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ABSTRACT: Single-crystalline materials have attracted broad interest in advanced battery
applications due to their inherent crystallographic characteristics. Their continuous, defect-
free atomic arrangement contributes to improved interfacial stability, mechanical integrity,
and charge transfer properties, ultimately leading to superior electrochemical performance
compared to those of the polycrystalline counterparts. Despite their growing importance, a
comprehensive review of single-crystalline anode materials has been lacking. In this review,
we provide an overview of single-crystalline anode materials on their growth, applications,
fabrications, and recycling for both metal and ion batteries. Starting from a theoretical
understanding of electro-crystallization of metals, we discuss recent strategies for the growth
and application of single-crystalline metals and substrates in various chemistries including
lithium, zinc, sodium, aluminum, and magnesium, as well as single-crystalline host materials such as silicon, graphite, and transition
metal oxides, alongside their failure mechanisms and associated challenges. Lastly, we discuss the fabrication and recycling of single-
crystalline anode materials for a closed-loop life cycle of batteries. This review aims to provide insight into the crystallographic
understanding and design of single-crystalline anodes for advanced and sustainable next-generation batteries.
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1. INTRODUCTION
Single-crystalline materials make up a class of solids distin-
guished by their continuous and defect-free atomic arrangement
throughout the entire structure. Unlike polycrystalline materials,
which consist of multiple crystallographic textures separated by
grain boundaries, single crystals offer superior mechanical,
electrical, and optical properties due to the absence of these
boundaries.1,2 These exceptional characteristics make them
highly valuable for various technological applications, including
semiconductors, lasers, and photonic devices.3,4

Beyond their traditional applications, single-crystalline
materials have gained significant interest in the field of energy
storage, particularly in battery technology. In battery research,
single-crystalline materials are typically defined on the scale of
individual particles. For example, single-crystalline cathode
materials have micron-sized intact primary particles with
consistent lattice orientation that significantly enhances their
structural stability, alleviating particle fracture and mechanical
degradation during cycling.5−7 This improved stability mitigates
undesirable parasitic side reactions at the electrode−electrolyte
interface, leading to improved electrochemical performance.8,9

Additionally, some nanostructured electrode materials also

exhibit single-crystalline characteristics, where the significantly
shortened ion diffusion pathways contribute to enhanced
capacity and high-rate performance in batteries. These materials
can be engineered into various forms, such as nanowires,
nanotubes, and nanosheets, optimizing electrode functionality
by adjusting surface energy and diffusion pathways.10−13

In the pursuit of advanced energy storage solutions, lithium
metal batteries (LMBs) have gained significant attention as
promising alternatives to conventional lithium-ion batteries
(LIBs). Due to their substantially higher energy densities, LMBs
are promising candidates for next-generation energy storage
systems, with potential applications spanning portable elec-
tronics, electric vehicles, and the aviation and aerospace
sectors.14−16 In addition, alternative metal battery chemistries
such as zinc (Zn),17−19 sodium (Na),20,21 aluminum (Al),22,23

and magnesium (Mg)24,25 have also been explored due to their
cost-effectiveness, natural abundance, and improved safety
profiles. However, the commercialization of metal batteries is
hindered by several critical challenges, including nonuniform
metal deposition, dendrite formation, and unstable solid-
electrolyte interphase (SEI), which eventually lead to capacity
degradation, short circuits, and battery failure, posing serious
safety risks.26−28

To address these issues, single-crystalline materials have
emerged as crucial components, particularly as anodes or
substrates for metallic deposition. Their highly ordered
crystallographic orientation ensures a uniform and stable
interface, which is vital in controlling metal nucleation and
growth.29,30 Unlike polycrystalline substrates, which contain
grain boundaries and structural inconsistencies that promote
uncontrolled metal growth, single-crystalline substrates offer a
more uniform deposition environment, mitigating dendrite
formation. Furthermore, their coherent surfaces facilitate dense
metal deposition, suppressing parasitic reactions, improving ion
transport kinetics, and promoting the development of a more
stable SEI layer.31,32 These advantages collectively contribute to
enhanced cycling efficiency and a prolonged battery lifespan in
next-generation metal battery systems.
In this review, we aim to provide a comprehensive

understanding of the rationale and mechanisms behind the
effective utilization and advancement of single-crystalline
anodes for metal battery configurations as it is becoming a
frontier of research (Figure 1). The definition of “single-
crystalline” in this context does not strictly follow the classical
definition of materials with a perfectly continuous lattice and

Figure 1. Number of publications each year from 2000 to 2024 based
on search results of “battery”, “anode”, and “crystal/plane/orientation/
facet/texture” according to Web of Science.
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absence of grain boundaries. Rather, we adopt a broader and
more practical interpretation spanning multiple scales: from
atomic-level facet alignment to nano- or microscale particles
exhibiting a dominantly uniform crystallographic orientation
and even extending to bulk materials�such as metal foils�that
can directly function as anode substrates. To provide insights
into how single-crystalline materials improve the electro-
crystallization process of metal batteries, we start from the
crystal nucleation and growth theory and decipher the
relationship between the theory and practical electrodeposition
processes. Based on this understanding, we summarize the
current research progress on the growth and application of
single-crystalline materials in metal batteries, including Li, Zn,
Na, Al, and Mg chemistries. Additionally, we discuss the
application and challenges of single-crystalline host materials,
such as silicon, graphite, and transition metal oxides, which have
been widely studied or applied in LIBs. Finally, we present our
perspective on the fabrication and recycling of single-crystalline
materials, which are essential for realizing the sustainable
roadmap toward the practical implementation of large-scale
energy storage applications.

2. CRYSTAL NUCLEATION, INCUBATION, AND
GROWTH THEORIES

In metal batteries, during the charging process, the reduction of
desolvated metal ions leads to metal deposition on the anode
side, which can be regarded as an electro-crystallization process.
Therefore, within this section we start with the theories of crystal
nucleation and growth, with a focus on the mechanisms that
dominate the electrodeposition process in operating metal
batteries. It is worth clarifying that the practical battery is a
complicated system with a lot of inhomogeneity. The theories
below mainly focus on specific particles or clusters under certain
conditions, but the real situation can involve a variety of
determinant factors; the actual electrodeposition process could
be governed by multiple mechanisms. Therefore, at the end of
the section, we will also discuss practical operating conditions
that have a significant influence on the nucleation and growth of
electrodeposits.
2.1. Nucleation
2.1.1. Homogeneous Nucleation Theory. When inves-

tigating metal electrodeposition, classical nucleation theory is
often employed to understand the process.33−35 Starting with
the classical Gibbs equation, the total free energy change of a
particle system is the sum of free energy change of forming a new
surface, ΔGs, and forming the bulk crystal, ΔGv (eqs 1 and 2):

= + = +G G G r r g4
4
3s v

2 3

(1)

=g
k T S

V
ln( )

m

B

(2)

where r is the radius of spherical nuclei, γ is interfacial free
energy, Δgv the difference of free energy per unit volume
between the nuclei phase and ambient phase, Vm the molar
volume of nucleus, kB the Boltzmann’s constant, T the absolute
temperature, and S the supersaturation of solution.
The surface term, ΔGs, is proportional to the surface area of

the nucleus and represents the energetic penalty associated with
overcoming interfacial tension to enlarge the nucleus and create
a new interface. The bulk term, ΔGv, is proportional to the
nucleus volume, serving as the thermodynamic driving force that

promotes the nucleation of solvated ions under conditions of
supersaturation (or under an applied overpotential in the case of
electrodeposition). Since ΔGs is always positive and the ΔGv is
always negative, we can define the critical nuclei size at the
maximum free energy by making = 0d G

dr
, and the critical nuclei

size can be defined in eq 3:

=r
V

k T S
2

ln( )crit
m

B (3)

Critical nuclei size is generally used as a standard to reveal the
thermodynamic status of a specific nucleus.36 If the size of the
nucleus is smaller than the critical size, it is likely to redissolve in
the solution due to its thermodynamically unstable nature;
otherwise, it would survive and form a stable nucleus (Figure 2).

2.1.2. Heterogeneous Nucleation Theory.While homo-
geneous nucleation is simpler and easier to understand, it is very
rare in practical electrodeposition processes since it assumes that
the nucleus is spherical. However, in a battery system, the
desolvated metal ions are deposited on the electrode surface,
forming a spherical cap-shaped nucleus with a contact angle
(Figure 3). Therefore, the heterogeneous nucleation theory is
usually applied to decipher metal electroplating on the substrate.
When considering the spherical cap with a contact angle θ, the

volumetric shape factor and surface shape factor, respectively,
can be written as eqs 4 and 5:37

= +
v( )

(2 cos )(1 cos )
4

2

(4)

Figure 2. (a) Schematic of the homogeneous nucleation process. (b)
Free energy profile and critical nucleation size in homogeneous
nucleation theory.

Figure 3. Schematic of the heterogeneous nucleation of a spherical cap
nucleus on the substrate. θ is the contact angle, γne is the interfacial free
energy between the nucleus and electrolyte, γsn is the interfacial free
energy between the substrate and nucleus, and γse is the interfacial free
energy between the substrate and electrolyte.
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=s( )
1 cos

2 (5)

And the expression for Gibbs free energy in heterogeneous
nucleation process is given as eq 6:38

= + +G s r v r g r( )4 ( )
4
3

( sin )

( )

hetero
ne

sn se

2 3 2

(6)

According to Young’s equation in eq 7:

=cos se sn

ne (7)

The eq 6 can be rewritten as eq 8:

= +i
k
jjj y

{
zzzG v r r g( ) 4

4
3

hetero
ne

2 3

(8)

Further combination of eq 4 leads to eq 9:

=G v G( )hetero homo (9)

Considering that v(θ) is always less than one, the energy
barrier of homogeneous nucleation is always larger than
heterogeneous nucleation (Figure 4a). The decrease in

nucleation energy barrier of heterogeneous nucleation is also
represented as a function of contact angle, as shown in Figure 4b.
However, it is worth noting that the critical nuclei size for
heterogeneous nucleation does not change when making

= 0d G
dr

hetero

.
While classical nucleation theory offers fundamental

thermodynamic insights, it has notable limitations: it does not
incorporate electrochemical kinetics or reactions occurring
during deposition. To bridge these gaps, several theoretical
models have been developed to better describe the metal
nucleation during electrodeposition. For example, the Schar-
ifker−Hills model is among the first to incorporate kinetics and
suggests whether the nucleation is instantaneous or progressive,
which determines the deposit morphologies.39 Building upon
this, the Li-SEI model further explicitly captures the influence of
SEI fracture and reformation currents during Li metal
nucleation.40 More detailed discussions of these models and
their applications can be found elsewhere.39−41

2.2. Incubation and Growth
2.2.1. Classical Growth Theory. The classical model of

crystallization considers growth essentially as an amplification
process in which stable nuclei are simply enlarged by monomer-
by-monomer attachment without incurring structural changes in

the bulk or at the surface. Even though the metal electro-
deposition process does not follow such a growth pattern, the
fundamental kinetics can be quite similar. Thus, it is helpful to
understand the growth behavior by starting from the classical
growth model.
Based on the theoretical study conducted by Weller et al. and

Hyeon et al.,42,43 the growth of spherical crystal particles into the
solution can be divided into two steps: (1) the transport of the
monomers from the bulk solution onto the crystal surface and
(2) the reaction of the monomers on the surface (Figure 5).

Beginning with Fick’s law of diffusion, two limiting kinetic
factors were identified: diffusion of monomers to the surface (J1)
and the rate of reaction of these monomers on the surface (J2).
The growth rate can be expressed as eq 10:

=
+

+dr
dt

DV C C
r D k
( )

/
m r r

(10)

where r is the nucleus radius, D the diffusion constant, Vm the
molar volume, k the reaction constant, Cr+δ the monomer
concentration in the bulk electrolyte, Cs the monomer
concentration at the nucleus surface, Cr the solubility of the
nucleus, and δ the thickness of diffusion layer.
According to the Gibbs−Thomson effect, the particle radius

also has a significant impact on growth rate, where the large
particles grow faster than the smaller ones with higher solubility.
For a spherical particle with a radius of r and extra chemical
potential ( = V

r
2 m), Cr is expressed as eq 11:

= · i
k
jjj y

{
zzzC C

V
rRT

exp
2

r
m

0 (11)

where C0 is the solubility of the monomer in equilibrium. By
inserting the expression into eq 10, the growth rate can be
rewritten as eq 12:

=
+

+
Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

i
k
jjj y

{
zzz

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

dr
dt

DV C

r

C
C

V
rRT

exp
2m

D
k

r m0

0 (12)

By making = 0dr
dt

, the critical nuclei size is obtained as eq 13:

=
+( )

r
V

RT

2

ln
crit

m
C

C
r

0 (13)

Based on the definition of supersaturation S, eq 13 can be
further simplified to eq 14:

Figure 4. (a) The free energy profile of homogeneous nucleation vs
heterogeneous nucleation. (b) The decrease in nucleation energy
barrier of heterogeneous nucleation as a function of contact angle.

Figure 5. Schematic illustration of the growth of a spherical crystal
particle in the solution.
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=r
V

RT S
2

ln( )crit
m

(14)

which is the same as expression of critical nuclei size in eq 3.
Therefore, from a kinetic perspective, Gibbs−Thomson effect
will lead to the dissolution of the small nucleus for r < rcrit, while
the nucleus is kinetically stable for further growth for r > rcrit.
To further identify the two distinct models, two dimensionless

variables were introduced (eqs 15 and 16):42

* =r RT
V

r
2 m (15)

=Da
V

RT
k
D

2 m
(16)

where r* is the capillary length, ameasure of the size effect on the
chemical potential of a particle, and Da the Damköhler number,
a descriptor to relate reaction kinetics with mass transport. As a
result, the growth process is reaction-controlled for a small
nucleus (r* * Da ≪ 1), while the growth gradually transits to a
diffusion-controlled as the nucleus radius increases (r* * Da ≫
1).
It has been well-recognized that the two growth models can

lead to distinct deposition morphology.44 Exemplified using Li
metal electrodeposition, a diffusion-controlled process is not
favored to achieve a dendrite-free morphology, since the low
diffusion process may lead to the accumulation of Li ions and
induce the generation of local electric field/current density.28

Beyond the single-step process of monomer attachment,
crystal growth can also involve multistep pathways. For example,
intraparticle growth has been used to describe the crystal growth
behavior of quantum rods;45 a self-assembly process has been
synergistically performed for the synthesis of organic semi-
conductors.46 Herein, we would like to focus on two nonclassical
growth mechanisms, ripening and coalescence, which are closely
related to the electrodeposition process, especially with respect
to battery chemistry.
2.2.2. Ostwald Ripening and Digestive Ripening. After

the initial nucleation of the metal ions on the substrate, the
nuclei can undergo an incubation period before further growth
to the bulk crystals. Since the nucleation rate is highly dependent
on the local physicochemical properties such as solution
concentration and substrate surface morphology, the as-formed
nuclei are likely to be polydisperse.
Considering that the system remains thermodynamically

unstable until it reaches the minimum free energy, a
redissolution−deposition process may occur for stabilization
through decreasing the total surface area of the nuclei. The
radius difference of polydisperse nuclei leads to solubility
fluctuation and local concentration gradient, which acts as the
driving force for the growth of the large particles at the expense
of the redissolution of smaller ones (Figure 6a). The process was
first described by Wilhelm Ostwald,47 and more details of the
above theory on the calculation of the critical particle radius,
thermodynamics, and kinetics were described by Lifshitz−
Slyozov−Wagner (LSW) theory.48,49

For the metal electrodeposition process inside a battery, when
applying a moderate current density or achieving a relatively low
local overpotential, the growth of the metal nuclei is generally
governed by Ostwald ripening.50 In the previous literature, it is
quite common to observe large, sparsely distributed nuclei on
the substrate at the early stage of the deposition, which serves as
evidence of minimized local overpotential.51−53 With the

development of advanced operando characterization techni-
ques, the Ostwald ripening process has been directly observed in
Li/Na plating processes.54 As shown in Figure 6b−e, the in situ
transmission electron microscopy (TEM) images suggest the
Ostwald ripening dominated Na incubation at the multiwall
carbon nanotube (MWCNT) substrate. After the initial
nucleation of the Na, five Na crystals are observed on the
MWCNT. As more charges pass, small Na crystals shrink
continuously until they almost disappear, while large Na crystals
experience continued growth.
Digestive ripening is exactly the opposite of Ostwald ripening,

where the small nuclei grow at the expense of larger ones with
the aid of an organic ligand/surfactant. The method, commonly
named solvated metal atom dispersion, is widely used for
producing monodisperse nanoparticles of metals and metal
alloys from polydisperse raw materials.55,56 To the best of our
knowledge, digestive ripening is barely reported in a typical
electrodeposition process inside a battery configuration.
2.2.3. Coalescence. Coalescence, an aggregation-induced

crystal growth, is commonly observed in nucleus growth during
electrodeposition. The coalescence of deposited Li nuclei was
directly observed using time-resolved operando TEM.57 The
driving force of coalescence is quite the same as that of ripening,
which is the reduction of surface free energy by decreasing the
surface area of the nuclei. However, the difference is that the
redissolution of deposits no longer occurs during coalescence
since the nuclei at this stage are thermodynamically stable. As
shown in Figure 7a, the coalescence of spherical Li nuclei was
found to occur through fusion on the carbon surface as indicated
by yellow arrows.
It is also worth noting that coalescence growth shows no

preferential attachment of crystal lattice, which leads to the
formation of grain boundaries after the fusion.58 Figure 7b
shows the snapshots of rearrangement of Li clusters during
coalescence using the molecular dynamics (MD) method
coupled with Monte Carlo (MC), where small clusters are
captured by the large one and migrate toward each other,
followed by particle fusion. The small cluster B rearranged itself

Figure 6. (a) Schematic illustration of Ostwald ripening-dominated
growth and digestive ripening-dominated growth. (b−e) Time-
resolved TEM images of Na metal deposition at the MWCNT/
Na2CO3/CO2 triple point via Ostwald ripening. Reproduced with
permission from ref 54. Copyright 2022 Springer Nature.
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to align with the crystallographic orientation of the larger cluster
A, while cluster C retained its orientation, resulting in the
formation of a bicrystal containing a grain boundary.
It has been demonstrated that coalescence kinetics are

influenced by many factors such as physicochemical properties
of the parent phase, size distribution and morphology of the
nuclei, and surface tension at the grain boundary interface. For
example, the deposition behavior of metals can be significantly
improved on highly textured substrates through facilitated
coalescence,59,60 and the coalescence stability can be modulated
by employing various electrolyte additives.61,62

2.3. Critical Determinants in Practical
Electro-Crystallization
In practical battery systems, crystal nucleation and growth occur
in a more complex manner. As shown in Figure 8, metal cations

are solvated by the solvent and coordinate with salt anions to
form a solvation shell. During the charge-transfer process, metal
cation is desolvated with repulsion of anion, depositing a metal
nucleus on a substrate. Upon continuous deposition, these
nucleated seeds grow and coalesce with each other, eventually
forming a dense deposit in an ideal scenario. In this section, to
correlate the crystal nucleation and growth theory to the

practical situation for the heterogeneous nucleation and growth
of metal electrodeposits on electrodes, we identify several key
determinants, with the focus on elucidating how they influence
the nucleation and/or the growth kinetics.
2.3.1. Impact of Overpotential. Overpotential is a

measurable physical parameter used to evaluate the electro-
deposition dynamics. Ely and Garciá50 analyzed the thermody-
namic and kinetic influence of overpotential in heterogeneous
nucleation and growth of electrodeposits. The difference in free
energy per unit volume between the nuclei phase and ambient
phase, Δgv, is given as eq 17:

= +g g
zF
Vf

m (17)

where Δgf is the bulk free energy of transformations, z the
valence of electrodepositing ion, F the Faraday’s constant, η the
overpotential, and Vm the molar volume of electrodeposits. The
expression of thermodynamic critical nuclei size for nucleation
can be rewritten in eq 18:
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Considering the growth of a single, isolated, spherical cap-
shaped electrodeposit, its growth dynamic is given by the kinetic
equation in eq 19:63
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where j0 is the exchange current density, γne the nucleus-
electrolyte interfacial free energy, R the gas constant, and T the
absolute temperature. Therefore, the expression of critical nuclei
size regarding kinetic descriptors (eq 20) is obtained by making

= 0dr
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It can be concluded from eq 20 that the increase in
overpotential results in a reduced thermodynamic and kinetic
critical nuclei size.64,65

After thermodynamic and kinetic principles were combined,
five regimes were identified. As shown in Figure 9,50 the blue line
marks the boundary of thermodynamic stability of the
nucleating phase. The nuclei formed during the initial stages,
which lie in the nucleation suppression regime (below the blue
line), are thermodynamically unstable and tend to redissolve.
The following embryo incubation stage is divided into two
regimes, depending on the local overpotential. The long
incubation regime with small overpotential is dominated by
Ostwald ripening kinetics, where small embryos dissolve and
redeposit on the larger ones, promoting their steady growth
approaching the critical radius. Conversely, a large overpotential
in the short incubation regime results in accelerated growth,
facilitating small-sized nuclei formation with a monodispersed
distribution. Above the black curve lies the growth regime,
where kinetically favored nuclei grow steadily during the early
stage, followed by a transition to the late growth regime in which
dendritic growth may occur due to inhomogeneous topography
and localized electric fields.
2.3.2. Substrate Effect. For the heterogeneous nucleation

process, the lattice constants of the substrate and deposits are
usually different, which may induce inhomogeneity at the

Figure 7. (a) Time-resolved bright field (BF)-TEM images (contrast
inverted) showing the in situ nucleation and coalescence of Li nuclei
upon deposition. (b) Snapshots of atomistic simulations showing the
rearrangement of Li clusters during coalescence and the resultant
bicrystal. Reproduced with permission from ref 57. Copyright 2023
American Chemical Society.

Figure 8. Schematic showing metal electrodeposition process in
practical battery systems containing a liquid electrolyte and substrate.
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interface. Therefore, lattice mismatch δ can be calculated to
evaluate the coherence of the interface using eq 21:66

=
| |

× 100%d s

s (21)

where αd is the in-plane lattice constant of deposits, and αs the
in-plane lattice constant of substrate.
For a fully coherent interface, as shown in Figure 10, the lattice

constants of substrate and precipitation are identical, which

leads to a δ equal to 0. The change of the interfacial free energy
would be entirely attributed to the chemical bonding trans-
formation: substrate−substrate and deposits−deposits to
substrate−deposits. When the lattice constants of two phases
differ slightly, a semicoherent interface is formed. For example, if
αd = 1.05 Å and αs = 1 Å, the lattice mismatch is δ = 5%, meaning
that a misfit dislocation forms every 20 planes in the substrate
phase to accommodate the lattice mismatch. This would lead to
a higher interfacial free energy barrier compared to that of a
coherent interface because the misfit also contributes to free
energy changes.67

However, as the lattice mismatch keeps increasing, the
dislocation and defects are forming more frequently at the
interface, until a δ > 25%. By then, a dislocation happens every 4
continuous planes in the substrate phase, resulting in a very
different lattice configuration, and the interface would become
incoherent.68 The bigmisfit can also lead to a significantly higher

interfacial free energy, increasing the nucleation energy barrier
ΔG and hindering nucleation kinetics.
2.3.3. Temperature Effect. As mentioned earlier, the

growth process involves two steps: diffusion and a surface
reaction. Considering both are temperature-dependent pro-
cesses, an elevated temperature undoubtedly accelerates the
dynamic of the whole process. Therefore, based on a steady-state
diffusion-reaction mathematical model, Akolkar defined a
dendrite growth rate ratio (i

i
t

f
in eq 22) to describe the impact

of temperature to Li deposition (Figure 11a):69
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where if is the Li plating current density on a flat surface, a the
diffusion pre-exponent, b a transport-dependent constant,C0 the
bulk concentration, t+ the Li+ transference number, δ the
thickness of diffusion boundary layer, n the electron transfer
number, F the Faraday constant, and ac the cathodic charge-
transfer coefficient. In this equation, there are factors following
the Arrhenius-type temperature-dependence, which can be
expressed as eqs 23 and 24:
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whereT0 is the reference temperature, a0 the pre-exponent at T0,
ac
0 the cathodic charge-transfer coefficient at T0, ED the solution
phase diffusion activation energy, E the solid phase (i.e., SEI)
diffusion activation energy, and R the gas constant. Therefore,
decreasing the temperature results in a lower diffusion pre-
exponent a, which hinders diffusion, and an elevated cathodic
transfer coefficient ac, which can be attributed to the reduced
surface reaction resistance on a thinner SEI layer. This
eventually leads to an increased dendrite growth rate ratio,
which agrees with empirical studies.70−73

The temperature-current density profile was obtained using
parameter values in the system of 1 M LiPF6 salt in ethylene
carbonate (EC)/dimethyl carbonate (DMC), and a critical

Figure 9. Regimes of the Deposition Behavior during the initial stages
of nucleation and growth. The solid gray curves embody locus of
incubation time of fixed value, and the dotted gray curves show the
initial growth velocities of the stable nuclei. The x-coordinate denotes
normalized critical overpotential, and the y-coordinate denotes
normalized electrodeposit size. v0 is the characteristic growth velocity,
and τ0 the characteristic incubation time. Reproduced with permission
from ref 50. Copyright 2013 The Electrochemical Society.

Figure 10. Schematic illustration of coherent, semicoherent, and
incoherent interfaces of two distinct phases.

Figure 11. (a) Schematic of the electrode surface on which Li is
electrodeposited. The dendrite growth rate ratio (i

i
t

f
) can be employed

to study the temperature-dependence of the dendritic growth process.
(b) Variation of the dendrite growth rate ratio (i

i
t

f
) with temperature

and Li plating current density. Reproduced with permission from ref 69.
Copyright 2014 Elsevier.
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temperature Tc (
i
i

t

f
, red curve) was defined to assess the

dendritic suppression, below which uncontrolled dendritic
growth is initiated (Figure 11b). In contrast, the region above
the blue curve ( i

i
t

f
=1.5) is favorable for dendrite inhibition and

stable battery operation.
2.3.4. Pressure Effect. For the practical application of

batteries with a pouch configuration, applying external pressure
is generally believed to extend the battery life, which has been
demonstrated in numerous studies. For example, Meng et al.74

elucidated that applying an optimized stack pressure can fine-
tune the Li nucleation and growth direction toward a dense
deposition, staying away from the dendrite growth caused by
mass transport limitations. Dahn et al.75 also demonstrated the
impact of varying the applied mechanical pressure to the
capacity retention and life span of the pouch cells.
To explain this phenomenon, Harris et al.76 developed a

three-dimensional (3D) electrochemical-contact model. Their
study suggests that when applyingmoderate (hundreds of kPa or
less) pressures, most of the Li surface feels no force at all.
Instead, the inhibition of dendritic growth could be attributed to
the avoidance of Li plating at the tips under sufficient local stress
at the tip. This hypothesis was further confirmed by Zhang et
al.,77 where mechano-electrochemical phase field model was
proposed to mimic the multiphysics processes (Figure 12). The

impacts of external pressure on electroplating are outlined as (1)
inhibiting the progress of electroplating reaction and (2)
shaping the morphology of Li dendrites to be smooth and
dense under the rise of local hydrostatic pressure.
Overall, numerous efforts have been devoted to deciphering

how practical factors�such as overpotential, substrate, temper-
ature, and pressure�affect the nucleation and growth of metals,
offering valuable insights into understanding of electro-
deposition.40,78−80 However, it is worth noting that most of
the above discussions are rooted in theoretical models that
typically focus on idealized cases, such as the behavior of a single
nucleus or an isolated dendrite, which may have limited
applicability in a practical scenario. The real electrodeposition
is a complex, collective process in which the inhomogeneity of
the system and interactions across multiple nucleation sites

necessitate a macroscopic perspective to fully capture the
observed phenomena. Using operando reflection interference
microscope (RIM), Shan et al.81 directly observed that Li
heterogeneous nucleation also possesses a progressive nature,
where the formation of initial Li nuclei is not at the exact same
time. After this stage, the Li nuclei size increases collectively and
the total number of Li nuclei is relatively stable, which is a
characteristic of the instantaneous nucleation process. In
addition, the nucleation and crystal growth processes could
show significant temporal overlap or even competitiveness. The
ultimate morphology of the deposits would be significantly
influenced by complicated factors both thermodynamically and
kinetically. Lee et al.82 investigated the impact of competitive
mechanisms between nucleation and growth on the Li metal
deposition morphology. Three reaction steps (heterogeneous Li
nucleation on the substrate, Li growth, and homogeneous Li
nucleation on the Li metal) were identified, and the rates of each
step were controlled by adjusting the current collector,
electrolytes, and electroplating conditions. The results suggested
that columnar Li metal formed when Li nucleated on the
substrate outpaced Li growth and self-deposits, while multilayers
of Li metal spheres were observed with fast Li growth kinetics.
In summary, starting from classical models of crystal

nucleation and growth, we identify and summarize critical
determinants (overpotential, substrate, temperature, and
pressure) in practical metal deposition during battery operation.
Based on these theoretical frameworks, we introduce and
summarize key recent strategies and understandings on electro-
crystallization of different metal chemistries in the following
sections.

3. LI METAL ANODE
The Li metal anode has been the most promising anode
candidate due to its high theoretical gravimetric and volumetric
capacities (3861 mAh g−1 and 2061 mAh cm−3, respectively)
and the lowest redox potential (−3.04 V vs standard hydrogen
electrode). Despite these advantages, its practical implementa-
tion has been plagued by uncontrollable growth and deposition
of Li, known as dendrites, resulting in increased side reactions
with electrolyte, low electrochemical reversibility, and even
safety concerns from short-circuits.15,83

Various research directions, such as electrolyte additives,84−86

interfacial coatings,87−89 and 3D current collectors,53,90,91 have
been explored to control and stabilize the growth of Li metal.
Although these works successfully demonstrated outstanding
improvements on performance and cycle life, recent works have
pivoted toward understanding and controlling growth of Li at a
crystallographic level. This section aims to provide a
comprehensive discussion of considerations and strategies for
crystalline growth of Li metal under various practical conditions.
3.1. Li Substrates for Li Crystal Growth

3.1.1. Single-Crystalline Li: Growth and Facets. Under-
standing the structural and chemical identities of Li metal with
atomic resolution has been challenging due to its chemically
reactive and beam-sensitive nature. Cui et al. successfully
identified the atomic resolution of structures and SEI of
electrochemically deposited single-crystalline Li dendrites by
employing cryogenic TEM (cryo-TEM).92 The electrochemi-
cally deposited Li metal on a copper (Cu) grid was cooled below
−170 °C by liquid nitrogen, in which the temperature was
maintained during the electron beam exposure (Figure 13a).
From selected-area electron diffraction (SAED) analyses, single-

Figure 12. Simulated results of (a) dendritic morphology, (b) principal
stress and hydrostatic pressure, and (c) von Mises stress evolution of Li
dendrites under an external pressure ranging from 2.0 to 14.0 MPa.
Reproduced with permission from ref 77. Copyright 2021 John Wiley
and Sons.
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crystalline Li nanowires were observed to have preferential
growth directions such as ⟨111⟩, ⟨110⟩, and ⟨211⟩ (Figure 13b−
d). The statistics show that Li metal growth was mostly
preferential along ⟨111⟩ direction rather than ⟨110⟩ and ⟨211⟩
in carbonate-based electrolytes (Figure 13e). The growth along
⟨111⟩ was attributed to the minimization of surface energy by
exposing the lowest surface energy (110) facet. The scanning
electron microscopy (SEM) images of dendrites also exhibited
different facet structures according to growth directions, such as
triangular (Figure 13f), hexagonal (Figure 13g), and rectangular
(Figure 13h), which exhibited (110) facets entirely for ⟨111⟩
and partially for ⟨211⟩ and ⟨011⟩ directions. This result suggests
that Li metal has a favorable growth direction and exposed
facets.
Luo et al. systematically explored electrochemical deposition

behaviors of single-crystalline Li metals with different facets.29

Interestingly, different facets of single-crystalline Li metal
exhibited a similar trend of critical current density (CCD)
regardless of electrolyte systems (Figure 14a). The trend of
CCD followed Li adatommigration diffusion barrier of different
facets, where (110) facet with the lowest migration barrier of
0.02 eV showed the highest CCD compared to (200) and (211)
facets with migration barriers of 0.14 and 0.41 eV, respectively.
Phase-field model simulation was further employed to predict
the deposition morphology as a function of the reaction rate and
self-diffusion rate (Figure 14b). Accordingly, morphologies of Li
deposits significantly varied, where the (110) facet showed
dense Li deposits even at high current density of 5 mA cm−2 and
areal capacity of 10 mAh cm−2 compared to (200) and (211)
orientations (Figure 14c). Unlike single-crystalline Li metal,
polycrystalline Li metal showed multiple domains of different
crystal facets from the electron backscatter diffraction (EBSD)
inverse pole figure (IPF) map (Figure 14d,e). When Li is
deposited, single-crystalline Li(110) forms uniform seeds,
whereas polycrystalline Li forms nonuniform, dendritic seeds.
These different morphologies of Li seeds resulted in less
reversible and more isolated Li for polycrystalline, confirmed by

titration gas chromatography (TGC) analysis after 50 cycles
(Figure 14f).
It is also necessary to understand whether crystallographic

orientations are maintained during extended electrochemical
cycling under various operation conditions. Archer et al. showed
that crystallographic orientation of Li could be maintained with
increasing areal capacities.93 From two-dimensional (2D)
general area X-ray diffraction (XRD) analysis, the Li(110)
peak was dominant after deposition capacity of 5 mAh cm−2.
When more Li was deposited with 10 and 20 mAh cm−2, the
(110) orientation was maintained without the obvious
appearance of other peaks. Li et al. reported a systematic
comparison of Li(110) and (200) on crystallographic
orientation evolution for prolonged cycles.94 It was shown that
Li(110) maintained the (110) peak over 300 cycles at 1 mA
cm−2 with 1 mAh cm−2, whereas Li(200) showed gradual
disappearance of the (200) peak with the appearance of other
facets, such as (110), (211), and (310). Li et al. further explored
the effect of high current densities of 5, 10, and 20 mA cm−2 on
crystallographic orientation of Li growth.95 It was found that the
(110) orientation disappeared with increasing current densities,
indicating uncontrollable crystal growth of Li metal. To resolve
this issue, a low-rate-healing strategy was proposed and
employed, which showed recovery of (110) orientation as well
as electrochemical properties, enabling extended long-term
cycling stability of the Li metal anode.
3.1.2. Surface Effect on Li Crystal Growth. The surface

chemistry of the Li metal also affects its crystal growth. Choi et
al. reported a comparison of pristine Li metal and naked Li metal
obtained after surface treatment with BBr3 to remove native
oxide layers.96 After Li deposition of 1 mAh cm−2 at 1 mA cm−2,
pristine Li metal showed a mossy morphology with only 1.2% Li
phase fraction from SEM and EBSD images (Figure 15a),
whereas naked Li metal showed densely packed deposits with
64.6% Li phase fraction (Figure 15b). For pristine Li metal, the
presence of a native oxide layer induces out-of-plane growth,
resulting in dendritic growth (Figure 15c), while for naked Li
metal, the absence of a native oxide layer induces in-plane

Figure 13. Preferential Li growth direction characterized with cryo-TEM. (a) Schematic of cryo-TEM characterization. TEM images and SAED
patterns of Li metal with (b) ⟨111⟩, (c) ⟨110⟩, and (d) ⟨211⟩ growth directions. (e) Statistics of Li metal growth direction. SEM images of Li metal
showing (f) triangular, (g) hexagonal, and (h) rectangular cross-sectional structures. Reproduced with permission from ref 92. Copyright 2017 The
American Association for the Advancement of Science.
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growth, leading to epitaxial growth (Figure 15d). Similarly,
Ingenito et al. also reported a systematic comparison of Li metal
prepared with conventional extrusion and thermal evapora-
tion.97 The surface passivation layer of the extruded Li showed a
thicker Li2O layer than that of the evaporated Li (hundred
nanometers vs tens of nanometers). This thinner native oxide
layer of evaporated Li resulted in reduced charger transfer
resistance as well as denser Li deposition in both ether and
carbonate electrolytes. These results show that the surface
chemistry of Li metal is crucial even before the electrochemical
process.
The SEI layer, which is formed on the Li metal surface during

the electrochemical process, is the most critical interphase
affecting the Li growth kinetics. With SEI having slow Li+
transport, the slow-growing (110) facet cannot surpass and
cover (200) due to transport limitations, eventually exposing the
(200) facet (Figure 16a).98 On the other hand, with SEI having
fast Li+ transport properties, the (110) facet can surpass and

cover (200), exposing the surface with the (110) facet (Figure
16b). Xiao et al. reported an SEI engineering strategy that
facilitates growth of Li(110) by introducing CF3Si(CH3)3 on the
surface of Li metal. The SEI-engineered Li metal showed a
thinner SEI layer (30.5 nm) consisting of highly ordered
crystalline LiF and Li2O, whereas pristine Li metal showed a
thicker SEI layer (97.2 nm) consisting of an amorphous matrix
with disordered crystalline Li2O and Li2CO3. Due to these
distinct SEI thicknesses and compositions, highly oriented
growth of Li(110) was observed for the SEI-engineered Li metal
and less oriented growth with prominent Li(200) was observed
for the pristine Li metal (Figure 16c).
3.1.3. Li-Alloy Substrates. Surface and bulk diffusion

properties of the Li metal can be modified with Li-alloy
materials. A large variety of materials alloying with Li are
reported to exhibit high lithiophilicity, such as gold (Au),51 silver
(Ag),99−101 Zn,102,103 silicon (Si),104−106 and tin (Sn).107 Of
note, Li−Mg has been reported to form a solid-solution phase

Figure 14. Electrochemical behavior and deposition morphology of single-crystalline Li metal. (a) CCD test of single-crystalline Li metal with (110),
(200), and (211) facets with corresponding migration diffusion barrier in different electrolytes (AFE: all-fluorinated electrolyte, TSE: ternary salt
electrolyte; CCE: commercial carbonate electrolyte). (b) A phase map of predicted deposition morphology in AFE based on reaction rate and self-
diffusion rate. (c) SEM images of Li depositionmorphologies of single-crystalline Li metal anodes at 5mA cm−2 with 10mAh cm−2 in AFE. SEM image
of deposited Li seeds of (d) single-crystalline Li(110) and (e) polycrystalline Li. Inset shows EBSD IPFmap at pristine state. (f) TGC analysis after 50
cycles in AFE. Reproduced with permission from ref 29. Copyright 2025 Springer Nature.
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without any phase changes during electrochemical reactions,
facilitating reaction kinetics and stabilizing structures.108−110 By
utilizing the solid-solution phase of LiMg, Wang et al. reported
single-crystalline (110)-oriented Li0.9Mg0.1.

111 Compared to the
polycrystalline counterpart, single-crystalline LiMg showed
higher Li diffusion coefficient (9.40 × 10−8 vs 3.27 × 10−9 cm2

s−1), resulting in greater grain size of Li deposition. From ex situ

XRD analysis, polycrystalline LiMg showed the appearance and
disappearance of other (200) and (211) peaks during stripping
and plating (Figure 17a), whereas single-crystalline LiMg(110)

maintained (110) peaks during stripping and plating (Figure
17b). This result indicates that careful control of crystal
orientation of highly lithiophilic Li-alloys may still be necessary
for faceted growth of Li metal.
Non-solid-solution-based Li-alloys were also reported to

facilitate the crystal growth of Li metal. Lu et al. reported a facile
fabrication of Li/LiZn and Li2ZnCu3 composite by introducing
Zn into molten Li on Cu substrate (Li/LiZn@Cu) as the
anode.112 From the calculation result, the LiZn(110) facet
showed an ∼0.03 eV lower Li diffusion barrier compared to the
Li(100) facet, facilitating lateral transportation and deposition
of Li. The in situ XRD analysis showed the disappearance of
Li(200) during initial stripping process and appearance of

Figure 15. Pristine Li metal and surface-treated naked Li metal. SEM and EBSD images of the Li deposition of (a) pristine Li metal and (b) naked Li
metal at 1 mA cm−2 with 1 mAh cm−2. Schematics of Li growth mechanism in (c) pristine Li metal with presence of native oxide layer and (d) naked Li
metal without native oxide layer. Reproduced with permission from ref 96. Copyright 2023 Springer Nature.

Figure 16. SEI engineering for crystal growth of the Li metal.
Schematics of Li metal (a) without SEI engineering, resulting in
Li(200) orientation, and (b) with SEI engineering, resulting in Li(110)
orientation. (c) 2D general area XRD analysis of SEI-engineered Li
metal and pristine Li metal after Li deposition at 1mA cm−2 with 5mAh
cm−2. Reproduced with permission from ref 98. Copyright 2023 John
Wiley and Sons.

Figure 17. Li-alloy strategies for preferred crystal growth of Li metal.
Evolution of the XRD patterns during electrochemical stripping and
plating of (a) polycrystalline LiMg and (b) single-crystalline
LiMg(110). Reproduced with permission from ref 111. Copyright
2025 John Wiley and Sons. (c) Evolution of XRD patterns of the Li/
LiZn@Cu anode. Reproduced with permission from ref 112. Copyright
2024 Springer Nature.
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Li(110) during the plating process (Figure 17c). The
mechanism and material selection criteria of the preferential
growth of Li(110) on a Li-alloy substrate were further
elaborated in other works using different Li-alloys. Liu et al.
reported a Li−Li22Sn5 dual-phase alloy anode with a Li(110)
and Li22Sn5(822).

113 The low lattice mismatch (<1%) between
these two facets promoted a preferential growth of Li(110) on
the Li22Sn5(822) surface. Similarly, Chen et al. reported a dual-
phase alloy anode with Li(110) and In3Li13(311) facets, which
showed a low lattice mismatch of 2.2%.114 The combined effects
of high lithiophilic Li-alloy materials and low lattice mismatch of
non-solid-solution-based Li-alloys enabled a preferential depo-
sition of (110)-textured Li metal during electrochemical
operation, which enables dense deposition and stable cycling
performance.
3.2. Li-Free Substrates for Li Crystal Growth
3.2.1. Single-Crystalline Cu Substrate: Facets. A Li-free

(or anode-free) system is of the greatest interest due to its
highest energy density.115,116 A Cu substrate has been widely
used as a current collector to directly deposit Li metal. As the Li
metal anode exhibits different crystallographic orientations, a
commercial Cu substrate is also formed of different crystal
orientations (Figure 18a). Ujihara et al. reported preferential

nucleation and growth of Li metal on different Cu
orientations.117 Specifically, Li nucleation was observed to
occur less on the high-index orientation surface (Figure 18b)
compared to the low-index orientation surface of Cu(111)
(Figure 18c). This nonuniform, preferential Li nucleation could
lead to less dense Li deposition, requiring further understanding
and engineering of Cu substrate to enable uniform deposition.
Mao et al. reported a faceted Cu substrate by electrochemical

modification of a pristine Cu substrate.118 The rough surface of
pristine Cu was modified to a relatively smooth surface with
larger polyhedral crystals with mostly (100) orientation, where
pristine Cu consisted of mostly a (111) orientation. It was found
that Cu(100) has a low lattice mismatch with Li(110), and the
faceted Cu substrate also showed high lithiophilicity with a
lower contact angle with molten Li metal. As a result, the faceted
Cu substrate showed reduced nucleation overpotential and
improved electrochemical performance compared with the
pristine Cu substrate.

Xie et al. also showed that Cu(110) enabled favorable Li
deposition compared to a commercial polycrystalline Cu
substrate.119 The ex situ SEM after Li deposition at various
areal capacities showed a uniform and dense deposition for
Cu(110), whereas preferential island-like deposition along grain
boundaries was observed in polycrystalline Cu. Accordingly, the
single-crystalline Cu(110) showed much lower nucleation
overpotential, higher Coulombic efficiencies, and capacity
retention compared to a polycrystalline Cu substrate.
Although a faceted Cu substrate clearly showed a more

favorable Li deposition compared to a nonfaceted substrate,
which orientation of Cu is most favorable is still unclear. Kim et
al. further reported a systematic comparison of low-index
orientations of Cu substrates.120 The voltage profile during the
early stage of Li deposition showed that Cu(100) had the lowest
nucleation overpotential and highest growth potential compared
with (110) and (111). This indicates that both Li nucleation and
growth weremost favorable onCu(100) compared to other low-
index orientations.
Zheng et al. further conducted a comprehensive MD

simulation of different Cu orientations.121 When the Cu surface
is covered with one layer of Li, the potential energy surface
flattens for Cu(100) and (111) whereas it fluctuates for
Cu(110) (Figure 19a). The increased potential energy variance

indicates that the movement of Li atoms is restricted, which
makes it difficult to form Li(110), the most favorable surface of
Li metal. This is because both Cu(100) and (111) have a low
lattice mismatch with Li(110), but Cu(110) has a high lattice
mismatch with Li(100). When the second and third layers of Li
are further introduced, the potential energy surface remains flat
for Cu(100) and (111) but uneven for Cu(110) (Figure 19b).
As a result, the surface layers of Li atoms onCu(100), (110), and
(111) would follow the structural features of Li(110), (100),
and (110), respectively. Furthermore, a large-scale simulation of
homogeneous deposition on binary combinations of low index

Figure 18. Preferential nucleation and growth of Li on a Cu substrate.
(a) EBSD IPF map of Cu showing polycrystalline orientation. SEM
images after Li deposition with 0.1 mAh cm−2 on areas with a (b) high-
index orientation and (c) low-index Cu(111) orientation. Reproduced
with permission from ref 117. Copyright 2017 American Chemical
Society.

Figure 19. Molecular simulation of the Li surface on different Cu
orientations. Potential energy surface diagram of (a) first Li layer and
(b) second and third Li layers on Cu(100), Cu(110), and Cu(111). (c)
Grain analysis of Li deposition on different binary combinations of
polycrystalline Cu surface. Reproduced with permission from ref 121.
Copyright 2023 John Wiley and Sons.
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Cu facet was conducted (Figure. 19c). It was shown that
deposited Li exhibited no grain boundaries or defects without
Cu(110), which could be a key design consideration of the Cu
substrate for growth of defect-free single-crystalline Li metal.
Although previous works have demonstrated uniform and

dense Li deposition by modifying the crystallographic
orientation of Cu substrates, precise control of Li crystal growth
has not been realized. Lee et al. reported a successful growth of
single-crystalline Li seeds on Cu(111) orientation.60 The
nonuniform Li metal nucleation on polycrystalline Cu led to
dendrite-type seeds that resulted in porous Li deposits (Figure
20a). Single-crystalline Cu(111), on the other hand, yielded
particle-type Li seeds with a rhombic dodecahedron shape, the
most thermodynamically stable polymorph of a body-centered

cubic (BCC) structure (Figure 20b). With increasing Li
deposition, these particle-type seeds coalesced into 2D Li
islands, which further expanded horizontally, eventually forming
a dense, uniform Li deposit (Figure 20c). Li adsorption energy
was calculated on both low-index and high-index orientations of
Cu (Figure 20d,e). Cu(111) showed the lowest adsorption
energy among low-index orientations, whereas the step site of all
high-index orientations showed an even lower adsorption energy
than Cu(111). Li migration barrier was further calculated for
low-index orientations, and Cu(111) showed the near-zero
migration of 0.01 eV with isotropic migration pathways (Figure
20f). These results indicate that Cu(111) not only favors Li
adsorption but also facilitates migration of the Li adatom,
enabling uniform Li deposition. It should be noted that despite

Figure 20. Single-crystalline Cu substrate for particle-type Li seeds. Side-view SEM images of Li deposits with 3.5 mAh cm−2 on (a) polycrystalline Cu
and (b) single-crystalline Cu(111). (c) SEM images of morphological evolution with increasing Li deposition. (d) Schematic showing surface features
of low-index and high-index orientations of Cu. (e) Li adsorption energy on diverse low-index and high-index Cu. (f) Li migration barriers for all low-
index surfaces and motion of Li adatoms computed using an ab initio molecular dynamics (AIMD) simulation. Reproduced with permission from ref
60. Copyright 2024 The Royal Society of Chemistry.

Figure 21. SEI formation on different orientations of Cu. (a) Schematics comparing SEI formation on polycrystalline Cu and single-crystalline
Cu(100). (b) Adsorption energy of TFSI− on different orientations of the Cu substrate. Reproduced with permission from ref 123. Copyright 2024
JohnWiley and Sons. (c) Gibbs free energy diagram of the decomposition reaction of LiFSI to LiF, Li3N, Li2O, and Li2S onCu(111), (200), and (220).
Reproduced with permission from ref 124. Copyright 2025 John Wiley and Sons.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.5c00306
Chem. Rev. 2025, 125, 9332−9381

9344

https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig21&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lower adsorption energies on high-index orientations, their
migration barriers were significantly higher, resulting in
nonuniform Li deposition. Also, the work showed that growth
of rhombic dodecahedral Li seeds on Cu(111) was independent
of different electrolyte chemistries, including dual-salt, ether-
based, localized, highly concentrated, and weakly solvating
electrolytes, indicating the dominant effect of substrate for Li
seed growth.
3.2.2. Single-Crystalline Cu Substrate: SEI. Thermody-

namically, SEI formation occurs prior to Li nucleation due to
reduction of the electrolyte. Thus, it is also important to
understand the electrolyte decomposition behavior on different
orientations of Cu. Ujihara et al. reported SEI formation on
different low-index Cu orientations.122 After one cycle of cyclic
voltammetry (CV), three low-index orientations of Cu were
selected for auger electron spectroscopy (AES) analysis. It
showed that the Cu signal was strong in the order Cu(111),
Cu(001), and Cu(101), which could be indicative of a thinner
SEI layer. X-ray photoelectron spectroscopy (XPS) was further
conducted on single-crystalline Cu substrates after one cycle of
CV. Li 1s spectra showed a relatively small LiF peak, and Cu
2p3/2 showed an obvious Cumetal peak for Cu(111). This result
suggests that the thickness of the SEI layer could be different
depending on the orientations of Cu, indicating preferential
electrolyte decomposition.
Chen et al. reported properties of SEI layers on polycrystalline

Cu and single-crystalline (111) and (100) faceted Cu.123 It was
found that single-crystalline Cu favored to form anion-derived
SEI, resulting in planar growth of Li compared to dendrite
growth for polycrystalline Cu (Figure 21a). The calculation
results suggested that Cu(100) had the highest adsorption
energy for bis(trifluoromethanesulfonyl)imide (TFSI) anion,
indicating more formation of anion-derived SEI (Figure 21b).
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
and Young’s modulus measurements were further conducted to
confirm the distribution of inorganic (LiF2−) and organic
(C2HO−) contents and mechanical property of SEI layers,
respectively. The robust inorganic-rich SEI could maintain
mechanical rigidity during Li plating and stripping compared to
the soft organic-rich SEI, enhancing electrochemical reversibility
and stability. Chen et al. elucidated the decomposition reaction
kinetics involved in inorganic-rich SEI on different orientations
of Cu.124 The Gibbs free energy calculated for decomposition
reactions of lithium bis(fluorosulfonyl)imide (LiFSI) to form
inorganic SEI species, such as Li3N, Li2O, and Li2S, showed that
both Cu(111) and (200) had endothermic reduction steps with
high positive Gibbs free energy barriers, whereas Cu(220) had
entirely spontaneous exothermic reaction with negative Gibbs
free energy, suggesting catalyzing ability of LiFSI decomposition
and inorganic SEI formation (Figure 21c). XPS depth profiling
further confirmed that the SEI layer of the Cu(111)-rich
substrate showed high organic contents, while the Cu(220)-rich
substrate showed high organic on top layer and inorganic on
bottom layer. These results show that not only Li deposition but
also SEI formation could significantly vary depending on
different Cu orientations, which requires further systematic
studies for different electrolyte chemistries.
3.2.3. Other Substrates. While modifying the crystallo-

graphic orientation of Cu substrates effectively demonstrated
improved cycling stability of Li plating and stripping, the
orientations are limited to (100), (110), and (111) for low-index
Cu facets. A research trend has been further extended to
exploring other types of substrates to control the crystal growth

of Li metal. Wei et al. demonstrated growth of Li along (110)
orientation by using a reduced graphene oxide (rGO) template
(Figure 22a).125 The length of two carbon hexagons (4.92 Å)

along the graphene zigzag direction matched well with that of
two Li atoms along the (110) plane (4.96 Å), yielding a low
lattice mismatch of 0.8% (Figure 22b). This low lattice
mismatch between Li(110) and graphene minimized the
interfacial free energy barrier, as discussed in Section 2.3.2. As
a result, Li deposits showed dense, planar growth at areal
capacities of 1 and 5 mAh cm−2 (Figure 22c,d). Additionally,
from XRD analysis, Li deposited on rGO substrate showed a
higher relative intensity ratio of (110)/(200) compared to that
of pristine Cu substrate (34.1 vs 7.63), indicating more oriented
growth of Li metal.
Liu et al. demonstrated a growth of single-crystalline Li seeds

on a lithiophobic FeF3-coated substrate.126 The FeF3 layer
converted into Fe and LiF upon electrochemical cycling, in
which Fe nanodomains served as a homogeneous nucleation site
and LiF promoted fast Li diffusion (Figure 23a). The growth of
crystalline Li seeds was observed even at a low current density of
0.5 mA cm−2 (Figure 23b). High-angle annular dark-field
(HAADF) TEM image with energy dispersive spectroscopy
(EDS) mapping of C, O, F, S, and N also confirmed a thin,
conformal SEI layer on the Li crystal (Figure 23c). 3D cryo-
TEM tomography further showed a nearly elongated hexagonal
bipyramidal shape of a Li crystal, which had all low-energy (110)
facets (Figure 23d). The resulting single-crystalline Li seeds
enabled much dense Li deposition compared to typical Cu
current collectors, thereby achieving improved cycling perform-
ance. Song et al. reported oriented growth of Li metal on a LaF3-
coated substrate.127 Similar to FeF3, LaF3 converted to La and
LiF but La worked as a dopant in Li metal, which changed the
preferred growth orientation from (110) to (200). It was shown

Figure 22.Growth of planar Li metal on the rGO substrate. Schematics
showing (a) Li growth process on rGO and (b) lattice direction and
mismatch of rGO with Li metal. SEM images of deposited Li with (c) 1
mAh cm−2 and (d) 5 mAh cm−2. Reproduced with permission from ref
125. Copyright 2020 John Wiley and Sons.
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from surface energy calculation that Li95La had the lowest
surface energy on the (200) orientation (19.0564 meV Å−2),
whereas pristine Li had the lowest surface energy on the (110)
orientation (30.9019 meV Å−2). The lower surface energy by La
doping enabled growth of Li metal with (200) orientation,
enabling a dense Li deposition and extended cycling life
compared to the pristine Cu substrate.
Although many materials have been explored as nucleation

sites for Li deposition, tuning the size and density of the
nucleation sites is challenging. Liu et al. further demonstrated
that the spatial distribution of nucleation sites could be finely
tuned by different carbon materials and carbon concentrations
in the polymer composite.128 It was discovered that defects on
carbon materials could act as effective nucleation sites for the
crystal growth of Li metal (Figure 24a). Raman spectra showed
intensity ratios of the D band to G band (ID/IG), also known as
defect ratios (Figure 24b). The defect ratio increased in the
order of graphite, graphene, super P (SP), ketjen black (KB),
and carbon nanotube (CNT), with values of 0.33, 0.88, 1.01,
1.25, and 1.29, respectively. Interestingly, the size of Li seeds
decreased with increasing defect ratio, where Li deposited on SP,
KB, and CNT showed a similar morphology to single-crystalline
Li particles as previously reported (Figure 24c). Using KB as a
model carbon material, the effects of defect ratio and carbon
ratio as well as the nucleation mechanism on defect sites were
also investigated. Consequently, a KB−polymer composite
enabled dense Li deposition and extended cycling life compared
to a SP−polymer composite or commercial Li metal in both half
cells and full cells.
3.3. Effect of Operation Conditions

3.3.1. Current Density. In addition to cell design
parameters, different operation conditions were investigated
for the crystal growth of Li metal. Overpotential directly affects
the size and density of nuclei as discussed in Section 2.3.1, and
current density is the most common operation parameter
affecting overpotential in typical galvanostatic cycling. Cui et al.
elucidated the correlation between overpotential and nuclei size
and number density.64 It was found that the nuclei size is linearly

proportional to the inverse of nucleation overpotential, and the
number density of nuclei is proportional to the cubic power of
the nucleation overpotential. In other words, with increasing
current densities, smaller and more Li seeds were formed in the
early nucleation stage. Although high current density enabled
uniform and sparse distribution of Li seed layers, further
increasing the areal capacity resulted in deposition of porous
seeds instead of dense deposits. A strategy of applying a short
high current density (10 mA cm−2 at 0.02 mAh cm−2) was
proposed to form uniform Li seed layers before the desired

Figure 23. Growth of single-crystalline Li seeds on a lithiophobic FeF3 substrate. (a) Schematic showing Li nucleation and growth mechanisms. (b)
SEM images of Li deposited at 0.5 mA cm−2 with 0.1 mAh cm−2. (c) HAADF image with EDS maps and (d) 3D cryo-TEM tomography of hexagonal-
shaped single-crystalline Li metal. Reproduced with permission from ref 126. Copyright 2023 Springer Nature.

Figure 24. Growth of crystalline Li seeds on carbon defects. (a)
Schematic showing Li nucleation on a carbon−polymer composite
substrate. (b) Raman spectra of carbon materials with different D band
to G band intensity ratios. (c) Corresponding SEM images of deposited
Li seeds at 3mA cm−2 with 0.1 mAh cm−2. Reproduced with permission
from ref 128. Copyright 2024 American Chemical Society.
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cycling current density, which alleviated the nucleation
overpotential.
Li et al. further carried out the current density effect to grow

single-crystalline Li metal under an ultrahigh current density of
1000 mA cm−2.129 In the high current density regime, the
common morphology dependence on electrolyte chemistry
disappeared due to the outpaced formation of the SEI, resulting
in the deposition of single-crystalline Li particles (Figure 25a).
Li particles showed a rhombic dodecahedra shape consisting of
only (110) facet exposed surfaces (Figure 25b). Despite the
facile formation of single-crystalline Li particles by simply
increasing the current density, these particles exhibited poor
contact with the current collector and could not be fully stripped
(Figure 25c). To take full advantage of single-crystalline Li
seeds, a pulse-based charging protocol was demonstrated that
showed improved cyclability compared to the standard charging
protocol (Figure 25d).130

3.3.2. Temperature. Temperature is another controllable
operation condition in practical battery cycling. Cui et al.
reported a temperature dependence of Li nucleation.65 The
nucleation overpotential increased with lowering temperature as
similarly observed with increasing current density.64 Con-
sequently, distinct Li particles were observed at low temper-
atures from−20 to 0 °C (Figure 26a−c). These particles started
to merge at moderate temperatures from 10 to 30 °C (Figure
26d−f), and distinct merged islands were formed at high
temperatures from 40 to 60 °C (Figure 26g−i). Despite the
uniform seed formation at low temperatures, it was concluded
that higher temperatures resulted in more stable cycling due to a
more ordered multilayered structure of the SEI and reduced
surface area that avoided unwanted side reactions of the
electrolyte. Therefore, high temperatures assist the coalescence
of Li metal during the growth process, minimizing surface area
and enabling dense deposits. At low temperatures, on the other

Figure 25. Current density effects on growth of single-crystalline Li metal. (a) Schematic showing electrolyte-independent behavior of single-
crystalline Li metal growth under ultrahigh current density. (b) SEM images showing single-crystalline Li metal particles in different electrolyte
systems. (c) Cryo-TEM images of a deposited and stripped Li particle showing poor contact with the Cu substrate. Reproduced with permission from
ref 129. Copyright 2023 Springer Nature. (d) Voltage profiles of Li||NCM full cell with pulse charging and standard charging protocols. Reproduced
with permission from ref 130. Copyright 2022 American Chemical Society.
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hand, electrolyte engineering was found be effective for dense
deposition and improved electrochemical reversibility.131−137

Koratkar et al. further showed that high temperatures could
facilitate the healing of Li dendrites.138 The migration mass flow
rate of Li atoms showed that the surface diffusion of Li is strongly
temperature-dependent and dramatically increases above 40 °C
(Figure 26j). This behavior is very similar to the Ostwald
ripening discussed in Section 2.2.2, where the chemical potential
difference serves as a driving force for surface migration. The
MD simulation also showed the merging of two Li dendrite
particles after annealing at∼80 °C for∼50 ps (Figure 26k). The
experimental results confirmed the merging of Li dendrite

particles after thermal annealing of Li dendrites at ∼70 °C for 3
days in an Ar environment (Figure 26l). These results show that
high temperatures are more favorable during the growth process
of Li deposition.
3.3.3. Pressure. Pressurization is important to maintaining

electrical contact between the electrode active materials and
current collectors. Meng et al. reported that stack pressure
directly affects the growth morphology of Li metal.74 Without
pressure, Li grew freely in a vertical direction perpendicular to
the current collector, forming whisker-shaped Li deposits
(Figure 27a). With pressure, Li grew in a lateral direction
along with the current collector, forming dense Li deposits

Figure 26. Temperature effects on the nucleation and growth of Li metal. SEM images of Li deposited at (a)−20 °C, (b)−10 °C, (c) 0 °C, (d) 10 °C,
(e) 20 °C, (f) 30 °C, (g) 40 °C, (h) 50 °C, and (i) 60 °C at 0.25 mA cm−2 with 0.15 mAh cm−2. Reproduced with permission from ref 65. Copyright
2019 Springer Nature. (j) Migration mass flow rate of Li atoms as a function of temperature predicted with MD. (k) MD simulation of Li dendrite
particles at the initial state and after∼50 ps at∼80 °C. (l) SEM images of Li dendrites before and after thermal annealing at∼70 °C for 3 days in an Ar
environment. Reproduced with permission from ref 138. Copyright 2018 American Association for the Advancement of Science.

Figure 27. Pressure effects on the growth of Li metal. Schematics showing growth of Li metal (a) without and (b) with pressure. (c) Cyro-FIB-SEM
images of Li deposited at 70, 140, 210, and 250 kPa at 2 mA cm−2 with 0.333 mAh cm−2. Reproduced with permission from ref 74. Copyright 2021
Springer Nature. (d) SEM image and (e) IPF map of Li deposited without pressure at 5 mA cm−2 with 20 mAh cm−2. (f) SEM image and (g) IPF map
of Li deposited with a 500 kPa pressure at 5 mA cm−2 with 20 mAh cm−2. Reproduced with permission from ref 139. Copyright 2023 Elsevier.
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(Figure 27b). Cryogenic focused ion beam-SEM (Cryo-FIB-
SEM) was utilized on Li metal deposited at uniaxial pressures of
70, 140, 210, and 350 kPa (Figure 27c). It showed that dendritic
Li metal with a high surface area was formed at a low pressure of
70 kPa, whereas dense Li metal with minimal surface area was
formed at a high pressure of 350 kPa.
Hu et al. further reported the effect of pressurization on the

crystal orientation of Li metal.139 Without pressure, Li deposits
with a small grain size were formed (Figure 27d), which showed
a dominant (100) orientation from the IPF map (Figure 27e), a
typical indication of dendrite growth. With a pressure of 500
kPa, Li deposits showed larger grain size with the evidence of
merging (Figure 27f), and the IPF map also showed a
disappearance of the (100) orientation and appearance of
(112) and (110) orientations (Figure 27g). These results
indicate that pressure affects not only morphology, but also the
growth orientation of Li metal deposition.
3.4. Impact of Electrolyte Systems on Li Crystal Growth

3.4.1. Liquid Electrolyte. In a liquid system, the electrolyte
is the most critical factor determining the cyclability of the Li
metal anode. Cui et al. reported different crystallographic
textures of Li metal depending on different electrolytes.140

Compared to commercial Li foil, Li deposited in the EC/diethyl
carbonate (DEC) 1 M LiPF6 electrolyte showed a rough surface
from SEM images (Figure 28a,b). The difference was also
observed in pole-figure analysis, where Li deposited in EC/DEC
electrolyte showed a broad intensity distribution, indicating that
the texture is not clearly pronounced. On the other hand, Li
deposited in dioxlane (DOL)/dimethoxyethane (DME) (1 M

LiTFSI with 1% LiNO3) and sulfur catholyte electrolytes (5 M
S8 in DOL/DME 1 M LiTFSI with 1% LiNO3) showed denser,
round-shaped Li deposits from SEM images (Figure 28c,d). The
pole-figure maps also showed strong (110) intensity in the
center, indicating a high (110) orientation of Li deposits.
It has been widely reported that the liquid electrolyte directly

affects the SEI composition, and thus the microstructure and
cycling stability of Li metal anode.75,141−144 Despite different
electrolyte design strategies such as salt concentrations145,146

and solvation structures147−149 to improve the performance of
Li metal anode, there has been a lack of studies on the crystal
growth of Li metal depending on electrolyte chemistries. Since
almost all electrolytes get reduced toward Li metal,150,151

decoupling the effects of the SEI and crystal orientation remains
challenging across different electrolyte systems. Previous works
on substrate60 and current density129 strategies showed
negligible dependence of electrolyte systems on the growth of
single-crystalline Li seeds.
Recently, Liu et al. reported the effects of different electrolyte

chemistries and substrates on nucleation and growth of single-
crystalline Li seeds.152 As illustrated in Figure 28e, distinct Li
nucleation morphologies were observed for electrolyte
systems�a localized high-concentration electrolyte (LDME),
an all-fluorinated carbonate electrolyte (All F), a dilute ether
electrolyte with LiNO3 additive (DOLDME), and a fluorine-free
carbonate electrolyte (F-Free)�on Cu and Ni/LiF nano-
composite substrates. To be specific, LDME and All F
electrolytes showed substrate-controlled nucleation, where the
nucleation process is not limited by SEI transport and charge-
transfer reaction but the Li nuclei formation and interfacial

Figure 28. Liquid electrolyte effects on the crystal growth of Li metal. SEM image and pole-figures of Li(110) and (200) of (a) commercial Li foil, Li
deposited in (b) EC/DEC 1MLiPF6, (c) DOL/DME1MLiTFSI with 1%LiNO3, and (d) sulfur catholyte 5MS8 inDOL/DME 1MLiTFSI with 1%
LiNO3. Reproduced with permission from ref 140. Copyright 2017National Academy of Sciences. (e) Schematics showing distinct morphologies of Li
crystal seeds with different electrolyte systems on Cu and Ni/LiF nanocomposite substrates. (f) Substrate-controlled nucleation and SEI-controlled
nucleation depending on electrolyte chemistry. Reproduced with permission from ref 152. Copyright 2025 Springer Nature.
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transport of the substrate (Figure 28f). On the other hand,
DOLDME and F-Free electrolyte showed SEI-controlled
nucleation, in which the nucleation process is limited by the
through-plane lithium transport of the SEI and charge-transfer

reaction due to organic-rich SEI. Upon continuous deposition
on Ni/LiF substrate with a fast Li surface transport, LDME and
All F electrolytes showed Li nucleation on the original seed
layers, forming well-connected deposit structure, whereas

Figure 29.Growth and characterization of Li metal in SSBs. (a) Schematic showing the characterization procedure of probing the crystal orientation of
Li metal in SSBs. Reproduced with permission from ref 157. Copyright 2024 Springer Nature. Cross-sectional IPF maps of (b) different SSB systems,
(c) Li deposited at different current densities with 1 mAh cm−2, and (d) Li deposited at different areal capacities at 100 μA cm−2. Reproduced with
permission from ref 158. Copyright 2024 John Wiley and Sons.

Figure 30.Computational studies on the growth of Li metal in SSBs. (a) Phase map showing the phase-field prediction of Li grain selection growth in
liquid and solid systems. Reproduced with permission from ref 160. Copyright 2025 Elsevier. (b) Schematic showing multiple-step pathways of Li
crystallization in SSBs. (c) Transition steps of HCP or FCC configuration to BCC configuration. Reproduced with permission from ref 161. Copyright
2023 Springer Nature.
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DOLDME and F-free electrolytes showed a new layer of Li
crystal nucleation, leading to poorly connected layer-by-layer
structure. This work elucidates the Li crystal nucleation modes
by uncovering the effects of Li−substrate and Li−SEI interfaces
on nucleation, highlighting the importance of electrolytes with
favorable SEI composition for fast charge-transfer and substrates
with fast Li adatom transport for stable and uniform nucleation.
3.4.2. Solid Electrolyte. Recently, solid-state batteries

(SSBs) have emerged as a next-generation battery system due
to their improved safety features compared to the conventional
liquid system.153−156 The Li metal SSB has also been a research
focus due to its high energy density. However, due to the
intrinsic nature of a buried interface unlike the liquid system,
characterizing crystal orientation or even the morphology of the
Li anode is challenging. Janek et al. reported a characterization
procedure for imaging the crystal structure of Li metal in SSB
using EBSD.157 After a cell is assembled and cycled, FIB and
EBSD are conducted under cryogenic conditions to minimize
chemical reactivity and beam damage (Figure 29a). This
method is applicable to various SSB systems such as a Li
metal anode using argyrodite-type Li6PS5Cl (LPSCl) or oxide-
type Li7La3Zr2O12 (LLZO) solid electrolytes, and even a SSB
using a Na metal anode (Figure 29b). Using this method, Janek
et al. further investigated the effects of current density and areal
capacity in anode-free Li SSB.158 Unlike the liquid system, in
which a high current density was reported to induce small grains
of Li deposition, no clear correlation was observed for the solid
system (Figure 29c). Interestingly, the grain size of deposited Li
metal increased with increasing areal capacity (Figure 29d). This
suggests that Li growth and crystallization mechanisms could be
entirely different for solid electrolytes compared to those for
liquid electrolytes. Additionally, the same group recently
showed that Li crystal orientations and grain sizes differed
significantly in the presence of various alloy materials (Au, Ag,
Bi) as an interlayer, highlighting potential strategies to control
crystal growth in SSB systems.159

Meng et al. reported a study predicting the grain selection of
Li metal in a solid electrolyte compared to in a liquid
electrolyte.160 The grain selection of Li growth was illustrated
in liquid and solid systems using the phase-field prediction
(Figure 30a). With lower pressure applied, the liquid system
would favor a strain-energy-minimizing texture of (101) that
exhibits the lowest Li diffusion barrier (0.02 eV). On the other
hand, with higher pressure applied, the solid system would favor
a surface-energy-minimizing texture of (001) that exhibits the
lowest surface energy. This thermodynamic consistent model
was further confirmed with experimental results from FIB-
EBSD, which showed more (001) orientation of Li metal in the
solid system. Accordingly, amorphous Si as an interfacial layer
was proposed for the growth of the (101) oriented Li metal.
While the Li deposition process can be described by classical

nucleation theory in a liquid electrolyte, the crystallization
pathways are hardly understood in a solid electrolyte. Mo et al.
further reported MD simulations on how Li metal crystallizes at
the interfaces with a solid electrolyte.161 It was found that Li
crystallization is energetically favorable in multiple-step path-
ways, where disordered Li is formed from Li+ in a solid
electrolyte that undergoes an intermediate state of a random
mixture of hexagonal close-packed (HCP) and face-center cubic
(FCC) before formation of a BCC configuration (Figure 30b).
To be specific, HCP-Li or FCC-Li shrinks and elongates to
move atoms to form BCC-Li (Figure 30c). This multiple-step
pathway follows Ostwald’s step rule, which suggests that the

higher energy intermediate phase forms first before the
thermodynamically stable phase. Mo et al. also reported
comprehensive computational works on the atomistic under-
standing of the interfacial layer of solid-electrolyte and Li
metal.162,163

In summary, after intense research efforts to stabilize and
control the deposition of a Li metal anode, recent studies have
reached a level of controlling the crystallographic orientation of
the Li deposit. Novel strategies on substrate texture and
chemistry, operating conditions, and electrolyte systems have
shown effective control of growth of Li crystals, advancing
toward a stable and high-energy density application of Li metal
anodes.

4. ZN METAL ANODE
Li batteries face challenges in long-duration energy storage due
to safety concerns, high costs, and limited resources. Meanwhile,
commercial aqueous rechargeable batteries (e.g., lead-acid) fail
to meet the necessary scale and cost requirements for extended
storage. To address these issues, the development of
rechargeable aqueous batteries has drawn much attention. Zn
metal, with high theoretical gravimetric and volumetric
capacities (820 mAh g−1 and 5855 mAh cm−3, respectively) is
an ideal anode due to its affordability, environmental friend-
liness, relative safety, and rich abundance.164,165

Even though the Zn metal anode can undergo reversible
electroplating/stripping reactions in acidic aqueous electrolytes,
several scientific gaps still hinder the practical application of Zn-
based aqueous batteries. To be specific, three main challenges
for metallic Zn anodes are (1) dendritic formation due to
unregulated Zn deposition behavior; (2) corrosion arising in
acidic electrolyte systems; and (3) the undesired hydrogen
evolution reaction (HER). In this section, we summarize the
recent works mitigating the above issues using crystallographic
engineering, with a focus on elucidating how those strategies
control the nucleation and growth of Zn during the electro-
deposition process.166,167

4.1. Epitaxial Zn Growth on Textured Interlayer

The epitaxial electrodeposition process, where a thin-film
electrodeposit forms a coherent or semicoherent lattice interface
with the substrate, is widely used in semiconductors. The single-
crystalline new phase (epilayer) exhibits a correlated orientation
in relation to the substrate and low residual stresses. The
strongest orientation correlations are achieved through directed
nucleation and growth of the epilayer on a substrate that
imposes minimal lattice strain. In 2019, Archer’s pioneering
work first realized Zn epitaxial growth on aligned graphene
coatings over a stainless-steel substrate.168 A semicoherent
interface was formed considering that the lattice mismatch
between graphene and Zn(002) is about 7% and thus enabled an
energetically favorable Zn epitaxial deposition (Figure 31).
Inspired by this work, substrates with a low lattice misfit with Zn
are widely explored. Other 2D carbon materials, for example, N-
doped graphene oxide (GO),169 zeolitic imidazolate framework
(ZIF-8) modified GO,170 and N/O codoped carbon,171 are all
suggested to facilitate an oriented Zn(002) deposition.
Transition metal carbides/nitrides (MXenes) are an alter-

native. Zhi et al. proposed the synthesis of a composite anode
using flexible MXene flakes and Zn powders.172 Their research
suggests that the lattice mismatch between Ti3C2Tx and
Zn(002) is 10%. The semicoherent interface enabled a uniform
Zn deposition while establishing a consecutive electronic
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transport channel to avoid electrical contact loss of Zn powders.
Liu et al. reported Sn-modified Ti3C2Cl2 MXene.173 Besides the
coherent MXene/Zn interface, Sn with high Zn-affinity also
supplied low nucleation overpotential, excellent Zn affinity, and
high conductivity, while -Cl terminations showed strong
interaction with Zn atoms, resulting in a lower surface energy
on the Zn(002) planes.
Beyond these, Guo et al. utilized 2D fluorinated covalent

organic frameworks (FCOF), considering that F atoms in the
FCOF film demonstrate the strongest interaction with the (002)
crystal planes of Zn.174 Luo et al. proposed the fabrication of a
single-layer 1T-vanadium diselenide (1T-VSe2) film on
graphene.175 The film was subsequently employed as a
zincophilic template for Zn epitaxial electrodeposition, as the
in-plane lattice constant of VSe2 (2.6 Å) is very close to that of
Zn(002) of 2.67 Å. Alshareef et al. proposed MoS2 as the
substrate to study Zn metal deposition behavior due to their
similar lattice structures.176 They confirmed that the edge of
MoS2 exhibited a Zn-deposition-inducing effect much stronger
than that of the basal plane. In contrast, when deposited on
MoS2 free of edges, the Zn film grew epitaxially with a high
degree of orientation in both the in-plane and out-of-plane.
However, when employing 2Dmaterials, the number of layers

also has a significant influence on the electrochemistry and
crystallographic orientation of electrodeposited Zn.177 The
presence of different layer numbers of graphene was found to
alter electrochemical signatures during electrodeposition
(Figure 32a-c). Density functional theory (DFT) calculations
revealed electronic interactions between the substrate and
deposit through 1- and 2-layer graphene, but inhibited charge
transfer capability through 3-layer graphene. Similarly, Sun et al.
found that multilayer graphene film could not render the
desirable Zn(002) epitaxial texture, whereas the breakage during
the transfer process unexpectedly created a unique pinhole
deposition mode that facilitated the formation of smooth
deposition layers over monolayer graphene (Figure 32d).178

However, for single-layer 2D materials, it can be challenging
to withstand the volume change during the repeated Zn plating-
stripping process, especially under high areal capacity or
extended cycling conditions. Additionally, voids could be
generated during the Zn stripping process, which might induce
strains and inhomogeneity at the interface.179 Therefore,
significant efforts have been made toward interlayer designs
involving inorganic/organic materials.
For the Zn-containing alloy interlayer design, Yang et al.

introduced a 3D Cu−In alloy heterogeneous interface on Zn by

a chemical substitution method. The as-fabricated Cu−In
interlayer possessed an anti-HER capability of In and the Zn-
affinity of Cu, resulting in a preferred Zn(002) deposition with
mitigated side reactions.180 Huang et al. proposed the
fabrication of an interfacial lattice locking layer by electro-
codepositing Zn and Cu, forming a CuZn5 alloy layer onto the
Zn electrodes, with a low lattice mismatch of 3.6% with Zn(002)
crystal plane.179 The alloy interlayer selectively locked the lattice
orientation of Zn deposits, enabling the epitaxial growth of Zn
deposits layer by layer. Sun et al. performed surface selenation
on Zn foil via chemical vapor deposition (CVD).181 A Zn−Se
alloy layer was in situ formed, creating a semicoherent interface
(≈13%) with Zn and guiding the Zn deposition along the (002)
plane. Similarly, alloys like ZnTe182 and AgZn3

183 were also
suggested to facilitate dense Zn growth due to their favored
binding energy with the Zn(002) plane.
Besides alloys, metal nitrides,184,185 polymers,186−188 nano-

fluids,189 and Prussian blue analogues190 were also explored to
serve as interlayers for Zn(002) growth. To serve as an
interlayer, the material should exhibit not only a matched lattice
structure but also physicochemical properties like electrical
conductivity, ionic conductivity, and corrosion resistance, which
are crucial in stabilizing the Zn anode during the repeated
electroplating/stripping process.
4.2. Zn Growth on Single-Crystalline Substrates
4.2.1. Single-Crystalline Zn Substrate. Since Zn

deposition on Zn forms a fully coherent interface with zero
lattice mismatch, nucleation on a single-crystalline Zn substrate
requires minimal energy to overcome the barrier. Building upon
this, Liang et al. demonstrated that exposing the preferred (002)
crystal plane on the Zn anode surface enhances both stability
and reversibility.191 The lateral growth of Zn helps suppress side
reactions, because the (002) plane strongly retains Zn atoms and
possesses a high free energy barrier for hydrogen evolution.
Moreover, a regulated structure was achieved due to the
homogeneous interfacial charge distribution and preferred
adsorption in the parallel direction, making it an ideal surface
for long-term cycling stability.
Robertson et al. further addressed the dendrite issue using

single-crystalline Zn(002).192 Through SEM analysis, they
revealed that Zn deposited on polycrystalline Zn formed

Figure 31. Epitaxial Zn growth on the textured interlayer. SEM images
of Zn deposited on graphene-coated stainless steel with deposition
times of (a,b) 40 s, (c,d) 2 min, and (e,f) 12 min. Reproduced with
permission from ref 168. Copyright 2019 The American Association for
the Advancement of Science.

Figure 32. Distinct Zn deposition morphology on 2D materials with
different numbers of layers. SEM images of Zn electrodeposited on (a)
1-layer graphene, (b) 2-layer graphene, (c) 3-layer graphene.
Reproduced with permission from ref 177. Copyright 2024 American
Chemical Society. (d) Schematic of different Zn deposition modes on
employing few-layer and single-layer graphene film. Reproduced with
permission from ref 178. Copyright 2024 John Wiley and Sons.
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randomly oriented flaky structures that extended outward from
the electrode surface (Figure 33a,b). These irregular morphol-

ogies contributed to severe roughening and inhomogeneity of
the electrode, which in turn promoted dendritic growth during
subsequent cycling. In stark contrast, Zn plated on single-
crystalline Zn electrodes formed smooth, flat hexagonal islands,
all exhibiting the same rotational alignment (Figure 33c,d). This
difference in morphology, confirmed by atomic force micros-
copy (AFM) analysis (Figure 33e,f), suggests that single-

crystalline Zn offers a more controlled and uniform deposition
process, which is essential for maintaining electrode integrity
over extended charge−discharge cycles.
More recently, Jiang et al. demonstrated that Zn deposition on

single-crystalline Zn follows a step-edge guided homoepitaxy
pattern, enabling layer-by-layer Zn plating and stripping with
minimal side reactions regardless of local anisotropy.193 Their
study revealed that polycrystalline Zn tended to deposit as
hexagonal platelets only when the system exceeded mass
transport limitations (>100 mA cm−2). However, even at
these ultrahigh currents, voids and dendrites persisted, leading
to incomplete stripping during cycling. In contrast, Zn
deposition on single-crystalline Zn exhibited a distinct
morphological transition, consistently forming ordered hex-
agonal Zn platelets across a wide current density range from 0.1
mA cm−2 to 100 mA cm−2. This transition was driven by the
increased adsorption energy of Zn adatoms at step edges
compared to that of terraces, which made edge nucleation more
energetically favorable. Consequently, subsequent crystal
growth followed a highly organized pattern, allowing adjacent
domains to coalesce seamlessly and form uniform Zn layers.
However, some research suggests that Zn(002) may not be

the optimal choice for Zn deposition, particularly at high areal
capacities. Zhang et al. found that while Zn(002) performed well
at low areal capacities, its cycling stability deteriorated at higher
deposition levels due to the accumulation of lattice mismatch
and an increasingly uneven electric field distribution.194 These
factors ultimately led to cycle failure. In contrast, their study
demonstrated that the Zn(101) anode enabled continuous and
stable electroepitaxy, ensuring reliable cycling performance,
even under high deposition capacities (Figure 34).
It is important to clarify that the so-called “single-crystalline

Zn” is not strictly single crystals. In most studies, the as-formed
single-crystalline Zn exhibits single-crystalline characteristics at
the particle scale; however, grain boundaries remain essential
structural units connecting individual grains. These grain
boundaries have a significant influence on Zn deposition
behavior, as intercrystalline regions are generally more reactive
than intracrystalline regions. The increased reactivity of

Figure 33. Comparison of polycrystalline and single-crystalline
Zn(002). SEM images of Zn electroplated on (a,b) polycrystalline Zn
and (c,d) single-crystalline Zn(002). AFM surface profiles of zinc
plated on (e) polycrystalline Zn and (f) single-crystalline Zn.
Reproduced with permission from ref 192. Copyright 2022 John
Wiley and Sons.

Figure 34. Zn(101) single-crystalline anode as an alternative to Zn(002). (a−d) SEM images of progressive Zn deposition on Zn(101) anode. (e)
Voltage−capacity profile of Zn electrodeposition on Zn(002) and Zn(101). White light interferometer 3D height images of postcycled (f) Zn(002)
and (g) Zn(101). Reproduced with permission from ref 194. Copyright 2024 John Wiley and Sons.
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intercrystalline regions can lead to undesirable preferential Zn
deposition and side reactions, ultimately compromising
electrode performance. To address this issue, Zhao et al.
proposed a grain boundary engineering strategy to modify the
intercrystalline regions in (002)-textured Zn by introducing In
metal as a grain boundary filler.195 The infusion of In metal into
Zn grains effectively suppressed intergranular Zn issues, greatly
enhancing the stability of the Zn electrodes during battery
operation. Similarly, Zhou et al. tailored the grain boundaries of
polycrystalline Zn using a Zn−Ti alloy, which resulted in a
significantly improved full cell performance.196

4.2.2. Single-Crystalline Cu Substrate. Due to its strong
affinity for Zn, Cu has been extensively studied as a substrate for
Zn deposition. Among various forms of Cu, single-crystalline Cu
has demonstrated superior performance over polycrystalline Cu
due to its higher homogeneity and better lattice compatibility.
These qualities facilitate more uniform Zn deposition, reducing
the likelihood of irregular growth, mitigating side reactions, and
enhancing the overall electrochemical stability.
Sun et al. investigated the Zn deposition behavior on single-

crystalline Cu(111) substrates prepared with a scalable
fabrication method.197 Their findings revealed that Zn
deposition exhibited a strong preference for the (002)
orientation in which uniform hexagonal Zn plates were formed

rapidly on Cu(111). In contrast, Zn deposition on polycrystal-
line Cu tended to nucleate along grain boundaries and
accumulate on surface ridges, leading to an uneven morphology
and increased susceptibility to dendrite formation (Figure 35).
The study suggested that Cu(111) exhibited a negligible
nucleation energy barrier for Zn(002) deposition due to the
low interfacial free energy associated with the coherent interface
between Zn(002) and Cu(111). Liang et al. explored the
potential of leveraging Cu(111) facets in nanostructured
substrates, specifically Cu nanowires, to guide Zn deposition.198

The minimum lattice mismatch between Cu(111) and Zn(002)
reinforced the advantages of using highly ordered single-
crystalline substrates for achieving controlled and reversible
Zn plating and stripping.
However, the debate over the optimal Cu facet for Zn

deposition remains unresolved, as different studies present
varying perspectives on the most favorable crystallographic
orientation of the Cu substrate. Wang et al. demonstrated that
single-crystalline Cu(220) effectively facilitated Zn(002)
deposition, suggesting that (220)-oriented Cu provides a viable
alternative for achieving stable Zn plating.199 Meanwhile, Zeng
et al. proposed that underpotential Zn deposition occurred
preferentially on Cu(100), where the as-formed metallic Zn

Figure 35. Comparison of polycrystalline Cu and single-crystalline Cu. SEM images of Zn electrodeposited on (a) single-crystalline Cu and (b)
polycrystalline Cu. (c) Grazing incidence small-angle X-ray scattering (GIWAXS) pattern of Zn on Cu(111) after 10 s of deposition. Reproduced with
permission from ref 197. Copyright 2023 John Wiley and Sons.

Figure 36. Distinct Zn deposition morphology on single-crystalline Cu substrates with different facets. Schematics and SEM images of
electrodeposited Zn onto (a,b) Cu(100), (c,d) Cu(110), (e,f) Cu(111), and (g,h) polycrystalline Cu at 10 mA cm−2 with 1 mAh cm−2. Reproduced
with permission from ref 30. Copyright 2025 American Chemical Society.
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monolayers served as nucleation sites for subsequent Zn
growth.200

Most recently, Cui et al. conducted a comprehensive study on
all three distinct single-crystalline Cu facets to systematically
evaluate their influence on Zn plating behavior (Figure 36).30

While all single-crystalline Cu substrates demonstrated superior
performance compared with polycrystalline Cu, the morphology
and orientation of the deposited Zn varied depending on the
crystallographic orientation of the Cu substrate. On Cu(100),
hexagonal Zn flakes aligned perpendicularly, but their slanted
orientation resulted in a slightly uneven surface. In contrast, Zn
deposition on Cu(110) and Cu(111) produced flatter surfaces
with more uniform orientation�Zn aligned parallel to
Cu(111), whereas it was uniformly slanted on Cu(110). A
detailed analysis of the crystallinity relationship between
electrodeposited Zn and Cu revealed that Cu(111) offered the
most favorable conditions for Zn diffusion and epitaxial growth.
4.3. Electrolyte Engineering

As discussed earlier, according to Young’s eq (eq 7), the
expression of the contact angle is given as

=cos se sn

ne (7a)

For Zn-oriented deposition on textured substrates, the
interfacial energy between the substrate and the metal nucleus
is altered. When forming a coherent or semicoherent interface,
γsn decreases, leading to a reduction in the contact angle and,
consequently, a lower nucleation energy barrier. Similarly, the
contact angle can be further minimized by reducing the
interfacial energy between the electrolyte and the metal nucleus,
which can be effectively achieved through electrolyte engineer-
ing. Electrolyte engineering further influences the Zn2+ solvation
structure and electrical double layers, thereby suppressing
unwanted dendrite growth and side reactions.201−203

4.3.1. Electrolyte-Facilitated Zn(002) Growth. Zhou et
al. demonstrated that Zn deposition morphology is strongly
influenced by the electrolyte salt, particularly the anion.32 As
shown in Figure 37, Zn metal deposited from ZnCl2 and
Zn(CH3COO)2 solutions exhibited irregular crystalline ori-

entations. In contrast, a single (0002)-textured Zn metal was
obtained from a ZnSO4 electrolyte. This was attributed to the
selective adsorption of anions, which reduced the surface
energies across all crystal planes. Notably, the surface energy of
the Zn(0002) plane in the ZnSO4 system decreased
significantly, indicating a preferential exposure of this plane in
the presence of SO4

2− anions. According to the Gibbs−Wulff
theory of crystal growth, surfaces with lower surface energy tend
to grow laterally at a faster rate, making them the predominantly
exposed crystal planes. The equilibrium morphologies of Zn
deposits, reconstructed using Wulff construction, exhibited
distinct crystal structures across the three electrolyte systems.
Xu et al. identified LaCl3 as a crystal facet-terminating agent

for Zn crystals.204 Specifically, Cl− anions selectively adsorbed
onto the (002) facet, while La3+ ions, due to their lower
reduction potential, accumulated near these adsorption sites.
This electrostatic interaction slows the growth kinetics of the
Zn(002) plane. Similarly, Zhang et al. developed an iodide ion
(I−)-assisted electrodeposition strategy, enabling scalable
fabrication of highly (002)-textured Zn.205

Guo et al. investigated the impact of polar solvents such as
dimethylacetamide (DMAC) and trimethyl phosphate (TMP)
in hybrid electrolyte (HE) (Figure 38).206 These solvents

interact strongly with H2O through dipole−dipole interactions,
increasing the electron density around water protons. This effect
reduces the thermodynamic favorability of H2O dissociation and
strengthens the O−H bonds. In a conventional aqueous
electrolyte (1 M Zn(OTf)2, AE), Zn deposition resulted in a
porous layer. In contrast, deposition in HE produced a compact
stepped surface with a hexagonal crystalline structure. DFT
calculations revealed that the (002) plane has the lowest surface
energy in the DMAC/TMP/H2O mixture, leading to prefer-
ential Zn(002) growth. Pan et al.207 demonstrated that selective
adsorption of highly polar propylene glycol (PG) molecules at
the Zn/electrolyte interface generated a uniform interfacial

Figure 37. Effect of the electrolyte anions on Zn growth. SEM images of
the electrodeposited Zn in (a) ZnSO4, (b) ZnCl2, and (c)
Zn(CH3COO)2 systems, respectively (scale bar is 20 μm). The inset
images correspond to the equilibrium shape of Zn crystals in different
systems, reconstructed using the Wulff construction. (d) Surface
energies of Cl−, SO4

2−, and CH3COOH− on each main crystal plane of
Zn. (e) The ratios of each crystal plane in different electrolyte systems
after Zn electrodeposition. Reproduced with permission from ref 32.
Copyright 2024 Springer Nature.

Figure 38. Effect of the electrolyte solvent composition on Zn growth.
Surface morphology for deposited Zn in (a) aqueous electrolyte and
(b) hybrid electrolyte. (c) Surface energy value for main planes of Zn in
different liquid environments. Reproduced with permission from ref
206. Copyright 2023 Springer Nature.
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electric field with enhanced potential intensity, while Huang et
al.208 employed hexamethylphosphoramide as a cosolvent in an
aqueous electrolyte to restructure the Zn2+ solvation shell. Both
modification strategies promoted dense and uniform Zn
electroplating patterns.
Beyond modification of salts and solvents, electrolyte

additives have been explored to facilitate epitaxial Zn deposition.
Cui et al.209 discovered that introducing a trace amount of a
nonionic surfactant led to the in situ formation of a liquid crystal
interphase (Figure 39).201 This interphase aligned both Zn and

MnO2 depositions along the c-axis, significantly improving the
electrochemical cycling stability. Soft matter characterizations
revealed a dynamic transition from a bilayer-aligned surfactant
structure before deposition to a gradient liquid crystal interphase
afterward. Likewise, various additives, including cationic/
anionic surfactants210−212 and sodium salts,213−215 have been
shown to promote growth of Zn(002) orientation. Additional
studies216−220 further validate the significance of electrolyte
engineering in optimizing Zn deposition.
4.3.2. Electrolyte-Facilitated Zn(101)/(100) Growth. As

discussed above, the Zn(002) crystal plane has been considered
to have a better chemical corrosion resistance and inhibitory
effect on dendrite growth relative to the loosely packed Zn(100)
and Zn(101) facets. In addition, dendrite-free Zn deposition is
more readily realized on Zn(002) because its parallel alignment
with the substrate manifests a small contact angle, while the large
contact angle of vertical and tilted Zn deposition on Zn(100)
and Zn(101) is considered thermodynamically less stable. Due
to the prominence of this prior perception, most endeavors have
been devoted to developing practical texturing strategies to
induce selective exposure of the Zn(002) crystal planes for
enhanced electroplating/stripping stability.
However, a number of studies also demonstrated excellent

Coulombic efficiency (CE) and cycling lifespan by realizing
highly textured Zn(101) or Zn(100) deposition. Hu et al. used
theophylline, a low-cost additive for the ZnSO4 electrolyte, to
regulate the growth rate of different crystal planes, thus realizing
clear crystal orientation preferences on the pristine Zn foil.221

Specifically, the theophylline-derived cations preferentially
adsorbed on the Zn(002) plane rather than the other facets
due to its higher adsorption energy, which further accelerated
the growth rate of the Zn(002) facet by the stronger binding

affinity with Zn2+ ions. This strategy effectively promoted the
transformation of pristine Zn into Zn(101) plane with
homogeneous surface crystal orientation. Similarly, Liu et al.
demonstrated a preferential exposure of unconventional
Zn(101) facet by adopting a small amount of malate molecules
as an electrolyte additive. The malate molecules preferentially
adsorbed on the Zn(002) and Zn(100) facets, achieving the
preferred Zn(101) plane orientation exposure.222 Additional
electrolyte additives, such as 3-(N-morpholino)-2-hydroxypro-
panesulfonic acid-dimethyl sulfoxide223,224 and dextrin,223,224

were reported to engineer and optimize Zn deposition by
inducing a Zn(101) deposition.
To achieve Zn(100) deposition, Liu et al. introduced

disodium lauryl phosphate surfactant into the ZnSO4 electrolyte
as a depositing agent to realize vertically oriented Zn plating and
achieve a dendrite-free feature with rapid Zn electro-plating/
stripping, high capacity, and long cycle life.225 Phosphoric acid
groups in surfactants selectively adsorbed on the Zn(002)
crystal surface, thus shielding the (002) plane to promote
vertical Zn plating toward the Zn(100) crystal plane. Benefiting
from such oriented Zn plating, a dense and stable (100)-textured
Zn layer was formed due to the rapid growth of Zn atoms along
the (100) plane and the slow in-plane deposition on the (002)
plane. Wang et al. proposed the use of a zwitterionic amino acid
ion, aspartic acid, to achieve the in situ fabrication of a highly
ordered Zn(100) anode.226 The orderly arranged structure on
the surface of the anode induced uniform and dense deposition
of Zn2+ in the vertical direction and eliminated the growth of
dendrites, leading to good reversibility and stability of the
battery.
4.4. Effect of Operation Conditions

In addition to substrate modifications and electrolyte engineer-
ing, extensive research has been dedicated to understanding the
relationship between the operation conditions (e.g., current
density, loading, pressure, and temperature) and Zn deposition
behaviors. Many studies have provided thermodynamic and
kinetic insights into the Zn nucleation and growth of aqueous
battery systems.
Among these factors, the current density is the most widely

studied, as it directly influences the overpotential, which serves
as the driving force for Zn deposition. It is well-established that
Zn tends to deposit on the (002) crystal plane when cells operate
at high current densities. Zhang et al. proposed that at a relatively
low current density (20 mA cm−2), Zn deposition occurred with
a balanced growth rate on the (002) and (100) planes, leading to
an overall (101)-textured surface, given the hexagonal close-
packed structure of Zn.227 However, at a higher electro-
deposition current (80 mA cm−2), the increased energy supply
raised the Zn plating overpotential. In this case, the growth rate
disparity between the (100) and (002) planes became
significantly larger, with the (100) plane growing much faster
due to its more favored adsorption. Consequently, high-current
electrodeposition resulted in an oriented Zn(002) structure.
Further research has explored a broader range of current

densities to determine the dominant Zn deposition behaviors.
Sun et al., through a combination of in situ optical imaging and
theoretical modeling, identified that Zn depositionmodes varied
based on the interplay between crystallographic thermody-
namics, kinetics, and Zn2+ ion diffusion.228 These factors
dictated the formation of different morphologies: stacked
hexagonal plates, horizontally dense granules, or vertically
oriented metal pillars. Pu et al. introduced a unified parameter,

Figure 39. Influence of electrolyte additives on Zn growth. (a) SEM
images of deposited Zn using a surfactant electrolyte. (b) Polarized
optical microscope image of Zn surface prepared in a surfactant
electrolyte. (c) Cryo-TEM image of the interface between Zn(002) and
liquid crystal. (d) Schematic illustration of Zn(002) growth via
templated deposition at the liquid crystal interphase. Reproduced with
permission from ref 209. Copyright 2024 Springer Nature.
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relative current density (RCD = i/iL), to classify deposition
behaviors.229 Here, iL represents the limiting current density,
which was experimentally determined via linear sweep
voltammetry (LSV). As illustrated in Figure 40, three regimes

were identified: vertical dendritic structures for RCD > 1,
compact and strongly (002)-textured structures for 0.1 < RCD<
1, and mossy structures for RCD < 0.1. Similar results were
reported by Archer’s group.230

Despite the dense and highly textured Zn deposition achieved
at high current densities, such conditions are generally
considered to be unfavorable for long-term stability. Zhou et
al. found that the combination of localized high current density
and rapid Zn2+ depletion led to severe separator permeation,
eventually causing short circuits when separators were used.231

This effect counteracted the benefits of oriented Zn deposition
observed in separator-free setups under the same high current
densities. Furthermore, operating full cells at such high currents
remains impractical, primarily due to the lack of cathode

materials with sufficient rate performance to match these
conditions.232,233

Beyond current density, Chen et al. discovered that the
deposition amount of Zn also affected its growth pattern.234 As
the deposition capacity increased from 10 mAh cm−2 to 25 mAh
cm−2, Zn deposition became more disordered, transitioning
from (002)-preferred growth to a (101) crystal plane
orientation. Additionally, Robertson et al. demonstrated that
applying external pressure during electroplating enhanced the
durability and cycling stability of Zn anodes, especially at a low
current density range from 1 mA cm−2 to 10 mA cm−2.235 The
deposited Zn exhibited a mossy-like morphology but underwent
a transition to a denser morphology with fewer voids under
external pressure (Figure 41). The pressure-induced morpho-
logical changes created a more mechanically stable micro-
structure, which helped prevent metal detachment during
stripping, thereby reducing degradation from dead Zn formation
and corrosion losses.
In summary, crystallographic engineering of the Zn anode has

emerged as one of the most effective strategies to overcome key
challenges, including poor electrodeposition/stripping behavior
and side reactions such as electrochemical HER and corrosion-
induced HER. Over the past decade, numerous efforts and
impressive advances have not only improved the performance of
Zn-based chemistries but also established the fundamental basis
for crystallographic engineering. Looking ahead, research is
expected to move beyond laboratory-scale concept verification
toward demonstrating the effectiveness of single-crystalline
metal anodes and substrates in pouch or cylindrical cells with
nominal capacities under practical conditions such as low
negative-to-positive (N/P) capacity ratios and lean-electrolyte
designs.

5. OTHER METAL ANODES
A high volumetric energy density is more desirable for mobile
devices (such as vehicles, assistive robots, and drones) than for
stationary energy storage systems. The more portable the device
(such as personal electronics), the less space available for its
battery; therefore, the volumetric energy density plays a crucial
role. Besides Li and Zn, metal batteries such as Na, Al, and Mg
have gradually become emerging research areas. In this section,

Figure 40. (a) Schematic illustrating the dependence of morphology on
the relative current density (RCD). The SEM images of the Zn
electrodeposits at different current density regimes: (b,c) RCD > 1,
(d,e) 1 > RCD> 0.1, and (f,g) RCD < 0.1. Reproduced with permission
from ref 229. Copyright 2023 John Wiley and Sons.

Figure 41. Impact of applied pressure on Zn electrodeposition. SEM images of Zn deposited on Zn foil (a,b) with and (c,d) without external pressure
at different plating current densities. XRD of Zn electrodeposition of varying current densities (e) without and (f) with an applied pressure of 5.6MPa.
Reproduced with permission from ref 235. Copyright 2024 John Wiley and Sons.
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we discuss strategies involving crystallographic optimization of
themetal deposits or substrates for Na, Al, andMgmetal anodes.
5.1. Na Metal Anode

Na metal batteries present a promising, sustainable, and cost-
effective alternative to LMBs, primarily due to their high natural
abundance and theoretical gravimetric and volumetric capacities
(1165 mAh g−1 and 2026 mAh cm−3, respectively).20 Similar to
Li, Na possesses a BCC structure and faces challenges related to
dendrite formation, prompting extensive research efforts to
control its deposition morphology.21,236,237 Unlike Li batteries,
which typically use Cu as the anode current collector, Al is a
more suitable choice for both the positive and negative
electrodes in Na batteries. This is due to its affordability,
lightweight, and resistance to alloying reactions with Na.238

However, when Na is deposited on a conventional
polycrystalline Al foil, it tends to accumulate randomly, leading
to dendritic growth and ultimately degrading battery perform-
ance. To address this issue, Pint et al. applied carbon films onto
Al foil using a simple aqueous slurry casting process.239 Acting as
a nucleation layer, the carbon material facilitated uniform
sodium deposition, forming hexagonal island-like structures.
Over time, these sodium islands grew and coalesced, while
maintaining distinct grain boundaries (Figure 42a-c).

Beyond surface treatment of the Al foil, the use of single-
crystalline Al substrates has also been explored. Matsumoto et al.
developed a fluorinated Al substrate with a strong (100) crystal
plane orientation, which enhanced sodium nucleation and
growth while promoting the formation of a stable SEI rich in
inorganic components.240 Similarly, Yu et al. demonstrated that
single-crystalline Al(100) induced uniform Na deposition and
improved Na transport kinetics, which was attributed to the
reduced grain boundaries of crystallographic-oriented sub-
strates.241 As a result, highly reversible Na electrochemical
stripping/plating behavior was achieved, leading to an anode-

free full cell with superior rate performance and cycling stability
(Figure 42d−g).
5.2. Al Metal Anode
Al metal batteries are regarded as viable alternatives to LIBs
owing to the low cost, intrinsic nonflammability, and crustal
abundance of Al. More importantly, owing to its three-electron
redox property, Al manifests high theoretical gravimetric and
volumetric specific capacities (2980 mAh g−1 and 8040 mAh
cm−3, respectively).242−244 Therefore, rechargeable Al-based
batteries could enable substantial advances in energy storage
technology.
Similar to other metal batteries, the plating and stripping of Al

are influenced by the atomic structure of the anode surface. Liu
et al. demonstrated the correlation between the preferred crystal
plane growth mechanism with high lattice matching and the
electrochemical performance of Al anodes by modulating the
preferred orientation of the Al crystal plane.245 In this work,
Al(111), Al(200), Al(220), and Al(311) were systematically
studied (Figure 43a). The in situ optical observation results

showed a uniform and dense deposition morphology for the
Al(111) electrode and uneven deposition morphology for
Al(200), Al(220), and Al(311) electrodes after 60 min of
deposition (Figure 43b). This distinct deposition morphology
was attributed to the strongest adsorption of Al on (111) crystal
plane, which facilitated an isomorphic crystal plane growth
mode.
Al, with an FCC crystal structure, shares many similarities

with other FCC metals. For example, Au and Al are in the same
space group of Fm3̅m, and the lattice mismatch between Au and
Al is only 0.7%, indicating that Au is a potential substrate to
epitaxially regulate the growth of Al. Archer et al. designed Au
nanosheets with a strong crystal orientation associated with
(111) crystal plane.246 The typical morphology of Al deposited
on stainless steel was seen to be an ensemble of randomly
distributed large particle clusters that formed a heterogeneous
landscape on the substrate. In contrast, Al electrodeposits on Au
sheets formed uniform and dense nuclei with an average particle
size of approximately 200 nm. Similarly, Chen et al. constructed
a lattice-matching layer on Ti substrate by magnetron sputtering
of Au, leading to a uniform and dense Al reservoir and greatly
improving cycle life and CE of the Au@Ti electrode.247

5.3. Mg Metal Anode
Mg is an alkaline earth metal that has nearly double the
volumetric capacity (3832 mAh cm−3) of Li with a very negative
reduction potential of − 2.37 V vs standard hydrogen electrode.
Similar to Al, Mg exhibits low flammability, thus air exposure is

Figure 42. Single-crystalline materials for Na metal anodes. (a) SEM
image and (b) EDS element mapping of sodium metal islands. (c)
Micrograph of plated sodium metal film. Reproduced with permission
from ref 239. Copyright 2017 American Chemical Society. IPF and in
situ optical micrographs of Na deposition on (d,e) commercial Al and
(f,g) single-crystalline Al(100). Reproduced with permission from ref
241. Copyright 2025 Springer Nature.

Figure 43. Single-crystalline materials for Al metal anodes. (a) Surface
atomic arrangements of Al(111), Al(200), Al(220), and Al(311). (b) In
situ optical observation of the plating process in different aluminum
anodes. Reproduced with permission from ref 245. Copyright 2024
Springer Nature.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.5c00306
Chem. Rev. 2025, 125, 9332−9381

9358

https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig43&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig43&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig43&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.5c00306?fig=fig43&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.5c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


much less of a safety and processing issue. Additionally, Mg is
abundant in the earth’s crust, resulting in wider availability and
much lower cost.243

Previous studies have demonstrated that Mg deposition-
dissolution processes are highly reversible and Mg metal anodes
do not appear to be plagued by dendrite formation to the same
degree as Li. As early as 2010, Matsui investigated the
electrodeposition process of Mg, where two distinct growth
modes were identified.248 The Mg deposit obtained at low
current density showed the (001) preferred orientation formed
by minimizing surface energy during a slow deposition process.
In contrast, the Mg deposit obtained at high current density
showed (100) preferred orientation formed by maximizing the
crystal growth speed for a high deposition rate. In addition, it
was found that the overpotential of Mg deposition had a
significantly high dependency on the activity of electrochemi-
cally active species (Figure 44). Accordingly, it was proposed

that the overpotential of theMg deposition process suppressed a
locally focused current, which initiated the growth of the
deposits with dendritic morphology.
More recently, inspired by the epitaxial deposition of Zn,168

research has been conducted on controlling the crystallography
of Mg electrodeposits to improve the electrodeposition/
stripping efficiency. Cui et al. realized epitaxial electro-
crystallization of Mg on nickel hydroxide@carbon cloth owing
to a low lattice mismatch of 2.8% between Mg and the
substrate.249 In addition, the nickel hydroxide nanosheet
presented an evenly distributed, hillock-like electrostatic
potential field over its exposed facets, where bivalent Mg species
could be captured and confined in the local electron-enriched
sites near the anions, inducing uniform Mg nucleation at the
atomic level. Similarly, Seh et al. employed a MXene film with a
low lattice mismatch of 4% to guide the horizontal electro-
deposition of Mg.250

Electrolyte engineering is also crucial in improving the
electrochemical performance of the Mg-based batteries. As
alkaline earth metals, Mg tends to form analogous passivation

films that impede reversible plating/stripping due to the sluggish
diffusion kinetics of cations. Therefore, with careful modification
of the electrolyte system, surface passivation and uniform Mg
deposition could be achieved simultaneously. Nazar et al.
designed a dynamically clean interface on deposited Mg by
introducing a stably coordinated anion and solvent, unlocking
rapid nucleation/growth along the edges of Mg(0001) with
minimal electrolyte decomposition (Figure 45).251 As a result,

densely aligned, thin hexagonal Mg platelets were observed
under practical conditions. This led to a close-to-unity CE ofMg
electrodeposition/stripping under demanding conditions over
long-term cycling in both half cells and full cells. Seh et al.
introduced a covalent molecule of 1-chloropropane in
magnesium trifluoromethanesulfonate-based electrolytes.252 A
robust Cl-rich SEI was formed in situ on the Mg electrode
surface, effectively minimizing sustained electrolyte decom-
position and facilitating electrochemical reaction kinetics. In
addition, the surface energy of the Mg(002) crystal plane was
reduced from the interactions between 1-chloropropane andMg
electrode, promoting the growth of horizontally arranged
platelets with enhanced (002) orientations during the electro-
deposition process.
Overall, crystallographic engineering is emerging as a

promising strategy to regulate metal electrodeposition beyond
the Li and Zn systems. However, due to the distinct
physicochemical properties of each metal�such as lattice
characteristics and electrodeposition kinetics�insights from
existing strategies cannot be directly transferred. Therefore,
greater research attention is required to address the unique
challenges of alternative systems such as Na, Al, and Mg, along
with emerging candidates, including Sn and iron (Fe). In
particular, systematic investigations into their crystallography-
governed nucleation behavior, interfacial chemistry, and electro-
lyte compatibility will be crucial for devising tailored approaches
that unlock their practical potential.

Figure 44. Observance of Mg single-crystalline seeds. SEM images of
electrodeposited Mg at (a) 2.0 mA cm−2 and (b) 0.5 mA cm−2.
Schematic showing the Mg deposition process of (c) first deposition
and (d) following deposition (color of the electrolyte represents the
concentration). Reproduced with permission from ref 248. Copyright
2011 Elsevier.

Figure 45. Schematic illustration of Mg growth pattern on (a) a
sluggish interphase and (b) a dynamic clean interface at high deposition
rates. Reproduced with permission from ref 251. Copyright 2025
Elsevier.
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6. SINGLE-CRYSTALLINE HOST MATERIALS
Unlike those in metal batteries, where a metal electrodeposition
process occurs at the anode side during charging, the host anode
materials of ion batteries undergo either ion insertion or alloying
reactions, which present different crystallographic constraints.
Ion insertion depends on well-defined diffusion pathways within
the host lattice, while alloying involves substantial lattice
rearrangements and large volume changes. In both cases,
crystallographic orientation governs ion transport kinetics,
phase transition mechanisms, and anisotropic mechanical
responses, making crystallographic engineering essential for
improving the rate capability, structural stability, and long-term
cycling performance. In this section, we discuss crystal-plane-
related physicochemical properties, challenges, and design
strategies of silicon, graphite, and transition metal oxides,
which are the commonly used anode materials for LIBs.
6.1. Si

6.1.1. Single-Crystalline Si. Si has been intensively
explored due to its exceptionally high theoretical capacity
(3579 mAh g−1), roughly ten times higher than that of the
graphite anode. It is well-known that Si undergoes large volume
expansion (300−400%) during lithiation, which induces cracks
and contact losses, leading to rapid capacity decay and cell
failure. Therefore, understanding chemo-mechanical properties
of Si from a crystallographic level is crucial to enable a stable and
high-performance Si anode.
Cui et al. reported a systematic study on anisotropic lithiation

and volume expansion of single-crystalline Si nanowires with
⟨100⟩, ⟨110⟩, and ⟨111⟩ axial directions.253 After lithiation,
⟨100⟩, ⟨110⟩, and ⟨111⟩ Si nanowires showed expansion into
cross, ellipse, and hexagonal shapes, respectively (Figure 46a,b).

It was found that the volume expansion is highly relevant to the
(110) planes of Si nanowires, where Li is inserted preferentially
on the (110) planes, leading to unique expansion shapes for
nanowires with different axial directions. The preferential
lithiation on the (110) plane was explained by its large
interstitial space of (110), which allows for ion diffusion
channels. Yan et al. showed from MD simulations that the
atomic channels of Si(110) favor more lithiation than the (100)
plane, enabling faster phase boundarymovement.254 Zhang et al.
also employed finite element nonlinear diffusion model to
confirm the unique expansion shape of single-crystalline Si
nanowires.255

Huang et al. elucidated the electrochemical lithiation dynamic
of Si nanowires by in situ TEM with atomic-scale resolution.256

Upon lithiation, a sharply defined interface (∼1 nm thick)
separating the crystalline silicon (c-Si) core from amorphous
lithium−silicon (a-LixSi) was observed. Although (110) and
(112) planes were dominantly exposed on the nanowire surface,
the lithiation kinetics were determined by the lateral migration
of atomic-scale ledges along the (111) planes rather than
perpendicular to (110) or (112) planes (Figure 46c,d).
Specifically, the lateral motion speed of these ledges on (111)
facets was measured at about 2.5 atomic planes per second, 3.5
times faster than that of (112). These differences reflect
orientation-dependent interfacial mobilities, explaining the
anisotropic volume expansion of single-crystalline Si during
lithiation.
By utilizing the anisotropic nature of volume expansion,

Nuzzo et al. demonstrated different electrochemical behaviors of
3D patterned single-crystalline Si microstructures.257 Specifi-
cally, the rate capability of Si microstructures increased with a
larger spacing distance, and capacity utilization increased with
thinner platelets. It was found that controlling the area available
for volume expansion during lithiation is the key to achieving a
good rate capability and capacity utilization of such single-
crystalline Si microstructures.
6.1.2. Crystal Plane-Dependent Structure Degrada-

tion. The large volume change during lithiation-delithiation
induces structure degradation such as cracks and pulverization.
As volume expansion is highly crystal orientation-dependent,
understanding such anisotropic structure degradation is
necessary. Cui et al. showed that single-crystalline Si nanowires
exhibited distinct fracture behaviors after lithiation.258 While Si
nanowires with different axial directions showed the distinct
expansion shapes from their previous work,253 they showed
distinct fracture shapes under a fast lithiation rate. It was shown
that orientations with less volume expansion are susceptible to
fractures. As a result, ⟨100⟩ showed fractures on every angular
orientation of 90°, ⟨110⟩ on 180°, and ⟨111⟩ on 60° (Figure
47a).
However, in a practical condition, each Si particle is likely to

be surrounded in a confined, closed space surrounded by other
Si particles. Cui et al. further investigated volume expansion of
⟨110⟩ Si nanopillar in a systematically designed unclamped and
clamped systems.259 It was shown that Si nanopillar expanded to
the ⟨100⟩ direction under a compressed scenario, despite its
favorable expansion toward the ⟨110⟩ direction (Figure 47b).
The compression applied on Si also resulted in different fracture
dynamics, in which the unclamped case showed favored fracture
sites on the ⟨100⟩ direction whereas the clamped case showed
along a diagonal between the ⟨110⟩ and ⟨100⟩ directions
(Figure 47c).

Figure 46. Anisotropic Li insertion and volume expansion of single-
crystalline Si. (a) Pristine and (b) after lithiation SEM images of Si
nanowires with ⟨100⟩, ⟨110⟩, and ⟨111⟩ axial directions. Reproduced
with permission from ref 253. Copyright 2011 American Chemical
Society. (c) TEM image of amorphous−crystalline interface showing
the ledge mechanism of lithiation. (d) Relaxed atomic structures during
lithiation process. Reproduced with permission from ref 256. Copyright
2012 Springer Nature.
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Haüsler et al. reported structure degradation dynamics of Si
using scanning transmission electron microscopy (STEM).260 It
was observed that after several cycles, a number of dislocations
were formed at the c-Si interface (Figure 48a). These
dislocations were predominantly slipping along (111) planes,
comprising screw and edge type dislocations (Figure 48b). The
elastic strain maps of multiaxial (εxx and εyy) and rotation (Θ)
strains were quantified by employing four-dimensional STEM
(4D-STEM). Strong stain variations were observed at the
interface of the c-Si domain, and high strains were observed near
dislocation domains (Figure 48c).MD simulation results further
substantiated that the internal stresses were the driving force for
shear band formation.
Komvopoulos et al. further investigated the fracture

mechanism of patterned Si microstructures.261 It was found
that anisotropic volume change resulted in crack initiation
perpendicular to the electrode surface, leading to propagation
and deflection parallel to the electrode surface (Figure 48d).
From the finite element method (FEM), the low fracture energy
of the amorphous Si (a-Si)/c-Si interface was found to be
responsible for the crack deflection, which led to delamination
and contact loss of Si after prolonged cycling. Electrolyte
additives such as vinylene carbonate (VC) or fluoroethylene
carbonate (FEC) were shown to be effective on mechanical
degradation of Si microstructures, in which poly-VC aggregates
filled the cracks and promoted crack-free bridging and
ROCO2Li salt filled the surface cracks and decelerated the
crack growth.
6.1.3. Limitations and Prospects. Despite the innovative

design strategies of Si nanostructures,13,262−264 understanding of
failure mechanism has been limited. Wang et al. elucidated
capacity fading mechanism of single-crystalline Si nanowires by
cryo-STEM-HAADF and EDS mapping.265 The morphology
and SEI distribution of Si and SEI components were probed at
different cycling numbers (Figure 49a). It was shown that with

increasing cycle number, not only did Si nanowire become more
porous, but also SEI penetrated from outer shell to core of the
nanowire. 3D tomography was further utilized to confirm the

Figure 47. Anisotropic fracture dynamics of single-crystalline Si. (a) SEM images and fracture distribution of Si nanowires with ⟨100⟩, ⟨110⟩, and
⟨111⟩ axial directions. Reproduced with permission from ref 258. Copyright 2012 National Academy of Sciences. (b) FEM of in-plane principal stress
of unclamped and clamped ⟨110⟩ Si nanopillars. (c) Fracture distribution of unclamped and clamped Si nanopillars. Reproduced with permission from
ref 259. Copyright 2015 Springer Nature.

Figure 48. Structure degradation of crystalline Si. (a) Dark-field STEM
image after 3 cycles showing regions of c-Si and dislocation. (b)
Magnified image showing screw and edge dislocations along (111)
orientation. (c) 4D-STEM elastic strain maps with εxx, εyy, and Θ.
Reproduced with permission from ref 260. Copyright 2024 Springer
Nature. (d) Cross-sectional SEM image of single-crystalline Si wafer
after 50 cycles and corresponding FEM after lithiation and delithiation.
Reproduced with permission from ref 261. Copyright 2016 Springer
Nature.
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complete formation of thr SEI inside the nanowire. Accordingly,
the capacity fadingmechanism of nanosized Si was proposed in a
liquid electrolyte system (Figure 49b). The first lithiation leads
to volume expansion of LixSi with the formation of the SEI on
the outer surface, and delithiation leads to shrinkage of Si where
pores are nucleated. During the second lithiation, if liquid
electrolyte has penetrated the pores, the SEI will form on the
surface of each pore. This vacancy generation and SEI formation
process is repeated during repeated cycling, resulting in excess
SEI formation into the Si core as well as dead Si with contact
loss.
The state-of-the-art single-crystalline Si nanostructures still

cannot avoid interface and interphase challenges. Although they
can be mitigated by novel strategies including encapsula-
tion,266−268 carbon composite,269,270 advanced binder,271,272

and electrode design273−275 to keep electron and ionic contacts
during prolonged cycling, the nature of SEI formation will
persist as long as liquid electrolyte is in contact with Si.
Electrolyte engineering strategies were found to be effective by
tuning the SEI composition from fragile organic-rich to robust
inorganic-rich, enabling stable cycling even with large-sized
micron Si particles.276−278 However, in general, enabling Si
anode in practical LIBs still requires many hurdles such as
swelling, cutoff voltage, calendar life, safety, and cost issues.279

More recent works have demonstrated stable cycling perform-
ance of the Si anode in a system where interphase can precisely
be controlled. The solid electrolyte, unlike liquid electrolyte,
does not flow and penetrate pores of Si; thus, the interphase
formation is maintained to the initial contact between the SSE
and the Si anode. Meng et al. demonstrated excellent cycle life
using 99.9% Si without SSE in the electrode, which naturally
confines the SEI formation into 2D interface.280 Based on this
design concept, different strategies such as Li−Si,281 hard
carbon Li−Si,282 and Ag@binder Si283 demonstrated improved
cycling performance and stability of the Si-based anode in SSBs.
However, the core limitation of Si anode in SSB for practical

application is low stack pressure performance, which requires a
wide range of strategies including fundamental understand-
ing,284 electrode design285 as well as module component
engineering.286

6.2. Graphite
6.2.1. Crystal Structure of Graphite. Graphite has

dominated the anode market in LIBs over the past decades
due to its low cost and exceptional stability. Its crystal structure
consists of a highly ordered, layered arrangement, where two-
dimensional carbon layers, known as graphene, form a
honeycomb lattice. Within these layers, carbon atoms establish
strong covalent bonds through sp2 hybridization, while van der
Waals forces hold the graphene sheets together, maintaining the
overall structure.287,288 The stacking of graphene layers in
graphite typically follows either a hexagonal (ABA) sequence or
a rhombohedral (ABC) sequence, with the former being
thermodynamically more stable.
On a macroscopic scale, graphite particles exhibit two distinct

surface morphologies: basal planes (parallel to the graphene
layers) and edge planes (perpendicular to the layers). Due to its
two-dimensional layered structure, graphite displays significant
anisotropy, resulting in distinct physicochemical properties for
these two planes (Figure 50a).289,290 The basal plane,

dominated by strong covalent bonding, is largely chemically
and electrochemically inert. In contrast, the weaker van der
Waals interactions between layers enable guest species such as Li
ions to intercalate between them. Edge planes can be further
classified into zigzag (100) and armchair (110) orientations
(Figure 50b).291 The armchair edges, where adjacent carbon
atoms share triple covalent bonds, offer greater chemical stability
and are more favorable for Li intercalation than zigzag edges.
This leads to improved Li transport kinetics and reduced
parasitic reactions at armchair sites.292−295

Figure 49. Vacancy generation and SEI formation of a single-crystalline
Si nanowire. (a) Cryo-STEM-HAADF image and corresponding EDS
mapping of Si nanowire after the 1st, 36th, and 100th cycles. (b)
Schematic showing failure mechanism of Si nanowire during extended
cycling. Reproduced with permission from ref 265. Copyright 2021
Springer Nature.

Figure 50. Crystallographic structure of graphite. (a) SEM image of a
graphite particle and (b) schematic illustration of the layered graphite
structure. Reproduced with permission from ref 290. Copyright 2020
Royal Society of Chemistry. TEM image and electron diffraction
pattern of (c) flake graphite and (d) microcrystalline graphite.
Reproduced with permission from ref 299. Copyright 2008 Elsevier.
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6.2.2. Single-Crystalline and Polycrystalline Graphite.
Single-crystalline graphite (or flake graphite) consists of highly
ordered, anisotropic crystalline layers (Figure 50c), where Li
intercalation follows a staged insertion process. The insertion of
Li progressively increases the interlayer distance from 0.335 to
0.37 nm as it transitions through intermediate staging phases
before reaching the fully lithiated LiC6 state.

296 The in-plane
diffusion within a single crystal is relatively fast, and the
dominant basal planes manifest both smaller surface area and
defect density, which can lead to suppressed SEI formation and
Li loss, resulting in higher initial Coulombic efficiency (ICE)
compared to polycrystalline graphite.289 However, the reduced
number of edge planes of single-crystalline graphite makes the Li
intercalation/deintercalation process the rate-limiting
step.297,298 In addition, its much larger particle size leads to
elongated diffusion pathways, resulting in poor Li+ diffusion
kinetics under fast charging conditions. These inferior kinetic
properties of single-crystalline graphite result in higher electro-
chemical polarization, which can lead to severe Li deposition
and dendrite growth when the reduction potential approaches or
even falls below that of the Li metal.
In contrast, polycrystalline graphite (or microcrystalline

graphite) consists of randomly oriented nanocrystalline domains
(Figure 50d), creating an isotropic intercalation environment
that facilitates faster Li diffusion and enhances electrochemical
kinetics.299 This disordered structure mitigates Li+ concen-
tration gradients, preventing localized ion accumulation and
reducing the likelihood of lithium metal deposition. Moreover,
randomly oriented microcrystalline structures distribute me-
chanical stress more uniformly, and the smaller disordered
crystallites provide more isotropic expansion, minimizing the

risk of interparticle detachment andmaintaining stable electrode
integrity.299 By comparison, due to the accumulation of internal
stress as Li ion intercalation, a highly anisotropic expansion
(∼10%) of single-crystalline graphite along the c-axis was
observed, resulting in delamination, microcracking, and eventual
structural collapse. However, as a trade-off, the higher content of
defects and impurities also results in lower ICE and reversible
capacity of polycrystalline graphite compared with the single-
crystalline counterpart.
6.2.3. Toward Fast-Charging Single-Crystalline Graph-

ite. As previously discussed, the primary limitation of flake
graphite in LIBs is its sluggish Li+ transport kinetics. To improve
the rate capability of these highly anisotropic particles, extensive
research has focused on structural engineering, surface
modification, and morphology control.
In terms of materials engineering, the goal is to create more

reactive sites for Li+ adsorption on flake graphite particles. One
effective approach is expanding the interlayer distance to
provide additional space for Li+ diffusion, thereby reducing
diffusion resistance and significantly improving fast-charging
capability (Figure 51a).300,301 However, simply increasing the
interlayer spacing does not always yield better performance,
particularly when the spacing exceeds 0.42 nm, where Li
intercalation no longer occurs spontaneously.302 Other
modification strategies, such as introducing functional groups
and structural defects, have been explored to further enhance
both the rate capability and specific capacity of graphite.303

Another effective approach is the introduction of micropores on
the surface of flake graphite particles (Figure 51b). By
constructing ion channels within bulk graphite throughmethods
such as etching304,305 or thermal/mechanochemical reac-

Figure 51. Design strategies for fast-charging flake graphite. (a) Schematic representation of the Li+ diffusion behavior of layered structure upon
different interlayer spacing. Reproduced with permission from ref 300. Copyright 2022 Elsevier. (b) Schematic of the KOH etching process for
creating a porous structure of graphite. Reproduced with permission from ref 305. Copyright 2015 Elsevier. (c) Design principle of hard carbon-riveted
graphite (HCRG) anode and (d) corresponding TEM image. Reproduced with permission from ref 313. Copyright 2022 Elsevier. (e) Schematic of
functional graphite flakes coated with superparamagnetic nanoparticles and the alignments of graphite particles under a rotating magnetic field during
the electrode drying step. Reproduced with permission from ref 316. Copyright 2016 Springer Nature.
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tions,306,307 Li diffusion pathways are significantly shortened,
thereby improving Li+ transport kinetics.
Surface modification has been widely recognized as an

effective strategy for enhancing the rate capability and
suppressing Li deposition. A variety of coating materials,
including carbon, metal oxides, polymers, and inorganic
compounds, have been explored.308−311 For instance, carbon
coating via CVD/thermal vapor deposition (TVD) processes
alters the surface properties of the graphite electrode, mitigating
anisotropic intercalation, facilitating uniform potential distribu-
tion, and even tuning lithiophilicity (Figure 51c,d).312,313

Additionally, carbon coating effectively reduces the surface
area of flake graphite, leading to a thinner and more
homogeneous SEI layer.314 A high-quality SEI layer further
prevents excessive side reactions between graphite and the
electrolyte, improving the cycling stability.
The rate capability of flake graphite can also be improved by

optimizing the particle size and shape.Milling or spheroidization
effectively reduces the anisotropy of flake graphite, enhancing
the internal ion diffusion. The resulting spherical particles not
only improve Li+ transport but also increase tap density, leading
to higher packing density and volumetric capacity within the
battery.315 Furthermore, controlling the orientational distribu-
tion of anisotropic graphite flakes during electrode fabrication
has been shown to enhance the Li+ transport kinetics. Billaud et
al. demonstrated that applying an external magnetic field could
modify graphite flakes into a biaxial orientation, aligning their
basal planes perpendicular to the current collector (Figure
51e).316 This alignment significantly improves ion diffusion
across the electrode due to the formation of a low-tortuosity
structure. Additionally, the alignment angle has been correlated

with the specific capacity of graphite, indicating that the precise
orientation control can further optimize battery performance.317

6.3. Transition Metal Oxides

Various transition metal oxides (TMOs) have been extensively
investigated as electrode materials for LIBs. Based on their
reaction mechanisms, TMOs can be broadly classified into two
categories: insertion- and conversion-type materials. For
conversion-type TMOs (e.g., TM = cobalt (Co), nickel (Ni),
Fe, Cu, rutile (Ru), manganese (Mn)), the anodes undergo
conversion reactions during the charging process, which offers
high theoretical specific capacities due to the complete
reduction of metal ions to their elemental form.318 Although
the use of single-crystalline TMOs has been reported to enhance
rate performance, the conversion process involves significant
volume changes.11,319−323 During cycling, TMO is reduced to
elemental metal, which results in drastic volume variations,
leading to structural degradation and consequently poor cycling
stability.324

By contrast, insertion-type TMOs (e.g., TM = titanium (Ti),
niobium (Nb), vanadium(V)) undergo a highly reversible
intercalation/deintercalation reaction during the charge/dis-
charge process. Instead of reduction to elemental metal, lithiated
phases of TMO can be formed. Consequently, the theoretical
specific capacity is naturally lower than that of conversion-type
TMOs, but they offer the advantage of structural stability,
significantly improving cycle stability.325

For Ti, besides TiO2, the spinel-structured Li4Ti5O12 (LTO)
has gained significant attention as an anode material due to its
excellent structural stability. During charge−discharge process,
LTO undergoes a phase transformation between spinel
Li4Ti5O12 and rock salt Li7Ti5O12, with distinct phase

Figure 52. Crystallographic structure and design strategies of representative host materials. (a) Structure of the optimized stoichiometric two-phase
Li7Ti5O12/Li4Ti5O12 model. Reproduced with permission from ref 328. Copyright 2016 Royal Society of Chemistry. (b) TEM image of single-
crystalline LTO nanoparticles. Reproduced with permission from ref 337. Copyright 2012 Elsevier. (c) SEM image of LTO nanosheet arrays.
Reproduced with permission from ref 338. Copyright 2014 Royal Society of Chemistry. (d,e) TEM images of mesoporous single-crystalline LTO
microrods. Reproduced with permission from ref 340. Copyright 2022 John Wiley and Sons. Crystal structures and particle morphologies of (f)
Nb16W5O55 and (g) Nb18W16O93. Reproduced with permission from ref 343. Copyright 2018 Springer Nature.
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boundaries observed along the (111) plane (Figure 52a).326

Since the lattice mismatch between these two phases is less than
1%, minimal stress is generated during Li insertion, resulting in
the zero-strain characteristic of LTO.327,328 This unique
property ensures minimal volume change during cycling,
contributing to the long-term durability of LIBs.329

Despite its structural advantages, LTO suffers from low
electrical conductivity (∼10−13 S cm−1) and a limited Li+
diffusion coefficient (10−9 to 10−13 cm2 s−1), which restrict its
performance in high-rate applications.330 To overcome these
limitations, various strategies have been explored, including
structural engineering,331,332 element doping,333,334 and surface
coating.335 Among these approaches, reducing LTO particle size
to the nanoscale has proven to be particularly effective.336 By
employing single-crystalline nanostructured LTO, the Li+
diffusion pathway is significantly shortened, improving ion
transport kinetics and enhancing the rate performance of the
material (Figure 52b,c).337,338

However, in nanostructured LTO, Li+ ionsmust diffuse across
multiple grain boundaries, which can lead to ion trapping and a
lower overall Li+ diffusion coefficient.339 In contrast, bulk single-
crystalline LTO, with its reduced grain boundaries, offers more
efficient Li+ transport due to an uninterrupted diffusion
pathway. Jiao et al. synthesized mesoporous single-crystalline
LTO microrods with an interconnected mesoporous network,
which enhances electrolyte penetration and improves Li+
accessibility to active sites (Figure 52d,e).340 The high porosity
further reduces tortuosity, ensuring efficient electrolyte
percolation and an overall improved electrochemical perform-
ance. Additionally, its higher tap density addresses the practical
limitations associated with nanostructured LTO materials.
Niobium pentoxide (Nb2O5) has attracted significant

attention as a promising electrode material due to its ultrafast
lithium storage kinetics. Among its various crystalline phases,
orthorhombic Nb2O5 (T-Nb2O5) and monoclinic Nb2O5 (H-
Nb2O5) are two widely studied structures. A well-recognized
trade-off exists between these two phases: Nb2O5 offers superior
structural stability, while H-Nb2O5 delivers a higher specific
capacity of approximately 250 mAh g−1 and exhibits a flat
charge/discharge plateau around 1.65 V (vs Li+/Li). However,
the enhanced capacity of H-Nb2O5 stems from a two-phase
transition process, which adversely deteriorates its cycling
stability. To address this issue, Li et al.341 introduced an
amorphous nitrogen-doped carbon shell over micron-sized
single-crystal H-Nb2O5, effectively mitigating anisotropic

electron and ion transport. This strategy prevents asynchronous
phase transitions and enhances the electrochemical performance
of the material. Similarly, Xiong et al. demonstrated that single-
crystalline H-Nb2O5 oriented along the (001) direction can
better accommodate volume changes while shortening the Li+
diffusion pathways, leading to improved rate capability and cycle
stability.342

As mentioned above, a persistent challenge in electrode
material design is the trade-off between particle size and rate
performance. Micron-sized particles offer high tap density and
are advantageous for volumetric energy density, but they usually
suffer from poor rate performance due to elongated Li+ diffusion
pathway. This dilemma, however, may be addressed using
Wadsley−Roth oxides (WROs). Griffith et al. reported that two
niobium tungsten oxides, Nb16W5O55 and Nb18W16O93, are
capable of intercalating large amounts of Li+ at high rates, even
when the particle size is on the micrometer scale (Figure
52f,g).343 The outstanding volumetric capacities and rate
performance could be attributed to multielectron redox
reactions, buffered volume expansion, topologically frustrated
niobium/tungsten polyhedral frameworks, and rapid solid-state
lithium transport. Guo et al. further identified (010)-preferred
Li+ transport in Nb16W5O55 crystals as a critical bottleneck for
achieving fast charging.344 By creating a Li-rich layer to facilitate
the rapid transfer of Li+ ions to the (010)-faceted entrance and
alleviate the spatial and temporal anisotropy of Li+ insertion/
extraction, the material manifests enhanced rate performance
due to local inhomogeneities during fast charging and
discharging cycles. Li et al. further advanced the field by
synthesizing a series of micron-sized single-crystalline WROs.
Their study revealed that the fast Li+ diffusion in these materials
is closely related to unique phonon anomalies, which enhance
the pre-exponential factor in the Arrhenius-type diffusivity.
Additionally, the presence of Nb was shown to be essential for
creating the WRO framework and achieving high-rate perform-
ance.345

Vanadium oxides, particularly V2O5, possess a layered
structure that facilitates the reversible Li+ insertion and
extraction. Their lithiated derivatives are therefore considered
promising anode materials for LIBs.325 Liu et al. proposed the
use of disordered rock salt Li3V2O5 as a fast-charging anode that
can reversibly cycle two Li+ at an average voltage of about 0.6 V
versus a Li/Li+ reference electrode.346 Given the favorable
electrochemical characteristics and promising potential of
disordered rock salt materials, further insights from a crystallo-

Figure 53. Schematic of representative fabrication methods for crystal plane-oriented metallic foils. The different colors represent different crystal
planes.
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graphic perspective are essential, as even “disordered” systems
display local symmetry preferences, short-range ordering, and
facet-dependent properties.
In conclusion, the role of single-crystalline properties can

differ markedly in ion batteries, where the host materials
undergo Li alloying or insertion reactions. Beyond improving
structural stability, single crystals reduce the number of grain
boundaries, thereby facilitating ion transport and enhancing the
intercalation kinetics and rate performance. However, it remains
essential to strike a balance, as bulk single-crystalline host
materials may introduce longer Li+ diffusion pathways that could
limit overall performance. Moreover, it would be worthwhile to
revisit materials that already have a well-established under-
standing from a crystallographic perspective, as this could reveal
new opportunities for optimizing ion transport and structural
design for other future applications.

7. FABRICATION AND RECYCLING

7.1. Fabrication of Single-Crystalline Anodes
The above discussion mainly focuses on the strategies for
crystallographic alignment of metallic electrodeposits. However,
it is also important to note that some substrates themselves are
single-crystalline metals, requiring specialized fabrication
methods for their synthesis before they are used in electro-
deposition. In this section, we focus on summarizing the recent
advances in the fabrication of single-crystalline metal anodes or
substrates (Figure 53). It should be noted that the fabrication of
single-crystalline host materials is not included here, as these
methods are already quite mature. For example, techniques
adopted from the semiconductor industry�such as bottom-up
and top-down synthesis of single-crystalline Si nanowires�are
well established and readily scalable.347,348 Similarly, for single-
crystalline TMOs, precisely controlled calcination processes can
recrystallize polycrystalline structures and effectively eliminate
grain boundaries, yielding bulk single-crystalline par-
ticles.342,343,345

7.1.1. Accumulative Roll Bonding. Accumulative roll
bonding (ARB) is one of the most widely used metallurgical
methods to induce severe plastic deformation in metals,
enabling the formation of fine-grained materials.349 In a typical
ARB process, a mechanical roller press is used to roll and fold an
ingot repeatedly, generating deformation and dislocations
within its microstructure. Studies have successfully demon-
strated that repeated rolling can trigger grain boundary sliding in
crystals, which facilitates the manufacturing of high-strength
bulk materials.350

ARB is particularly suitable for metals with high ductility, as
they are more prone to deformation and creep compared to
those with high modulus.351 Consequently, numerous studies
have explored its use in synthesizing crystallographic-textured
Li.94,95 Shen et al.352 reported the fabrication of Li(110) and
Li(200) textures via a roll-to-roll process, demonstrating that the
crystal facet of rolled Li can be tailored by adjusting the number
of rolling cycles. Specifically, a Li(110)-orientedmetallic foil was
obtained after six cycles of ARB, whereas a Li(200) metallic foil
was achieved after 20 cycles.
ARB has also been applied in the fabrication of crystal plane-

oriented Zn and Na.353 Liang et al.191 combined ARB with
annealing at the deformation temperature to produce (002)-
textured Zn with enhanced electrochemical performance. Zhang
et al.354 modified commercial Zn through ARB to expose more
Zn(002) planes and further rolled the textured Zn with a
stainless-steel mesh to construct a highly reversible, 3D
rearranged (002)-textured Zn anode, enabled by a curvature-
enhanced adsorbate coverage mechanism.
7.1.2. Annealing. Annealing is an alternative approach for

achieving crystal plane-oriented metallic foils. Unlike mechan-
ical processes that induce plastic deformation, annealing is a
coarsening technique that eliminates grain boundaries and
increases grain size.355 By carefully tuning the annealing
parameters, colossal grain growth can be achieved, leading to

Figure 54. Schematic of possible recycling approaches of a single-crystalline metal, substrate, and host material.
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the formation of single-crystalline substrates with specific
crystallographic orientations.356

As a result, many studies have reported the synthesis of single-
crystalline Li and Zn using an annealing-recrystallization
process.29,194,195,357,358 Additionally, as previously mentioned,
single-crystalline Cu substrates have been extensively inves-
tigated as current collectors for anode-free Li and aqueous Zn-
ion batteries. The fabrication of single-crystalline Cu with
different facets, including (100), (110), and (111), can be
precisely controlled by adjusting the annealing temperature,
heating duration, and cooling rate.30,60,120,197,359,360 In addition,
the annealing treatment of commercial Al foil is also employed
for the fabrication of single-crystalline Al (100) substrates,
which favors uniform Na metal deposition behaviors.240,241

7.1.3. Electrolysis and Selective Etching. For nonair-
sensitive metals, electrolysis and selective etching are effective
methods for achieving crystal plane orientation. Differences in
surface energy between crystallographic facets lead to
preferential deposition or etching, enabling the fabrication of
crystal plane-oriented metallic substrates.
Huang et al.361 successfully demonstrated the fabrication of

large-scale Zn anodes with a 99% Zn(002) relative texture
coefficient using commercial polycrystalline Zn substrates in a
ZnSO4/H2SO4/KMnO4 electroplating solution. Interestingly,
the byproduct generated during the process was subsequently
utilized as a cathode, benefiting from MnO4

− evolution during
electrodeposition. Chen et al.124 also introduced the preferential
deposition of Cu(220) in a saturated LiFSI environment. The
electrolysis process is cost-effective and holds promise for the
continuous, decimeter-scale fabrication of single-crystalline Cu
substrates further supported by other studies.118,199 For selective
etching, phosphoric acid has been reported as an effective
etchant for producing Zn(002)-oriented362,363 and Zn(100)-
oriented364 metallic substrates.
7.2. Recycling of Single-Crystalline Anodes

Along with the extensive development of novel battery
chemistries using single-crystalline anode materials, achieving
a sustainable and closed-loop life cycle for new battery systems is
crucial.365−367 Recently, recycling spent batteries has become
increasingly important for environment and resource substain-
ability.368,369 Given that single-crystalline anode materials
require supplementary fabrication steps, as discussed previously,
enabling an even more closed-loop life cycle is imperative from
an environmental viewpoint. This section aims to provide our
perspective on possible recycling scenarios using three different
types of single-crystalline anode materials (metal, substrate, and
host material) from their degradation to separation, recycling,
and final products (Figure 54).
7.2.1. Degradation. The battery materials undergo differ-

ent types and modes of degradation after extended cycling.
Thus, it is crucial to understand the common degradation types
for each anode material. Single-crystalline metal has a faceted
metal surface and a nonfaceted substrate as a current collector.
After cycling, the surface metal may lose its crystallinity due to
uncontrolled growth of crystals or even dendrites, leading to
excess dead metal and SEI layers. Similarly, a single-crystalline
substrate has a faceted substrate where metals are electro-
deposited directly onto the substrate surface. Because the
substrate itself is electrochemically inert, the crystallinity of the
substrate surface should be preserved after long-term cycling in
the presence of residual metal and SEI on the surface. Unlike the
other two, single-crystalline host material is typically composed

of active material, binder, and carbon to form a composite
electrode on a nonfaceted current collector substrate. The main
source of degradation is structural degradation of materials,
which impedes metal ion insertion and promotes SEI formation
on the surface.
7.2.2. Separation. The degraded electrodes can be

separated into different components. Spent metal can be
separated into degraded metal and nonfaceted substrate, spent
substrate into faceted substrate, and spent host material into
degraded host material and nonfacet substrate. The separation
process may require physical or chemical methods to separate
themetal or composite electrode from the substrate. It should be
noted that spent batteries are typically shredded altogether in
the battery recycling industry.370,371 Here, we hypothesize a
complete separation of the anode from other battery
components, such as the cathode and separator, for the full
advantage of later recycling processes. Nevertheless, advanced
disassembly and separation processes of spent batteries are
needed for higher yields and lower impurities.372

7.2.3. Recycling.The conventional recycling approaches are
pyrometallurgy and hydrometallurgy. Pyrometallurgy373,374 uses
high heat (>1000 °C), and hydrometallurgy375−377 uses a
leaching agent (<200 °C) to extract raw materials. The main
advantage of these methods is their broad applicability, where
the separated materials can be recycled into raw materials
regardless of their chemistries.378,379 However, since the raw
materials eventually need to be refabricated, the total energy
consumption and economic returns are not as appealing as those
of other methods.
Direct recycling has attracted a lot of attention in cathode

recycling due to its energy, economic, and environmental
efficiency.380−384 For single-crystalline host materials, similar
direct recycling methods can be applied to remove SEI and
regenerate the structural degradation of the anode materials as
widely investigated in graphite recycling.385−390 It should be
noted that additional annealing or calcination processes may be
needed to regrow the single crystals from the degraded crystal
structures. The direct recycling approach could be even more
attractive for single-crystalline substrates. Unlike the metal
anode or host material, the crystallinity of the substrate is
maintained, as it is an electrochemically inert component. By
removal of the SEI and impurities on the surface with chemical
treatment, the single-crystalline substrate should be reusable. In
addition, the simplicity of the recycling procedure of single-
crystalline substrates compensates for the complex disassembly
and separation processes (i.e., without shredding) needed to
maintain their physical integrity.
An upcycling approach has been proposed for cathode

materials to simultaneously regenerate and increase energy
density of active materials.391,392 We propose that nonfaceted
substrate previously used as a current collector for metal or host
materials can be upcycled into faceted substrate by growing or
aligning desired crystal grains using the fabrication methods
discussed in Section 7.1. This approach can even be applied to
spent LIBs that widely use Cu as current collectors, paving the
way for sustainable fabrication and recycling of next-generation
anode-free batteries.
To sum up, fabrication and recycling of battery materials are

indispensable yet largely overlooked aspects in practical
implementation of developed materials into battery devices.
As more design strategies for anode materials will rely on their
crystallographic engineering, the same research and develop-
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ment efforts are needed for their scalable and sustainable
fabrication and recycling.

8. CONCLUSION AND OUTLOOK
In this review, an understanding of and insights into single-
crystalline anodematerials is presented. The research progress in
the utilization of single-crystalline materials such as metallic
anodes, substrates, and host materials has been thoroughly
summarized for both metal batteries and ion batteries (Figure
55).
To understand the electrochemical crystallization process,

crystal nucleation, incubation, and growth theories are
summarized in detail, with the focus on deciphering the
descriptors that exhibit a significant influence on the electro-
deposition process. To be specific, the lattice mismatch between
substrates and metal nuclei, overpotential, temperature, and
pressure are identified as critical determinants, and their impact
on the nucleation and growth of metal electrodeposits is
elucidated. The recent achievements involving the utilization of
these strategies in advanced metal batteries (Li, Zn, Na, Al, and
Mg) have been reviewed comprehensively. The as-formed
crystal plane-oriented single-crystalline metals manifest uniform
and highly reversible electroplating/stripping behaviors, while
mitigating the side reactions at the interface.
For host materials, the effect of adopting single-crystalline

structures can differ substantially from their role in controlling
crystal growth in metal batteries. Using three representative yet
distinct host systems (Si, graphite, and TMOs), their
fundamentals, failuremechanisms, andmaterial design strategies
are revisited from a crystallographic perspective.
Additionally, representative fabrication methods for single-

crystalline metals and substrates are summarized. For a
sustainable and closed-loop life cycle of next-generation

batteries, possible recycling approaches for single-crystalline
metals, substrates, and host materials are discussed and
proposed.
Finally, we present our perspective on potential research

directions that warrant further exploration of single-crystalline
anode materials.

1 More advanced strategies are needed to enable large-scale,
bulk single-crystalline metal electrodeposits with minimal
defects. In the application of single-crystalline metallic
anodes and substrates for metal batteries, obtaining a
relative ratio of the desired facet close to unity remains a
challenge. XRD patterns often reveal multiple peaks,
indicating imperfect alignment and limited effectiveness
of current strategies. Moreover, while the concept of a
single crystal is typically considered at the particle level,
grain boundaries and defects persist in metallic electro-
deposits, influencing nucleation and growth both
thermodynamically and kinetically. Therefore, achieving
large-scale, bulk single-crystalline electrodeposits with
minimal grain boundaries could significantly enhance
battery performance. Potential strategies include sub-
strate engineering with functional materials, SEI engineer-
ing for preferred facet growth, and optimization/
exploration of operation conditions.

2 A deeper understanding of single-crystalline materials is
essential, as many questions remain unresolved. For
instance, while various Cu facets have been reported to
facilitate Li/Zn deposition, ongoing debate persists
regarding which facet is optimal and how each affects
the metal deposition process. Furthermore, the influence
of different facets on SEI formation should be
comprehensively elucidated with different types of
substrates and electrolyte chemistries, as SEI plays the

Figure 55. Summary of the use of single-crystal materials as anodes for battery applications.
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most crucial role in crystal growth of metals. Addressing
these uncertainties also requires advanced character-
ization techniques and simulation tools to provide deeper
insights.

3 Practical-level battery performance needs to be demon-
strated using single-crystalline anode materials. Most
state-of-the-art battery performance metrics have been
achieved under mild, laboratory conditions, such as high
N/P ratios (or low depth of discharge), flooded
electrolytes, low areal capacity and current density, and
small-sized cell format. To assess the practical viability of
single-crystalline anodes, it is crucial to validate their
performance under practical conditions and explore their
scalability from coin cells to Ah-level pouch cells.

4 More effective fabrication methods need to be developed
for the practical employment of single-crystalline anode
materials. The fabrication methods discussed in Section
7.1. remain economical and scalable, yet each method has
its own drawbacks. To be specific, although the ARB
process can be done simply by repeated rolling and
folding to align the crystal planes, performing tens of
repetitions can be time-consuming. The process also
continuously introduces grain boundaries, which may
hinder transport kinetics and corrosion resistance of the
metal. Annealing requires precise control of the process
parameters to achieve selective grain growth. Parameters
such as heating temperature, duration, and cooling rate all
influence the extent of grain growth and the final
microstructure of the metal. For electrolysis and selective
etching, the cost of electrolytes and reactive agents must
be considered when evaluating the overall cost-effective-
ness. While deposition and etching processes can be
integrated with the state-of-the-art metallic foil prepara-
tion techniques, they often require several hours to
achieve the desired crystal plane orientation, potentially
reducing manufacturing throughput. Overall, to enable
real-world implementation of single-crystallinemetals and
substrates, the development of more effective fabrication
methods is essential.

5 A recycling strategy should be considered when designing
cells with single-crystalline anode materials. Considering
the higher manufacturing cost of single-crystalline
materials, as well as expensive materials cost for Li and
Cu, a practical recycling strategy should be conceived
from separation to regeneration and final product. Apart
from conventional pyrometallurgy and hydrometallurgy, a
more closed-loop approach such as direct recycling or
upcycling techniques should be developed and demon-
strated for not only economic efficiency, but also
environmental and resource efficiency.
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ABBREVIATIONS
1T-VSe2 1T-vanadium diselenide
2D Two-dimensional
3D Three-dimensional
4D Four-dimensional
AE Aqueous electrolyte
AES Auger electron spectroscopy
AFE All-fluorinated electrolyte
AFM Atomic force microscopy
AIMD Molecular dynamics
a-LixSi Amorphous lithium−silicon
All F All-fluorinated carbonate electrolyte
ARB Accumulative roll bonding
a-Si Amorphous Si
BCC Body-centered cubic
BF Bright field
CCD Critical current density
CCE Commercial carbonate electrolyte
CE Coulombic efficiency
CNT Carbon nanotube
cryo-TEM Cryogenic-transmission electron microscopy
c-Si Crystalline Si
CV Cyclic voltammetry
CVD Chemical vapor deposition
DEC Diethyl carbonate
DFT Density functional theory
DMAC Dimethylacetamide
DMC Dimethyl carbonate
DME Dimethoxyethane
DOL Dioxlane
DOLDME Dilute ether electrolyte with LiNO3 additive
EBSD Electron backscatter diffraction
EC Ethylene carbonate
EDS Energy dispersive spectroscopy
FCC Face-center cubic
FCOF Fluorinated covalent organic frameworks
FEC Fluoroethylene carbonate
FEM Finite element method
F-Free Fluorine-free carbonate electrolyte
FIB Focused-ion beam
GIWAXS Grazing incidence small-angle X-ray scattering
GO Graphene oxide
HAADF High-angle annular dark-field
HCP Hexagonal close-packed
HCRG Hard carbon-riveted graphite
HE Hybrid electrolytes
HER Hydrogen evolution reaction
H−Nb2O5 Monoclinic Nb2O5
ICE Initial Coulombic efficiency
IPF Inverse poly figure
KB Ketjen black
LDME Localized high-concentration electrolyte

LPSCl Li6PS5Cl
LLZO Li7La3Zr2O12
LIBs Lithium-ion batteries
LiFSI Lithium bis(fluorosulfonyl)imide
LMBs Lithium metal batteries
LSV Linear sweep voltammetry
LSW Lifshitz−Slyozov-Wagner
LTO Li4Ti5O12
MC Monte Carlo
MD Molecular dynamics
MWCNT Multiwall carbon nanotube
MXenes Transition metal carbides/nitrides
PG Propylene glycol
RCD Relative current density
rGO Reduced graphene oxide
RIM Reflection interference microscope
SAED Selected-area electron diffraction
SEI Solid-electrolyte interphase
SEM Scanning electron microscopy
SP Super P
SSBs Solid-state batteries
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
TFSI Bis(trifluoromethanesulfonyl)imide
TGC Titration gas chromatography
TMO Transition metal oxide
TMP Trimethyl phosphate
T-Nb2O5 Orthorhombic Nb2O5
ToF-SIMS Time-of-flight secondary ion mass spectrometry
TSE Ternary-salts electrolyte
TVD Thermal vapor deposition
VC Vinylene carbonate
WROs Wadsley-Roth oxides
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
ZIF-8 Zeolitic imidazolate framework
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Li, W.; Zou, Y.; Zhao, Y.; Rümmeli, M. H.; Dou, S.; Sun, J. Mosaic
Nanocrystalline Graphene Skin Empowers Highly Reversible Zn Metal
Anodes. Adv. Sci. 2023, 10 (4), 2206077.
(172) Li, X.; Li, Q.; Hou, Y.; Yang, Q.; Chen, Z.; Huang, Z.; Liang, G.;
Zhao, Y.; Ma, L.; Li, M.; Huang, Q.; Zhi, C. Toward a Practical Zn
Powder Anode: Ti3C2Tx MXene as a Lattice-Match Electrons/Ions
Redistributor. ACS Nano 2021, 15 (9), 14631−14642.
(173) Wang, Y.; Ren, T.; Wang, Z.; Liu, C.; Zhang, Y.; Xu, A.; Chen,
C.; Bai, J.; Wang, H.; Liu, X. Enabling and Boosting Preferential
Epitaxial Zinc Growth via Multi-Interface Regulation for Stable and
Dendrite-Free Zinc Metal Batteries. Adv. Energy Mater. 2024, 14 (26),
2400613.
(174) Zhao, Z.; Wang, R.; Peng, C.; Chen, W.; Wu, T.; Hu, B.; Weng,
W.; Yao, Y.; Zeng, J.; Chen, Z.; Liu, P.; Liu, Y.; Li, G.; Guo, J.; Lu, H.;
Guo, Z. Horizontally Arranged Zinc Platelet Electrodeposits Modu-
lated by Fluorinated Covalent Organic Framework Film for High-Rate
and Durable Aqueous Zinc Ion Batteries. Nat. Commun. 2021, 12 (1),
6606.
(175) Li, Y.; Wong, H.; Wang, J.; Peng, W.; Shen, Y.; Xu, M.; An, Q.;
Kim, J.; Yuan, B.; Goddard, W. A.; Luo, Z. Deposition of Horizontally
Stacked Zn Crystals on Single Layer 1T-VSe2 for Dendrite-Free Zn
Metal Anodes. Adv. Energy Mater. 2022, 12 (47), 2202983.
(176) Wang, Y.; Xu, X.; Yin, J.; Huang, G.; Guo, T.; Tian, Z.; Alsaadi,
R.; Zhu, Y.; Alshareef, H. N. MoS2-Mediated Epitaxial Plating of Zn
Metal Anodes. Adv. Mater. 2023, 35 (6), No. e2208171.

(177) Wright, S. C.; Brea, C.; Baxter, J. S.; Saini, S.; Alsaç, E. P.; Yoon,
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