the battery operates in a relatively
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Fig.1 (a) At J > Jjmit (semi-infinite approximation), the ionic concen-
tration drops to zero and the cell potential diverges at Sand's time.”* (b)
Illustration of the simulation-based symmetrical cell setup. (c) The dis-
tribution of cation/anion concentration. (d) The voltage distribution along
the battery.”? (e) Illustration of the nucleation processes of Li on con-
ductive carbon frameworks.”*

stable ambient temperature environment with low charge/dis-
charge multipliers, the chemical reactions within the battery are
closer to the ideal state assumed by the model. At this time, the
ion diffusion rate is relatively stable, the polarization phenom-
enon is not obvious, and the microscopic difference of electrode
materials has a relatively small impact on the overall perfor-
mance, so Sand’s time model can predict the charging and
discharging time of the battery more accurately.”*

(2) The space charge theory is a conceptual framework that
relies on the presence of an electric field. The space charge
theory which was first introduced by Chazalviel et al. in 19907
seeks to explain the formation of dendrites in terms of the
unequal migration of positively and negatively charged parti-
cles. This model is suitable for situations involving weak
electrolytes, where the movement of ions is only influenced by
their mobility and diffusion coefficient and not by the convec-
tion of the electrolyte.”® It highlights the significance of anions
in the process of charging. Specifically, during rapid Li plating,
while Li" can be continuously replenished, anions cannot; thus,
they are more significantly influenced by the electric field in
terms of concentration. As a result, depletion zones form
quickly at the Li surface during the process of charging, causing
a reduction in potential. With the preferential depletion of
anions, the accelerated movement of cations is also rapidly
depleted at the interface, causing the priority deposition of new
cations at the discharge tip. A concentrated space charge and a
strong electric field will form due to the depletion of anions and
accumulation of Li close to the anode, which promotes dendrite
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growth. It is noteworthy that ion concentration and electrostatic
potential are also calculated by Chazalviel et al. in thin rectan-
gular symmetric cells to validate this model.”* As can be seen in
Fig. 1(b-d), region I represents the bulk electrolyte, while region
II corresponds to the small domain (space charge) on and
around the surface of the electrode. When the supply rate of
Li" (Li" mobility) in the ion concentration distribution diagram
shown in Fig. 1(c) is lower than the consumption rate of Li"
(reaction rate), dendrite growth will be initiated. Simulta-
neously, in the voltage curve distribution diagram shown in
Fig. 1(d), a space charge region still exists, generating a sig-
nificant local electric field and inducing dendrite formation.

Similarly, the prediction of the space charge model in real
battery systems can be affected by a number of factors. Space
charge models typically rely on simplifying assumptions, such
as the assumption of a homogeneous and ideal electrode/electro-
lyte interface. However, real battery interfaces exhibit microscopic
roughness, impurities, and crystal defects, making it challenging
to accurately characterize these complex interfacial properties.
Furthermore, space charge models often concentrate solely on
charge-related factors, neglecting the intricate effects of multi-
physical field interactions, including thermal effects, stress—
strain, and material diffusion. However, when the battery is in
a relatively stable state of low-rate charge and discharge, the
temperature inside the battery changes little, the multi-physical
field coupling effect is relatively weak, and the electrode/electro-
lyte interface changes slowly. In this case, the space charge model
based on the theory of static charge distribution and simple
electric field hypothesis can better describe the charge transfer
and ion transport process inside the battery. The prediction of
the open circuit voltage and the ion concentration distribution in
equilibrium state has high accuracy.

The relationship between the formation of dendrites and the
controlled salt consumption on the electrode surface has been
established in the aforementioned models, and the estimated
critical growth conditions of dendrites were relatively consis-
tent. Therefore, in order to control early Li plating behavior, it
is essential to consider the mobility of cations and anions, as
well as the initial concentration of electrolytes, salts, and
current density.>>”””7? The following reduction of Li* to metal-
lic Li participates the nucleation and growth of crystals, and it
is vital that the nucleation site plays here in the Li deposition
process, it will further affect the final deposition morphology
greatly.*>®" Currently, several nucleation models are described
in the literature to explore the behavior of Li deposition, which
are summarized below.

(1) The heterogeneous nucleation of Li. This model refers
to the deposition of Li metal on the collector surface, where Li*
gains electrons and initiates plating. In this case, the final Li
deposition pattern is determined by the initial nucleation
morphology. Therefore, it is necessary to interpret and control
heterogeneous mutually reinforcing nuclei carefully and fully.

Ely et al.®* conducted a study on heterogeneous nucleation
using mathematical simulation. Five distinct states of hetero-
geneous nucleation and growth were classified: nucleation
suppression, long incubation time, short incubation time, early
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growth and late growth. Thermodynamically unstable nucleat-
ing embryos have a tendency to dissolve into electrolytes when
they are in a condition of nucleation inhibition. Afterward, the
embryos experienced coarsening due to Gibbs-Thomson inter-
action during an extended incubation period. Beyond the
critical overpotential, the reduced incubation time plays a role
in creating a more limited range of embryo sizes. Ultimately, Li
initiates nucleation at a critical kinetic radius and experiences
rapid growth as the overpotential increases. In conclusion, the
inhibition of dendrite formation can be achieved through the
reduction of surface roughness on the fluid collector, designing
smaller particle size of the anode which is below the critical
radius, ensuring that the coating overpotential is smaller than
the critical value, and optimizing Li deposit infiltration. As
depicted in Fig. 1(e), Chen et al.”® drew inspiration from this
model and utilized heteroatom-doped carbon to enhance the Li
affinity of the collector fluid, thereby achieving a relatively
stable nucleation state.

(2) The homogeneous nucleation model. In essence, homo-
geneous nucleation of Li refers to the process of nucleation
occurring between identical substances (i.e., Li and Li). This
phenomenon typically involves a subsequent deposition process
on the current collector’s surface following the initial deposition
of Li, potentially influencing the morphological growth of
the deposit. Further elaboration on this will be provided in
Section 3. Additionally, significant effects are often achieved
through the utilization of heterogeneous nucleation models for
the modification of metal Li anodes.®>** Therefore, further
details on this topic will not be expounded upon here.

2.2. Classification and electrochemical behavior of Li crystals

In practical applications, the plating of Li atoms often shows an
irregular porous pattern, which can be broadly classified as
dendritic Li, whisker-like Li, mossy Li, and smooth Li.% Among
these structures, smooth Li represents the desired morphology
for efficient Li metal plating. However, the most commonly
observed irregular deposition structures are whisker-like Li,
mossy Li, and dendritic Li. This concise summary aims to
discuss and compare the morphology as well as electrochemi-
cal behavior of these three distinct forms of Li deposits.

(1) Whisker-like Li. Short circuits in LMBs are caused by
whisker-like Li, sometimes referred to as acicular Li, which grows
simultaneously along the transverse and longitudinal axes and
grows significantly quicker in length than in transverse diameter
(Fig. 2(a1 and a2)).*® In addition, whisker-like Li is typically
formed under specific temperature, pressure, and electrochemi-
cal conditions, wherein Li" preferentially grows along certain
crystallographic orientations through a crystal growth mecha-
nism. For instance, at low temperatures, low current densities,
and in electrolytes with particular compositions, the formation of
whisker-like Li is more likely to be induced. As illustrated in
Fig. 2(a3), the formation of Li whiskers in constant-current Li| |Li
symmetric cells at low currents is often characterized by a slight
increase in cell potential.*” Notably, due to their single-crystal
structure and specific growth orientation, Li whiskers exhibit
enhanced electronic and ionic conductivity along their length,

This journal is © The Royal Society of Chemistry 2025
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which can improve the battery’s charging and discharging effi-
ciency. However, during growth, Li whiskers may penetrate the
separator, leading to internal short circuits and adversely affect-
ing the battery’s cycle stability.

(2) Mossy Li. Mossy Li exhibits a moss-like morphology
characterized by the aggregation of numerous minute Li parti-
cles, forming a porous and fluffy structure with an irregular
surface featuring numerous tiny protrusions and pores, resulting
in an overall loose configuration (Fig. 2(b1 and b2)). The for-
mation of mossy Li typically occurs during the charge-discharge
cycles of lithium-ion batteries, driven by the combined effects of
electrode surface roughness, electrolyte wettability, and Li" diffu-
sion rates. These factors lead to non-uniform deposition and
aggregation of Li" on the electrode surface, resulting in the
development of mossy porous structures. Such structures possess
a high specific surface area, providing abundant Li" storage sites
that can enhance the battery’s specific capacity. However, due to
its porous nature, mossy Li is prone to electrolyte retention,
which extends the Li" diffusion path during charge-discharge
processes, thereby increasing battery polarization and reducing
charge-discharge efficiency (Fig. 2(b3)).5*°° Moreover, due to its
loose structure, mossy Li may dislodge during battery operation,
leading to potential internal short circuits caused by detached Li
particles.

(3) Dendritic Li. Dendritic Li, the most prevalent form of Li
deposited during electrodeposition, exhibits a fractal structure
akin to tree branches, characterized by a main trunk and
numerous offshoots that display a complex three-dimensional
morphology. These branches extend in multiple directions from
the main trunk, resulting in an overall irregular shape that may
intertwine during growth (Fig. 2(c1 and c2)). This dendritic
morphology primarily forms during the battery charging pro-
cess due to non-uniform Li" deposition on the electrode surface.
Factors such as excessively high local current density, rapid Li*
supply, or impurities in the electrolyte can lead to preferential
deposition at specific sites, promoting continuous growth into a
dendritic structure. While this structure possesses a large
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specific surface area, enhancing the contact area between the
electrode and the electrolyte and potentially improving battery
charge-discharge reaction activity, it is also susceptible to
fracture during cycling, leading to the formation of dead Li
and subsequent battery capacity loss. As a result, in the constant
current symmetric battery test, the dendritic Li later appears as
an abnormal voltage curve (Fig. 2(c3)).*>°"%

Apart from their distinctions, under specific circumstances,
the morphologies of these Li coatings can also interchange.”®
For instance, the dendritic Li deposit will progressively take on
the characteristics of moss if the electric field changes and the
mean dendritic spacing varies.’”®®> The mossy Li that was
initially growing at the root will transform into acicular Li
growing at the tip if electrolyte diffusion is restricted.”"** As
a result, it is challenging to distinguish these three modes
because they always coexist in Li deposits. For the purpose of
efficiently tailoring electrode surface topography and construct-
ing safe batteries with dendritic-free deposits, it is necessary to
simplify the shape of Li deposits readily.

3. Spherical Li

Although the metallic Li is regarded as the ultimate anode for
the future advanced Li batteries, low CE and dendritic Li
deposition pose serious risks to public safety since there will
inevitably be a Li deposition issue due to the ongoing inter-
conversion between Li ions and Li atoms throughout the process
of Li plating. As a result, controlling Li deposition is a common
strategy used to prevent dendritic development. The emergence
of spherical Li deposits in recent years may inhibit the establish-
ment of Li dendrites effectively.

3.1. Advantages of spherical Li

With the study of the mechanism of Li nucleation and growth
as well as the morphology and internal structure of Li deposits,
spherical Li has attracted more and more attention. Compared
with existing Li metal deposits, spherical Li deposits have two
important advantages due to their unique morphology. Firstly,
spherical Li exhibits distinct morphological characteristics with a
smooth surface and the absence of sharp protrusions, thereby
effectively mitigating the severe safety risks associated with
dendritic Li deposition.”® Back in 2017, Ye et al°® capitalized
on these spherical attributes to achieve stable electrochemical
behavior (Fig. 3(a)). Initially, spherical carbon particles were
prepared via chemical vapor deposition (CVD) onto a 3D nickel
skeleton, followed by gradual coating of these particles with Li
growth. Although the direct formation of Li spheres was not
achieved in this study, the intermittent coating of spherical
carbon particles by Li resulted in an electrode that demonstrated
remarkable inhibition of dendrites and high utilization efficiency
for Li (Fig. 3(b)), which can be attributed to the unique morphol-
ogy. At this time, spherical Li deposits had not received wide-
spread attention. More notably, in 2019, Li et al.®” successfully
induced the formation of spherical Li deposits by constructing an
artificially rich inorganic SEI film which was obtained by using
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Fig. 3 (a) Illustration of the deposition of Li. (b) Long-term performance
of the full cell.®® (c) Illustrations of the Li deposition behavior on two
substrates. (d) SEM images of the 1st Li nuclei on a Cu substrate without or
with a salt-derived SEI (donated as SDSEI) film at different areal capacities.
(e) Comparison of different substrates at 0.5 mA cm™2 after the 1st Li
nucleation. (f) CE at 0.5 mA cm™ for Li deposited on a bare Cu substrate
and on the Cu substrate with the SDSEI film. (g) Electrochemical perfor-
mance of different batteries.%”

reducing salt anions on a Cu substrate through electroreduction
treatment in LiTFSI’s water-salt electrolyte (Fig. 3(c)). In the first
nuclear topography of Li on different substrates (with and with-
out SEI films), dendritic growth was found on a Cu substrate
without SEI films under the current densities of 1 and 2 mA cm >
(Fig. 3(d1 and d2)). However, more uniform growth of Li balls was
achieved on Cu substrates pretreated with electroreduction
(Fig. 3(d3 and d4)). More pronounced differences can be found
by observing the SEM images of the Li||Cu battery which was
deposited at an areal capacity of 1 mA h em™? (Fig. 3(d5 and d6)).
This is due to the induction of uniform spherical Li, which
resulted in a lower crossover point and higher CE (98.2% on
average). Furthermore, this improvement in battery performance
is also evident in assembled Li-S full batteries (Fig. 3(e-g)), where
high CE and cycle stability are observed. The discovery also
highlights another advantage of spherical Li over other Li depos-
its, namely, its minimal surface area per unit volume. This
characteristic leads to a reduced area of contact between the
electrolyte and fresh Li, resulting in a decreased formation of the
SEI interface. Consequently, this phenomenon contributes to
higher CE and an extended cycle life.

With the advancement and diversification of technology,
spherical Li deposition has gradually appeared in the public’s
vision and shown better development. It is designed to promote
the formation of smooth and uniform sediment layers with
minimal area to improve circulation performance and ensure
safety issues. For instance, in 2020, Zhu et al.°® employed Ag as a
modifier on Cu foil to create a spherical island model for
enhancing the deposition of Li with smooth surface (Fig. 4a).
Initially, the globular Ag nuclei facilitate the reduced nucleation
potential of deposited Li atoms. Subsequently, Li uniformly
grows around these spherical islands to form a flat surface
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Fig. 4 (a) Deposition of Li on the surface of Cu with Ag nanoparticle
coating (named ANC) and bare Cu. (b) Comparison of Li-ANCF and Li-BCF
electrodes after 120 cycles. (c) Rate performances of two kinds of
batteries.®® (d) Schematic illustrations of the Li deposition process on
Co@N-G. (e) CE of different electrodes with an areal capacity of 1 mA h
cm™2 at various current densities. (f) Rate performance of various symme-
trical cells.®®

layer, which is opposite to the irregular growth observed on pure
Cu foil. The SEM comparison image after 120 cycles (Fig. 4b)
further indicates that the electrode formed using Ag nano-
particles wrapped around 3D copper foam combined with
molten Li (Li-ANCF) exhibits smoother surfaces with no den-
drite formation. Undoubtedly, the rate performance when using
the Li-ANCF electrode surpasses that of the electrode produced
by melting Li on bare copper foil (Li-BCF) (Fig. 4c). In the same
year, Wang et al.”® successfully achieved uniform dispersion of
carbonized metal-organic frameworks (MOFs) of nanosized Co
coated by N-doped graphene (Co@N-G). This material effectively
enhances graphene’s affinity for Li, while the unique cubic
hexahedral structure facilitates the formation of spherical Li
during Li deposition, thereby promoting a more stable deposi-
tion/stripping process. The remarkable advantage of the Co@N-G
electrode can be observed in both the CE image (Fig. 4e) and
the Li magnification test (Fig. 4f), which is closely associated
with its ability to facilitate spherical Li deposition. To summar-
ize, the presence of spherical Li deposition effectively inhibits
adverse effects caused by irregular dendrites and enables a
stable long-cycle performance with high efficiency.

3.2. Acquisition of spherical Li

The distinct characteristics of spherical Li, such as its non-tip
shape and the promotion of SEI formation to minimize the low
barrier, have significantly propelled LMBs toward a new
direction.’®'! Currently, despite numerous reports on inducing
spherical Li deposition and achieving efficient and stable
circulation,'**%3
obtaining spherical Li deposition. It is well known that a number
of variables, including areal capacity, current density, and elec-
trolyte, lead to different Li deposition morphologies.'®*% Thus,
it is possible to effectively regulate spherical Li deposition by

there is a comprehensive interpretation of

taking these important aspects into account. Furthermore, this
part provides a systematic overview of the existing literature on
the formation of spherical Li deposits and elucidates the
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underlying factors contributing to diverse morphologies of Li
deposition, thereby facilitating enhanced control over Li deposi-
tion morphology.

3.3. Factors affecting the formation of spherical Li

(1) Electrolyte additives. Li deposition in batteries involves
a more intricate situation compared to standard metal deposi-
tion. Interfacial energy will change with the additives, paired
anions, and molecules of aprotic solvent adsorbed on deposited
Li. Moreover, the presence of the SEI layer further complicates
this phenomenon. Previously, some reports have proved that
the electrolyte and the SEI layer formed could have an obvious
influence on the Li deposition morphology, and these studies
have also focused on the mechanism of this correlation.>**%¢~*°%
By observing the effect of the type and composition of electro-
lytes on the Li deposition morphology, it is found that the
addition of appropriate organic/inorganic additives is conducive
to the formation of circular sediments.

In the research on electrolytes for Li batteries, different types
of electrolyte additives have been employed for the purpose of
improving different properties of various kinds of LMAs.
Among them, film-forming additives are one of the most widely
studied and representative strategies for stabilizing SEI films.
For example, 1,3-propane sultone (1,3-PS), fluorinated ethylene
carbonate (FEC), and vinylene carbonate (VC) have been added
to Li batteries, which all contribute to the formation of a robust
SEI film on the surface of Li anodes. Undoubtedly, these
additives have contributed to the promotion of Li batteries
but have played little role in obtaining spherical Li deposits
(Fig. 5(a))."°>'"® With the development of this area, LiNOj; is
widely recognized as a “prominent” film-forming additive to

I Lithium 9 SE1 formed n other-based clectrolyte with LINO,
W SE1 formed in ether-nased eleciolyte vih both poysulfde and LiNO,

With polysulfide (d

Ak S

Fig. 5 (a) Li deposition morphology after adding mold-forming additives
(al) VC°° and (a2) FEC™M® to different types of electrolytes. (b) Illustration
of Li deposited morphologies in various electrolytes. (c) SEM images of Li
deposition on a stainless-steel substrate.? (d) SEM images of deposited Li at
different current densities and Li—O, battery. (Scale bars: d1, d3 and d5,
5 um; d2 and d4, 2 pm; d6, 1 pm.)**?
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control the dissolution sheath of electrolytes, forming nitrogen-
containing SEIs, which can change the morphology of depos-
ited Li and thereby improve the cycle stability of LMAs.'"
Importantly, the introduction of LiNO; can cause Li deposition
to grow in the form of spherical particles. To be honest, this
feature is effective for LMBs; however, for Li-sulfur batteries,
the deposition of spherical Li cannot be fully achieved through
the sole use of LiNOj3, which requires the additional introduc-
tion of polysulfides to play a synergistic role. For example, the
combined effect of LiINO; and Li polysulfide in inhibiting
dendrite development, explored by Li et al. in 2015, demon-
strated that only using LiNO; as the additive to the electrolyte
was not sufficient to inhibit dendrite growth effectively. As can
be seen in Fig. 5(b), in the case where LiNO; alone is incorpo-
rated, the SEI film formed by the electrolyte without polysulfide
is of insufficient mechanical strength, resulting in cracks and
pits where Li filaments grow. In contrast, supplementation of
electrolytes with polysulfide (Li,Sg) diminishes Li nucleation
sites within the electrolyte through the reaction between metal-
lic Li anode and Li,Sg, thereby facilitating flattened deposition
of Li. Based on the SEM pictures (Fig. 5(c)), the current density
is 2 mA cm™?, and the Li deposition capacity is 0.2, 2, and
6 mA h cm ™2, respectively. When only LiNO; is introduced into
the electrolyte, Li filaments can be seen to varying degrees
(Fig. 5(c1, c3 and ¢5)). As shown in Fig. 5(a), filaments gradually
grow out of the spherical particles. As Li deposition continues,
large areas of filamentary Li spread over the surface (Fig. 5(c)).
These structures are not only a threat to the safety of the battery
but also lead to a higher dead Li stripping rate. In contrast, due
to the combined effect of LiNO; and polysulfides, the substrate
surface is gradually covered by flat circular Li deposits with
uniform distribution and no obvious Li-shaped stacking
(Fig. 5(c2 and c4)). Fig. 5(c6) shows the appearance of long
filamentary dendrites that could be connected to the cyclic
areal capacity and current density. In addition, the introduced
O, at the cathode side also favors the formation of spherical Li,
according to the literature published by Shi et al. in 2017.'** As
illustrated in Fig. 5(d), other conventional Li batteries produce
disorganized whisker-like Li at different current densities
(01 and 1 mA cm %) with the same areal capacity of
1 mA h em™? (Fig. 5(d1-d4)). In contrast, SEM images of the
LMA with the same electrolyte composition in Li-O, batteries
depicted in Fig. 5(d5 and d6) reveal a circular morphology and a
uniform distribution of Li deposits, which confirm the impor-
tant role of introduced O,.

To sum up, the incorporation of strong inhibitors such as
LiNO; and Li polysulfide promotes the formation of dense
spherical Li morphology while minimizing the surface area,
thereby mitigating electrolyte consumption and dead Li accu-
mulation, ultimately leading to improved cycling efficiency.
Furthermore, other components (O, and polysulfides) also
facilitate the adhesion of these spherical Li deposits.'*?

(2) Electrolyte components. Common electrolytes can
mainly be divided into ether-based and carbonate-based elec-
trolytes. In ether-based electrolytes, the SEI membranes consist
of flexible oligomers, which confer a natural advantage in the
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stability of negative electrodes, making these electrolytes parti-
cularly suitable for processing highly active anode materials.
However, when ether-based electrolytes are employed alone in
full cells, Li whiskers are inevitably formed during the continuous
cyclic reactions. As indicated in Fig. 6(al and a2), dendritic
deposition was found in 1 M LiTFSI containing 1,3-dioxane/1,2-
dimethoxyethane (DOL/DME, 1:1 v/v), which is a typical ether-
based electrolyte, and the stacking of clumped Li deposits was
found ((as shown in the zoomed-in view) which might be due to
the outstanding anode stability of the ether-based electrolyte
itself.'™* Fortunately, spherical Li deposits can generally be
achieved through the addition of specific additives, such as
LiNO;, to ether-based electrolytes, as described in the study of
Li deposition morphology in different electrolytes by Shi et al. in
2017."** Specifically, they demonstrated that incorporating 1%
LiNO; into an electrolyte comprising DOL/DME (in the ratio of
1:1 v/v) within a 1 M LiTFSI solution successfully transformed Li
deposition morphology into a spherical shape (Fig. 6(a3 and a4)).
In addition, uniform round Li deposits were also obtained at
higher current densities when additional polysulfides at a
concentration of 5 M were added to the Li-S full cell to form
the cathode solution for electroplating, as shown in Fig. 6(a5
and a6). This finding is in agreement with the previous report
by Li et al.”> Unfortunately, despite their advantages, the poor
oxidative stability of ether-based electrolytes significantly
restricts their applicability in batteries with high-voltage cath-
odes (>4.3 V).">™"7 In contrast, carbonate-based electrolytes
possess higher anodic potentials and lower flammability

DOL/DME

N3 FUUF-HFP + UGy

OLNO-SRF  2%VC @ pristine EGDEC

40 80 120 160 200
Cycle number

PeustiCu i

Fig. 6 (a) The morphologies of deposited Li in different electrolytes at
0.1 mA cm~?and 1 mA h cm~2124 () The morphologies of deposited Li
ina 1.0 M LiPFg EC/DEC electrolyte with saturated LiNOs. (c) Illustration of
the fabrication and working process of a freestanding membrane consist-
ing of LiINOs dissolved in a polymeric matrix (termed LiNOs sustained-
release film, LNO-SRF). (d) The morphologies of deposited Li on a Cu
substrate covered by LNO-SRF. (e) CE at 1 mA cm™2and 1 mA h cm™2in
different electrolytes.®®
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profiles, which make them much more compatible than
ether-based electrolytes for high-voltage cathodes. Similarly,
as shown in Fig. 6(a7 and a8), significant dendrites appeared
when the electrolyte was 1 M LiPF, containing 1: 1 v/v EC/DEC,
without additional additives. According to Liu et al’s
research,® introducing certain amounts of LiNO; into this
carbonate matrix resulted in well-defined spherical Li deposits
(Fig. 6(b)). However, the solubility of LiNO; is limited (<107 g
mL ") in carbonate-based electrolytes, which has greatly hin-
dered its application in traditional carbonate electrolytes."*®2°
In order to solve this problem, Liu et al.®® designed a solubility-
mediated slow-release mechanism wherein nanoparticles of
LiNO; are embedded within a porous polymer framework on
the anode surface and gradually dissolve when running the
battery as soluble forms are consumed as shown in Fig. 6(c).
Fig. 6(d) illustrates unique morphological evolution character-
ized by spherical growth patterns distinct from those associated
with dendritic formation typically seen under nitrogen oxide-
saturated conditions in carbonate environments. In addition,
the performance of the electrolyte employing dissolved LiNO;
was significantly improved compared to the other two electro-
Iytes (Fig. 6(e)). Other methodologies aimed at enhancing
solubility levels concerning LiNO; have been documented else-
where but will not be reiterated here."*™">*

It is noteworthy that Luo et al.’*® have developed a compo-
site electrolyte (nitrocellulose (NC) combined with Li
bis(fluorosulfonyl)imide (LiFSI)) which showed excellent rever-
sible properties in lean electrolyte cells under the conditions of
high current density. Fig. 7(a) demonstrates that an inorganic
LiF-rich layer was formed promoted by LiFSI, and NC played the
role of a passivated organic layer which encapsulated the above
inorganic layer. This joint effect of the nitro group in NC and
the LiF-rich interface facilitates even plating/stripping of Li,

(a) . ) BEw
Eloctro fiold $ s
s RS T 3
Aottt - SRR LR,
- Dendrites §

S e co o v o)

Spherical nuclei

<~ Solvated lthiumion ¢ Lithiumicn  ( Nirocelulose (NC) molecule.

Stripping (1mA em?) Plating (3mA cm?)

Fig. 7 (a) Schematic diagram of dendritic/spherical Li deposition. (b) The

CE of Li||Cu and Li||lLi cells and the cyclic performance of Lil|Li cells at
1 mA cm™2 and 1 mA h cm™2. (c) Deposited Li in different electrolytes.??®
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leading to the formation of spherical nuclei of Li even at
elevated current densities. With this advantage, LMBs showed
excellent electrochemical performance (Fig. 7(b)). Furthermore,
Fig. 7(c) illustrates the SEM images of the Li crystal nucleus
under different current densities between 0.5 and 10 mA cm >
at a fixed areal capacity of 0.1 mA h cm ™. Interestingly, when 2%
NC is added, the Li nucleus changes from rod to ball with the
increase of current density. In the morphological evolution dia-
gram of the electroplated/stripped Li electrodeposited layer
observed through in situ/ex situ techniques at various current
densities, it is observed that Li metal assumes a spherical mor-
phology when applied at a high current density (>1 mA cm™ %) in a
2 M LiFSI/DME(FM) + 2% NC electrolyte.

(3) Current density and areal capacity. It is widely acknowl-
edged that current density and areal capacity affect the behavior
of deposited Li significantly. To regulate the ordered deposition
of Li spheres, exploring the deposition behavior of Li under
different current densities and areal capacities and finding the
most favorable operating conditions for the formation of Li
spheres are indispensable. According to the investigation, a
considerable number of spherical Li that emerged in some
studies might be associated with the utilization of ether electro-
lytes or with the additives, but the morphological disparity of
the Li deposits resulting from different current densities cannot
be disregarded. In 2017, Pei et al.®® analyzed the deposition
behavior of Li metal on a planar copper electrode by using
different current densities or areal capacities in an ether elec-
trolyte containing the LiNO; additive. The conclusions drawn
are presented in Fig. 8(a), according to which the diameters of
the Li nucleus are proportional to the reciprocal of electroche-
mical overpotential, and the number density of the Li nucleus is
proportional to the cubic power of the electrochemical over-
potential. Specifically, Fig. 8(b) reveals the morphology of
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Fig. 8 (a) Illustration of the density and size of Li nuclei at different
overpotentials. (b) Morphologies of deposited Li at various current densities
between 0.025 and 10 mA cm™2 at an areal capacity of 0.1 mA h cm™2
(c) Morphologies of deposited Li at different current densities and areal
capacities.®> (d) Morphologies of deposited Li at the areal capacity of
0.1 and 0.2 mA h cm™2 at various current densities. (e) Cross-sectional
images of deposited Li at an areal capacity of 1 mA h cm~2 with different
current densities. (f) lllustration of the evolution of morphology.*?®
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deposited Li at different current densities (0.025-10 mA cm™?)
under an areal capacity of 0.1 mA h em 2. At lower current
densities (Fig. 8(bland b2)), Li grows larger on the copper
electrode surface and diffuses thinly because Li atoms are prone
to deposit on the existing nucleus instead of re-forming a new
nucleus at low current. Consequently, the Li nuclei come into
contact and fuse with each other and pack tightly together as the
current density exceeds 1 mA em™2, which validates the conclu-
sion of Fig. 8(a). Additionally, Fig. 8(c) indicates more compre-
hensive SEM images under different current densities or areal
capacities, which further substantiate the obtained theory and
offer an effective reference for the subsequent design and
formation of uniform Li ball deposits.

Additionally, in 2021, under identical experimental condi-
tions (DOL/DME with 1 wt% LiNOj3, deposited on copper foil), Lee
et al'*® not only investigated the disparity of Li deposition
behavior with the alteration of current density and areal capacity
but also indicated that the dendrite Li phenomenon would arise
with the increment of deposition amount. As depicted in Fig. 8(d),
at the beginning with a current of 0.1 mA h cm ™2, the size of Li
nuclei reduces, and the size increases with increasing current
density, which is in agreement with the conclusion of Pei’s results.
Nevertheless, with the augmentation of the amount of electro-
deposition, dendrite Li emerges at lower current densities
(Fig. 8(d5 and d6)), while at 1.0 and 1.8 mA cm ™, multiple layers
of spherical Li are covered on the Cu substrate compactly, as well
as the particle size of Li increases vertically from bottom to top.
When the areal capacity increased to 1 mA h em™? (Fig. 8(e)), only
filamentous deposition of Li existed at 0.2 mA cm™ 2, and when
the current density gradually increased from 0.5 mA cm > to
1.8 mA cm ?, there were spherical Li particles grown on the
copper surface, combined with sparse Li spheres and multi-layer
Li spheres. However, when the spherical Li particles grew to a
certain extent, that is, when they reached a certain size, the Li
particles transformed into fibrous growth, which is decided by the
electrochemical environment of the cell. As illustrated in Fig. 8(f),
since the stress was released when spherical Li was converted into
columnar deposition, Li would be preferentially deposited onto
the formed fibrous Li, while for the smaller Li balls, they remain
unchanged. Consequently, only filamentous Li deposits exist at a
low current density, and their diameters and lengths are large.
When operated using a preset high current density, the Li
particles grow spherically during the initial nucleation on the
surface of the substrate. And the Li nuclei can grow without
becoming coarse under the dynamic boundary conditions. How-
ever, with the growing of the particle, the base-controlled growth
mechanism can be used to explain the electrodeposition condi-
tions, which causes the Li deposits to deform and cause columnar
growth plastically. In view of this phenomenon, Lee’s research
group made improvements on this basis to induce uniform and
compact columnar Li deposition, which will be elaborated in the
next section.

Nevertheless, in traditional carbonate -electrolytes, the
deposition of Li might differ from the aforementioned research
findings. For instance, in 2021, Dong et al.'*” disclosed that the
low local current distribution during the deposition of Li is
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more beneficial for the formation of compact spherical Li.
Specifically, by observing the SEM image depicted in Fig. 9(a),
the spherical Li (approximately 500 nm) is identified when the
deposition amount is 1 mA h em 2 at 0.2 mA cm ™2 (Fig. 9(al
and a2)). Some of the smaller spheres found in the enlarged
image might be newly formed Li electrodeposits, which would
continue to expand if the electrodeposition proceeds. Subse-
quently, with the increase of current density, the Li deposition
becomes increasingly uneven, and spherical Li and columnar Li
coexist.

Spherical and dendritic structures are more pronounced at
higher current densities (5 and 10 mA ¢cm™2). This phenomenon
can be accounted for by the space charge theory, namely, current
densities below Jiiy, (2.1 mA cm™?) can give rise to relatively flat
deposits, while those above Jj, lead to dendritic deposits. By
inspecting their internal structure, it can also be discovered
(Fig. 9(b)) that spherically stacked uniform and compact structures
emerge at 0.2 mA cm™ > (Fig. 9(b1 and b3)), in contrast with the
shrubby electrosedimentary layer at 5 mA cm ™2 (Fig. 9(b2 and b4)).
Based on these outcomes, the Li electrodeposition and growth
processes in the carbonate-based electrolyte should comply with
the mechanism diagram in Fig. 9(c). That is, at a low deposition
rate, Li" is distributed relatively evenly, and Li spheres can arise
adjacent to the electrode surface and accumulate with the deposi-
tion. Conversely, once the critical rate is surpassed, the Li deposi-
tion occurs in a disordered manner, and the coexistence of
spherical Li and shrub-like Li is found.

In conclusion, the role of electrolyte additives, electrolyte
components, and current density/areal capacity in Li deposi-
tion morphology was analyzed, and the operating conditions
conducive to the formation of spherical Li morphology were
summarized. This will also effectively facilitate the subsequent
obtaining of Li spheres.

Stacking Li balls
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Li deposition at high currents

Li deposition at low currents
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Fig. 9 (a) Morphologies of deposited Li at various current densities ran-
ging from 0.2 to 10.0 mA cm™2 at an areal capacity of 1.0 mA h cm™2. (b)
Internal view of the granular and bush-shaped Li obtained by FIB/SEM. (c)
Illustration of the deposited Li at different currents >’
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3.4. Nucleation and growth mechanisms of spherical Li

Spherical Li deposition can effectively prevent the severe safety
risks caused by dendritic Li formation. The previous section
elaborates on the strategies for regulating the formation of
spherical Li deposits; however, the formation mechanisms of
spherical Li are still not well comprehended. The elucidation of
the formation mechanism of Li balls can further guarantee the
realization of safe and stable LMBs. In this respect, Zhang et al.
developed a mechanism of diffusion-reaction competition for
Li*, which achieves the deposition of Li in different scenarios by
dividing the controlling step of Li deposition into two cate-
gories, namely diffusion and reaction.'*® Typically, the deposi-
tion of Li occurs below the SEI coating. This involves Li" passing
through the SEI film and gaining electrons to convert into Li
atoms. However, as shown in Fig. 10(a), when the diffusion rate
decreases throughout the Li deposition process with the same
electrode reaction rate, it becomes difficult for Li* to pass
through the SEI film, which is referred to as a sluggish SEIL
Concurrently, the reduction of ions will lead to a shortage of Li"
below the SEI, which is referred to as the diffusion-controlled
mechanism.

As a result, there is a lack of Li', and they tend to gather at
the tips, leading to the formation of dendritic Li deposits. In
the opposite, in the case of fast SEI, the nucleation of Li will
occur under the SEI and spherical Li will be achieved. In order

to validate this diffusion-reaction mechanism, Chen et al.'?®
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Fig. 10 (a) Illustration of dendritic/spherical deposition of Li under slow
and fast SEl. (b) Li deposition morphology and local current density
distribution from phase field modeling. (c) SEM images of dendritic/
spherical Li deposition at a current density of 0.50 mA cm~2 and an areal
capacity of 0.125 mA h cm™2 in different electrolytes.*?® (d) lllustration of
the reaction rates at different electroplating steps. (e) Morphologies of
deposited Li in the electrolyte of LiPFg dissolved in EC/DEC at a current
density of 0.1 mA cm™2 under different capacities. (f) Top-view of colum-
nar metallic Li after stripping under different areal capacities.*?°
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employed a phase field model to replicate the spherical/den-
dritic formation of Li during rapid/slow SEI deposition.

As shown in Fig. 10(b), it is evident that in situations where
diffusion is the controlling factor, Li* faces obstacles in diffusing
through the SEI layer. This leads to the accumulation of local
current density at the tip, indicating the formation of dendritic
structures. In contrast, when the reaction control dominates,
spherical Li deposits are created successfully accompanied by
even local current densities around the spherical Li. This char-
acterization technique can be widely employed in the subsequent
investigation of spherical Li and can clearly emphasize the
production of spherical Li. In addition to the physical field
model, Zhang et al. also employed a series of electrolytes in
DOL/DME containing 1.0 M LiNO; and LiTFSI as a model system
for constructing SEI with a diffusion kinetic gradient. Conven-
tional TFSI™ partially substitutes NO®>~ to generate Li;N and
LiN,O, in the SEI film, and thereby increases the Li* conductivity
of the SEI film. Specifically, the electrolytes with different molar
ratios of LiNO;:LiTFSI at 0:10, 2:8, 4:6, 6:4, and 8:2 were
utilized to form SEI with enhanced ionic diffusion coefficients.
Fig. 10(c1-c5) presents the SEM images of deposited Li on Cu foil
at 0.5 mA cm™? and 0.125 mA h cm™2. With the escalation of the
molar ratio of LiNO; and LiTFSI, spherical Li deposits gradually
emerge. When the N8F2 (LiNO;:LiTFSI = 8:2) electrolyte is
utilized, all Li atoms have the tendency of depositing in the form
of spheres. The gradual spherical Li deposition here is for the
reason that with the increase of the diffusion rate of Li*, the ion
concentration under the SEI film with the same electrode reac-
tion rate increases. Additionally, the morphology of Li deposition
in the N8F2 electrolyte after two plating/stripping processes
(Fig. 10(c6)) is also observed to maintain a spherical structure,
indicating that the deposited Li morphology is constantly con-
trolled by adjusting the competition between diffusion and
reaction processes.

In addition to the aforementioned diffusion-reaction mecha-
nism, there is another fascinating query. Lee*® also elucidated
the formation mechanisms of columnar Li metal, multilayered
spherical Li accumulation, and dendrite Li based on the rates of
Li nucleation on the substrate, Li growth and Li nucleation on Li
(Fig. 10(d)). Among them, ordered columnar Li deposition
represents the optimal state for forming a dendrite-free anode,
which can effectively avert the safety hazards caused by dendrite
Li. Specifically, when the rate of Li nucleation on the substrate
(Vnucon sub) €xceeds the rate of Li growth (Vyrown) and Li nuclea-
tion on Li deposits (Vyyeonwi), the Li nuclei will first grow on the
substrate rather than form metallic Li. Thus, with the increase
of areal capacity, one-dimensional growth of Li occurs, leading
to the formation of columnar Li metal. However, if Vgrowth
surpasses Vhuconsub @nd Viuconri, the deposition of Li nuclei
will be hard to see, and the metallic Li grows in every direction
as the continuous plating of Li, resulting in the formation of
multiple layers of spherical Li. Eventually, when Vyuconti iS
greater than Viuconsub aNd Vgrowtn, the Li metal is more prone
to deposit at the surface of formed Li instead of depositing at
the surface of the substrate. Therefore, during operating, the Li
metal grows randomly in the form of dendrites. Simultaneously,
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the SEM images of the surface/cross-section of various sub-
strates, namely the Cu foil (Fig. 10(e1-e3)) and the Ti foil
(Fig. 10(e4-€6)), at 0.2, 4, and 6 mA h cm > were characterized.
At 0.2 mA h em™?, the Li nucleus on Cu foil is denser and
smaller than that on the Ti foil, and the disparity becomes more
pronounced with the augmented deposition amount. This
reveals that a hetero-nucleation rate is associated with the
different substrates, namely, a faster hetero-nucleation rate is
associated with the deposition of regular columnar Li metal.
Finally, the role of columnar Li metal in enhancing electroche-
mical performance compared with traditional Li metal was
elucidated by comparing the morphological alterations of the
Li metal cylinder with traditional metallic Li electrodes in terms
of the exfoliation process of Li. Fig. 10(f1-f3) and (f4-f6) present
the different views (top and cross-section) of the Li cylinder
electrode when stripping under 0.1 mA cm™ 2. With the increase
in the stripping amount, each Li metal cylinder shrinks uni-
formly, indicating that the exfoliation process of Li metal across
the whole electrode surface occurs uniformly. On the other
hand, non-uniform stripping phenomena were witnessed when
using the traditional Li metal electrode, and the area of the
pores enlarged gradually following the increase in the stripping
amount, as depicted in Fig. 10(f7-f9).

4. Combining spherical Li with
conductive 3D frameworks

As discussed above, the main challenges of LMAs are Li
dendrite growth and infinite volume expansion. Although
spherical Li can effectively address the dendritic Li formation,
the volume expansion problem still needs to be solved."****
Fortunately, the 3D conductive frameworks have high mechan-
ical robustness and flexibility to withstand the volume changes
that occur during charging/discharging.’****° The combi-
nation of the 3D conductive frameworks and spherical Li may
have a profound influence on improving the inhibition of the
volume change and Li dendrite growth of the LMA.

However, frequently employed 3D skeletons (Cu foam, Ni
foam (NF), carbon cloth (CC), etc.) exhibit lithiophobic char-
acteristics."**™"** Therefore, there is a necessity of depositing
lithiophilic materials on the surface of these 3D skeletons. Various
methods have been developed to uniformly coat these materials
on the skeleton, such as magnetron sputtering,'** vapor phase
deposition,'*® aqueous metal salt treatment,’*® atomic layer
deposition,'” and the use of metal-organic framework (MOF)
derivatives."*® Among them, using MOF derivatives to fabricate
the lithiophilic 3D frameworks shows significant advantages in
the above-mentioned techniques, which can be referred to in
our previous review.'*’

Unfortunately, it seems still difficult to acquire spherical Li in
these monometallic MOF derivative modified 3D frameworks. For
example, in the previous study of our group, a MOF-derived (ZIF-
67) Co30, layer was uniformly coated on the NF framework and
injected with molten Li to obtain a Li-C030,-NF composite anode
(Fig. 11(a))."*° In ether electrolytes, the anode demonstrated
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Fig. 11 (a) Synthesis procedure of the CosO4-NF electrode **° (b) In situ
OM tests of the Li—Co3z04-NF symmetric cells. (c) Ilustration of the
preparation of c-ZNCC.!*! (d) SEM images of c-ZNCC-Li and bare Li
anodes after cycling for 500 cycles.

relatively uniform Li deposition behavior. Nevertheless, the growth
of Li dendrites was still found by using in situ optical microscopy
(OM) (Fig. 11(b)). Zhuang et al. synthesized ¢-ZNCC (ZnO, N binary
doped nanocages) as the main body of the LMA using ZIF-8
(zeolite imidazolate framework-8) (Fig. 11(c)).">" The anode has
excellent cycling stability and efficient charge/discharge cap-
ability. However, regarding the morphology of the surface of this
anode after cycling, the formation of dendritic Li cannot be
avoided, although the thickness of c-ZNCC-Li had been signifi-
cantly reduced (Fig. 11(d)).

Interestingly, while utilizing bimetallic MOF derivatives to
fabricate lithiophilic 3D frameworks, spherical Li deposition beha-
vior can be clearly seen without changes of the electrolyte compo-
nents or any electrolyte additives. For instance, based on our
previous study, the formation of spherical Li was clearly found
on the surface of a lithiophilic framework constructed based on
ZnCo-MOF derivatives (ZnCo,O, and ZnO) (CC@ZZCO)."** This
phenomenon was first theoretically supported by DFT calculations,
which showed that ZnO has a stronger affinity for Li adsorption
and nucleation (Fig. 12(a and b)). It is demonstrated that Li prefers
preferential nucleation and growth on ZnO. To investigate the Li
deposition behavior further, we conducted Li deposition experi-
ments at 1 mA cm™~ > under various areal capacities (Fig. 12(c1-c4)).
When operating under 5 mA h em >, Li deposited on the CC
formed small protrusions aligned along the fiber direction and
presented a spherical Li morphology (Fig. 12(c1 and c2)). The
spherical Li was densely arranged on the CC surface, which
inhibited the growth of Li dendrites effectively. As the deposition
time increases (under 10 mA h ecm ?), Li deposition begins to
abandon the protruding regions and instead fills the surface (Li
deposition on ZnCo,0,), eventually forming a smooth surface
(Fig. 12(c3 and c4)). Furthermore, the diameter was 8.69 pum for
the original CC, which increased to 9.81 pm after deposition at 1
mA cm ™ with the capacity of 5 mA h cm™? for CC@ZZCO; with
more Li deposition, the diameter increased to about 11.00 pm.
This indicates that most of the deposited Li are formed on the CC
instead of forming large clumps or dendrites at the top of the
framework. Nevertheless, when deposited on pure CC under the
same current deposition conditions, Li exhibited a disordered
stacking morphology (Fig. 12(c5 and c6)). This phenomenon
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Fig. 12 (a) and (b) DFT calculation of binding energies of Li atoms with
ZnO and ZnCo,04. (c) SEM images of plated Li on CC@ZZCO under
different capacities. (d) Schematic of Li interstitial deposition consisting of
ZnO and ZnCo0,0,4.2°2 (e) and (f) DFT calculation of binding energies of Li
atoms with Fe,Oz and NiFe,O4. (g) Li encapsulation process of the
CC@NFFO skeleton under different capacities. (h) Illustration of Li inter-

stitial deposition consisting of Fe,Oz and NiFe,04.2%% (i) Illustration of Li

interstitial deposition consisting of MNO and Co. (j1)-(j6) In situ OM of Li
deposition on CC@MnO/Co/C. (j7)-(j9) SEM images of plated Li on
CC@MnO/Co/C under different capacities.154

further proves that CC@ZZCO can induce the uniform nucleation
of Li effectively. The specific mechanism is shown in Fig. 12(d),
where ZnCo,0, and ZnO are intermittently aligned on the CC,
which contributes to guiding the uniform deposition of Li.

Similarly, in another study also conducted by our group, a
lithiophilic framework (CC@NFFO) was constructed based on
bimetallic NiFe-MOF derivatives (Fe,O; and NiFe,0,)."** The
binding energies of both Fe,O; and NiFe,0, were demonstrated
to be lower than that of graphitic carbon (—1.63 eV) using DFT
calculations (Fig. 12(e and f)), which illustrated the strong
lithiophilicity of both of them. Furthermore, since the binding
energy of NiFe,O,4 (—2.71 eV) is higher than that of Fe,0; (—3.64
eV), the Li atoms are adsorbed on Fe,Oj; prior to the adsorption
onto NiFe,O,. Equally, we electrodeposited different amounts
of Li at 1 mA cm ™~ (Fig. 12(g)) and at an areal capacity of 1 mA h
em™?; as shown in Fig. 12(g1 and g2), there is a dense granular
arrangement, demonstrating that Li atoms are preferentially
deposited in the Fe,O; region. Subsequently, Li atoms were
deposited in the NiFe,0, residual zone (Fig. 12(g3 and g4)). It
culminated in the uniform Li deposition on the smooth skele-
ton surface at 8 mA h cm™? (Fig. 12(g5 and g6)). However, the
bare Li electrode morphology (Fig. 12(g7 and g8)) revealed that
the disordered nature of Li led to its random deposition on the
CC and aggregation. The Ni and Fe metal atoms from NiFe-
MOFs are separated by organic ligands, while their derivatives
could maintain the structure of the MOFs, and the intermittent
distribution of Fe,O; and NiFe,O, on the CC facilitates homo-
geneous deposition (Fig. 12(h)). In contrast, the deposition of Li
on the bare CC surface resulted in the growth of Li dendrites.
Therefore, the model not only avoids the Li ion accumulation
issue, but also maximizes the role of the 3D skeleton and
achieves high-capacity maintenance.

This journal is © The Royal Society of Chemistry 2025
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What’s more, our recent work also found the presence of
spherical Li deposition, where the 3D framework consisted of
intermittent arrangements of Co and MnO derived from Mn-Co
bimetallic MOFs.'** Since the conductivity of Co is higher than
that of MnO, it can be hypothesized that electrons conduct
faster in Co, and therefore Li atoms preferentially nucleate on
the surface of Co, followed by nucleation on MnO. Based on
this theory, we mapped the Li deposition mechanism
(Fig. 12(i)). In the present study, the nucleation process of Li
was observed by in situ OM (Fig. 12(j1-j6)). It was observed that
the electrode surface was initially flat; when little metallic Li
was deposited, Li ions readily nucleated on the surface of Co
due to its good electronic conductivity (10 min, tiny lumps).
Subsequently, Li intermittently deposited on adjacent small
protruding sites (such as MnO), and then the surface of the
electrode became flatter (30 min). Consequently, observation of
the Li nucleation process by in situ OM revealed that Li still
tends to form smooth spherical circular shapes on the surface.
After the final nucleation, a dense and flat Li film was formed
on the surface of the electrode, which promoted the Li deposi-
tion stably and effectively avoided the growth of dendritic Li. To
analyze this behavior further, we performed Li deposition on an
electrode at 1 mA ¢m™> under various areal capacities and
observed the changes in the deposition behavior by SEM. Li was
preferentially deposited in a number of rounded blocky areas
(Fig. 12(j7)). As the areal capacity increased (Fig. 12(j8)), multi-
ple banded protrusions appeared. Under the situation of 20 mA
h em ™2, the electrode surface became smoother without den-
drites or interfacial collapse, and the above characterization
was in good agreement with the results observed by in situ OM
(Fig. 12(j9)).

Hence, these three examples of bimetallic MOF derivatives
combined with the 3D conductive frameworks (CC@ZZCO,
CC@NFFO and CC@MnO/Co/C) confirmed that obtaining
spherical Li on these kinds of substrates is not occasional.
And the construction of a lithiophilic 3D framework by intro-
ducing bimetallic MOF derivatives not only significantly
improves the morphology of deposited Li, but also promotes
the homogeneous nucleation of Li, which optimizes the long-
term stability and cycling performance of the cell and further
improves the overall electrochemical performance.

As known to all, in the history of the development of
conductive 3D frameworks for LMAs, primarily two models
have been proposed, namely the top growth model with homo-
geneous lithiophilicity (Fig. 13(a))*****>™**” and the bottom-up
growth model with gradient lithiophilicity (Fig. 13(b))."**"%
However, for the top-growth model, Li prefers to deposit on the
surface of the frameworks due to the homogeneous lithophili-
city, thus predisposing to the growth of dendritic Li (Fig. 11(a)).
To overcome this issue, the bottom-up growth model was
developed. For this model, the majority of Li nucleation sites
were missed from the top of these frameworks, thus possibly
preventing the maintenance of high areal capacity (Fig. 13(b)).
Based on the above discussions, we proposed a new model to
explain the Li deposition behavior, namely the intermittent
lithiophilic model (Fig. 13(c)).'®® This model is consisting of

This journal is © The Royal Society of Chemistry 2025
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lithiophilic material A and lithiophilic material B which inter-
mittently located on the surface of skeletons in the nano or
micro scale where the lithiophilicity of A is stronger than that of
B.1?% 154,163,164 gince the lithiophilicity of A is superior to B, Li*
preferentially nucleates and grows on A. Meanwhile, the Li"
concentration in the electrolyte near A is reduced, combined
with the lithiophilicity of B, which will lead to the following
nucleation and growth of Li on B. This approach effectively
avoids Li accumulation in localized regions while fully utilizing
the 3D conducting framework as a nucleation site for Li.

5. Conclusions and outlook

In general, a systematic exploration of the Li deposition process
has significantly advanced the development of LMBs. However, to
achieve the actual commercialization of LMBs, it is essential to
consider the dendrite problem. Spherical Li holds immense
potential for advancing highly energy-efficient LMAs. Since
neither electrolyte modification nor hosting strategies can com-
pletely eliminate dendrites during large-scale practical applica-
tions, it is essential to investigate the mechanism for spherical Li
deposition so as to seek a new development path to promote
LMBs into a higher stage of development. Here, we summarise
the key factors affecting spherical Li deposition and the for-
mation mechanism of spherical Li deposition, and conclude by
combining the advantages of 3D skeletons to provide inspiration
for the future research and development of Li metal batteries.

(1) Influencing factors of spherical Li deposition

Electrolyte additives. Electrolyte additives exert distinct influences
on the morphology of Li deposition. Specifically, LINO; functions
as an effective film-forming additive that modifies the structure of
deposited Li, promoting its growth into spherical particles. This
modification significantly enhances the cycling stability of LMAs.
However, in Li-sulfur batteries, LiNO; alone is insufficient to
achieve fully spherical Li deposition; the presence of additional
polysulfides, such as Li,S;, is necessary to synergistically facilitate
this process. Moreover, introducing oxygen (O,) on the cathode
side further promotes the formation of spherical Li.

Electrolyte composition. Common electrolytes can be classi-
fied into ether-based and carbonate-based electrolytes. Spherical
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Li deposition is typically achieved by incorporating specific
additives, such as LiNOj;, into ether-based electrolytes or by
adding high concentrations (5 M) of polysulfides to the electro-
plating cathode solution in Li-sulfur full batteries. However,
while spherical Li deposition can be successfully induced by
introducing an appropriate amount of LiNO; into carbonate-
based electrolytes, the limited solubility of LINO; in these elec-
trolytes (<10~ ¢ mL ") has hindered its practical application.
Consequently, numerous studies have focused on enhancing the
solubility of LiNOj; in carbonate-based electrolytes.

Current density and areal capacity. In ether-based electro-
lytes containing LiNO; additives, it has been observed that the
diameter of Li nuclei is inversely proportional to the electro-
chemical overpotential, while the number density of Li nuclei is
proportional to the cube of the electrochemical overpotential.
At lower current densities, Li atoms tend to deposit on existing
nuclei, leading to larger and more diffused Li growth on the
surface of the copper electrode. However, in conventional
carbonate-based electrolytes, a low local current distribution
is more conducive to the formation of compact spherical Li.

(2) Mechanism of spherical Li formation

Diffusion-reaction competition. This mechanism categorizes
the processes governing Li deposition into diffusion and reaction
components. Li deposition typically occurs beneath the SEI layer,
involving Li" traversing the SEI membrane and acquiring electrons
to form Li atoms. When the diffusion rate decreases while the
electrode reaction rate remains constant during Li deposition, Li"
ions face difficulty in crossing the SEI membrane, leading to a
deficiency of Li" beneath the SEL At this point, the reduction of
ions triggers the aggregation of Li" towards the tips of existing
deposits, resulting in dendritic Li formation, a phenomenon
known as the diffusion-limited mechanism. Conversely, under
conditions where the SEI is highly conductive, Li nucleation
occurs beneath the SEI, enabling spherical Li deposition.

Mechanism based on nucleation and growth rates. This
mechanism explains the formation of columnar Li metal,
multilayered spherical Li accumulation, and dendritic Li based
on the relationship between the rate of Li nucleation on the
substrate (Viyc on sub), the rate of growth (Verowen), and the rate of
Li nucleation on the Li deposit (Vauconwi)- In this case, if Verowen
exceeds Viuconsub aNd Vhyconti, the deposition of Li nuclei is
difficult to observe, and as Li continues to be plated, Li metal
grows in all directions, leading to the acquisition of multi-
layered spherical Li.

(3) Combining the 3D conductive frameworks and spherical Li

As discussed above, although spherical Li can address the problems
of Li dendrites effectively, the volume expansion still needs to be
taken into account for host-less Li. Fortunately, the 3D conductive
frameworks are used as supplementary materials to prevent the
volume expansion. Thus, the combination of the spherical Li and
3D conductive frameworks may be an effective strategy for obtaining
LMAs with excellent electrochemical performances.

In addition, this work summarises several methods to obtain
spherical Li, including the addition of electrolyte additives,
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adjusting the electrolyte composition, varying the current density
or surface capacity (Section 3.2.1) and using bimetallic MOF
derivatives (Section 4). However, the formation mechanism of
spherical Li is far from being well investigated. Therefore, apart
from the diffusion-reaction competition mechanism and the rate
of Li nucleation, growth and nucleation on Li deposits (Section
3.2.2), other mechanisms which can be used under multi-factors
concomitant conditions should also be studied. On the other
hand, understanding of the mechanisms of spherical Li deposi-
tion can be supported by more advanced in situ characterisation.
Most of the characterisation techniques carried out to explore the
LMA fall into two main categories, in situ and ex situ techniques.
To date, most characterisation studies of the LMA have been
performed by non-in situ techniques or under static conditions.
The development of in situ characterisation techniques in real
cells under different modes of operation is of great interest and
urgency. We fully believe that the combination of these two types
of characterisation techniques can facilitate the understanding of
the behaviour of spherical Li. On the whole, more efforts should
be made to pave the way to the commercialization of LMBs with
longer lifespan, higher energy density and safety.
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