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Keywords: The growth of dendrites in Li/Na metal batteries is a multifaceted process that is controlled by several factors such
Li/Na metal batteries as electric field, ion transportation, temperature, and pressure. Rational design of battery components has become

Heterogeneous structures a viable approach to address this challenge. Among the various design strategies, heterogeneous structures have

gen;imes been demonstrated to be effective in mitigating uneven metal deposition by reducing the local current density and
osts . P - - - . . L
Interlayers regulating the deposition sites. In this review, we discuss comprehensively the underlying principles and factors

that influence dendrite growth, as well as the synthesis approaches for heterogeneous structures. Furthermore, we
provide an overview of the diverse applications of heterogeneous structures in battery components. Finally, we
highlight existing challenges and future directions for the use of heterogeneous structures in regulating metal
deposition.
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1. Introduction

Energy is an indispensable resource for human society. However, the
exploitation of fossil fuels has resulted in detrimental impacts on the
environment, necessitating the development and adoption of clean en-
ergy sources [1]. Concurrently, the demand for highly efficient energy
storage devices has intensified. Lithium-ion batteries (LIBs), which were
invented in the 1990s, have revolutionized the field of portable devices
by enhancing their stability and lifespan, and are considered one of the
most promising technologies for storing new energy sources [2,3].
Hitherto, LIBs have performed a critical role in the development of
portable devices [4-6], electrification of automobiles [7,8], and
grid-scale energy storage [9]. However, the theoretical energy densities
of LIBs are approaching their limit, falling short of the ever-increasing
demand for state-of-the-art electronic devices and electric vehicles
[10]. In this regard, rechargeable lithium (Li) metal batteries with higher
energy densities have been revisited with widespread interest [11].
Metallic Li, with its high capacity (3860 mAh g~1) and low redox po-
tential (—3.04 V vs. SHE), is dubbed the “holy grail” anode [12,13].
Additionally, sodium (Na) metal batteries have attracted increasing
attention owing to their high capacities and abundant resources [3].
However, uneven deposition of metal ions on the anode side leads to
notorious dendrite growth, which has become a most challenging issue in
the development and commercialization of Li/Na metal batteries [14,
15]. The uncontrollable growth of dendrites not only creates “dead
metal”, but also leads to battery short circuits if the dendrites pierce the
separator [16-18]. Hence, the dendrite growth issue must be resolved to
enhance the safety and cycling performance of Li/Na metal batteries.

The uncontrollable growth of metal dendrites in rechargeable Li/Na
metal batteries is a complex issue that arises from three main factors: (1)
high local current density on the anode surface, (2) uneven metal ion
distribution within the cell, and (3) repeated fracture of the solid elec-
trolyte interphase (SEI) that continuously exposes the anode to the
electrolyte [19-21]. The SEI forms on the anode surface can ideally
prevent side reactions between the anode and the electrolyte. Unfortu-
nately, the dramatic volume change of Li/Na metal anodes during
charging and discharging causes the SEI to crack. The re-exposure of
fresh metal to the electrolyte not only depletes the electrolyte and the
anode but also generates non-uniform SEI, which incurs uneven metal
deposition [22-24]. The growth of dendrites is a multifactorial process
which has been explained using the well-established “Sand’s time” [25]
and space charge theory [26]. Researchers have also identified other
influencing factors that dictate the metal deposition behavior. For
example, Gao et al. investigated the growth of dendrites from a ther-
modynamic perspective and concluded that the energy needed for
nucleation is higher at lower temperatures [27]. When the temperature
increases, the nucleation overpotential decreases, yielding a larger
nucleation radius and lower nucleation densities. Fang et al. studied the
effect of external forces on the inhibition of dendrite growth [28]. By
applying an optimized stacking pressure, the deposited Li presented a
dense structure, thus mitigating dendrite growth. Since the irregular
deposition of metals is affected by multiple factors, new materials with
sophisticated structures should be developed to enable better metal
deposition and extend the lifespan of Li/Na metal batteries.

To mitigate dendrite growth in Li/Na metal batteries, a variety of
strategies have been studied: (1) creating new liquid or solid-state elec-
trolytes (SSEs) to stabilize the electrode-electrolyte interfaces [29-33],
(2) constructing artificial SEIs or interlayers on the anode to minimize
side reactions [34,35], (3) developing three-dimensional (3D) hosts to
accommodate the volume changes during metal deposition/dissolution
[36-38], (4) modifying the separators to achieve higher mechanical
strength and faster ion transport [39,40], and (5) optimizing the opera-
tion parameters, including working temperature, external pressure, and
applied current [41,42]. However, the homogeneous design of compo-
nents does not address the concentration gradient of ions and the
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distribution of electric field in the direction perpendicular to the anode,
which is the main cause of dendrite growth. In the context of 3D metal
hosts, it is evident that dendrite growth predominantly occurs on the
upper surface of conductive hosts (e.g., metallic and carbon-based ma-
terials), because of the higher ion concentration and lower transport
resistances at that location [43]. In dielectric hosts, the deposi-
tion/dissolution process is limited to only a few localized areas, which
hampers the effective utilization of the host’s pore space. Consequently,
the adoption of 3D homogeneous hosts fails to sufficiently regulate the
deposition/dissolution behavior, thus hindering the attainment of highly
reversible Li/Na metal anodes. To circumvent this issue, heterogeneous
designs for batteries have been explored, which include heterogeneous
structures that vary in mechanical strength, pore size/porosity, and
heterogeneous components that change phases and concentrations
[44-46]. These designs help to mitigate dendrite growth by redistribut-
ing the metal ion flux and electric field, thus enabling better control over
metal deposition. Although many reviews have provided viable ap-
proaches to mitigate dendrite growth [47,48], a timely and compre-
hensive review is essential to highlight the latest advances and provide
new ideas on adopting heterogeneous structures in Li/Na metal batteries.
This review presents recent progress made in the development of het-
erogeneous structures in battery components, e.g., host, interlayer, elec-
trolyte, and SEI, to prevent dendrite growth in batteries (Fig. 1). The
fundamentals of metal dendrite growth are first outlined, providing the
basis for the construction of vertically heterogeneous structures. In addi-
tion, various designs and preparation methods for vertically heterogeneous
structures are described and a summary of their regulation mechanisms is
given. Finally, the challenges and limitations of heterogeneous structures
are discussed, and potential avenues for promoting their applications in
high-energy-density Li/Na metal batteries are presented.

2. Fundamentals of metal dendrite growth

The morphology of heterogeneous metal deposition can be classified
into three types: mossy-like, whisker-like, and dendrite-like [49]. These
distinct growth patterns are attributed to various factors (Fig. 2a). The
growth of mossy-like and whisker-like metal is mainly influenced by the
stress field. During the initial stage of metal deposition, irregular metal
growth is inhibited by the SEI layer, which grows faster than the metal
deposition rate. As metal deposition continues, the stress builds up in the
SEI until it ruptures at a threshold point. This exposes the conductive
metal underneath the SEI to the electrolyte, leading to preferential metal
deposition, and hence forming metal whiskers. The growth pattern of
mossy metal is like that of metal whiskers, but it occurs at a current
density higher than metal whiskers and lower than metal dendrites. For
dendrite-like growth, it is mainly controlled by the ionic concentration
and electric fields, which significantly affect metal nucleation (e.g., size
and distribution density of nucleation sites) and deposition (e.g., depo-
sition rate and morphology). In this section, we present two most famous
theories, viz., Sand’s time model and space charge theory, that are used to
predict metal dendrite formation. We also summarize the factors that
influence dendrite growth, including nucleation behaviors, SEI proper-
ties, stress, and temperature, and explain how they affect metal
deposition.

2.1. Theoretical models for metal deposition

Much work has been done to simulate and optimize the ions migra-
tion and electric field distribution behavior, among them, two main
models are used to analyze the effect of ionic and electric fields on metal
deposition, i.e., Sand's time theory and space charge theory.

In 1901, Sand concluded that, given the presence of an ion A, the ion
would be released at the minimum electromotive force at the electrode;
other particles that require a higher potential only appear when the
concentration of ion A drops to zero [25]. Sand’s time is given by:
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where D is the ambipolar diffusion coefficient, e electronic charge, Z.
charge number of electro-plating cations, Cj initial salt concentration, J
effective electrode current density, y, and up, the mobilities of anion and
cation, respectively. Thus, based on Eq. (1), the effective current density
greatly affects the time of dendrite formation.

In 2001, Brissot et al. proposed another model, in which the overall
salt content in the cell is considered a constant value since the cathode
releases Li ions to compensate for the loss on the anode during the
charging process [49]. On the movement of anions toward the cathode, a
linear-changing Li-salt concentration gradient occurs after polarization;
and the Li-ion concentration becomes [49]:
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where C; is the surface concentration of the anion, F Faraday constant, [
diffusion distance of cations, and [ = v/tpDg, tp is the diffusion time of the
cations. Note that the significance of both cation and anion behaviors on
dendrite growth during Li plating is highlighted in this theory.

Furthermore, Chazalviel proposed the space charge theory, which
supports and supplements Sand's time theory. Fig. 2b displays two
defined regions. One is the bulk electrolyte region (Region I), and the
other is the electrolyte and electrode interface region (Region II) [50,51].
When the current density exceeds the critical value, the anions in Region
I decrease significantly, giving space charge, which leads to explosive
dendrite growth. The critical current density J* is given below by
Ref. [26]:
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where L is the inter-electrode distance. In addition, the same group
predicted the growth rate of dendrites from Ref. [51]:

Va= — MHEU (5)

where E is electric field intensity in the neutral region of the electrolyte.
Monroe and Newman challenged the above constant-growth-rate theory
by demonstrating that the distribution of ionic concentration and electric
fields on dendrite tips continuously varied during growth [52], and the
growth rate would change over time. In this context, it is possible to
prevent effectively dendrite growth by reducing the current density on
the tip.
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The abovementioned theories provide a solid understanding of the
growth mechanism of tree-like metal dendrites. However, these theories
also have certain limitations. Firstly, these models overlook the in-
homogeneities of the ionic concentration field and electric field on the
anode surface in real-life scenarios. Secondly, they do not provide precise
explanations for the growth mechanisms of whisker-like and mossy-like
metal deposition. Nor do they consider the influence of the nascent SEI
layer formed spontaneously on the surface of Li/Na metals. In the
following subsection, we will provide a concise overview of how other
influencing factors, for example, nucleation states of Li/Na metals,
properties of SEI layer, stress, and temperature, impact the deposition of
Li/Na metals and subsequently control the battery performance.

2.2. Factors influencing the electrochemical deposition of metals

2.2.1. Nucleation behaviors

Nucleation is the initial step for metal deposition. In rechargeable
cells, metal plating usually begins with heterogeneous nucleation on the
surface of pristine metal or other substrates. The substrate's character-
istics, such as its composition, size, morphology, and surface chemistry,
all have a direct impact on the distribution of concentration/electric
fields around the substrate, thereby influencing the metal nucleation and
subsequent growth behaviors. Ely and Garcia summarized the electro-
chemical deposition of metal containing five regimes. These include the
nucleation suppression regime, long incubation time regime, short in-
cubation time regime, early growth regime, and late growth regime,
which are used to explain the initial deposition behavior of Li metal by
numerical simulation [53]. In the nucleation suppression regime, em-
bryos are unstable and tend to redissolve in the electrolyte. The over-
potential dictates the ensuing long incubation time and short incubation
time regimes, which produce very broad and narrow nuclei size distri-
butions, respectively. Finally, thermodynamically and kinetically stable
nuclei grow, and the morphology and microstructure of the deposited
metal evolve. Wood et al. used operando video microscopy to charac-
terize the morphology evolution of metallic Li, giving a complete un-
derstanding of nucleation kinetics by combining the morphology
evolution with the voltage variation [54]. Fig. 2c illustrates that the
voltage rises to a local maximum immediately at the beginning of the
charging process and then gradually falls back to a platform as time
elapses. The sharp inflection occurs because nucleation requires an
additional energy barrier (Fig. 2d). After the nucleation of metal on the
anode, Li ions prefer to deposit on existing nuclei rather than a new one.

Based on thermodynamics, the formation of dendrites is highly
related to the surface energy and diffusion energy barrier of the metal on
the substrate [55]. High surface energy inhibits the vertical growth of the
metal, hence reducing the probability of dendrite growth. Meanwhile,
the diffusion energy barrier of metal atoms on the substrate also has a

v' Conductivity v' Conductivity v’ Lithiophilicity v In-situ v’ Triple-gradient
gradient gradient gradient organic/inorganic host
host separator interlayer artificial SEI
2021
2020 2022
v' Dual-gradient
v Janus v Ex-situ host v’ Pore-size
solid-liquid organic/inorganic v Heterogeneous gradient
interface artificial SEI solid state electrolyte host

Fig. 1. Development of heterogeneous structures for Li/Na metal batteries.
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Fig. 2. (a) Summary of the driving force, influencing factor, and dominated physical fields for the different likes of Li deposition. Reproduced with permission from
Ref. [49]. Copyright 2021 American Chemical Society. (b) Schematic illustration of a typical space charge layer in metal batteries, in which Capjon is the concentration
of anions. (c) Three-electrode measurements showing the cell polarization contributions from each electrode. (d) Schematic representation of the difference in
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from Ref. [54]. Copyright 2016 American Chemical Society. (e) Schematic showing the external pressure alleviates Li dendrite formation. Reproduced with permission
from Ref. [72]. Copyright 2016 Wiley-VCH GmbH. (f) Snapshots of dendrite morphology for the phase-field model coupled with the atom diffusion model with 7 at
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The vertical growth rate ratio (GRRy,) variation with 7 at different temperatures. Reproduced with permission from Ref. [73]. Copyright 2023 American Chemi-
cal Society.
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critical role in dictating their deposition. A high diffusion energy barrier
means the metal atoms tend to aggregate at specific sites, thereby
inducing uneven deposition on the substrate [56]. Thus, researchers have
designed substrates with high surface energy and low diffusion energy
barrier to cope with dendrites.

Nucleation overpotential is a critical indicator to evaluate the diffi-
culty of metal nucleation on different substrates and is closely linked to
the lithiophilicity of the substrate [57-59]. It has been observed that Cu
exhibits poor lithiophilicity and a large overpotential for Li nucleation
owing to the significant difference in their lattice structures. In com-
parison, silver and gold have negligible nucleation potential and plating
potential because these substrates can form Li alloys that have a similar
lattice structure to pure Li metal with excellent lithiophilicity [60]. Be-
sides metallic substrates, carbon-based materials are promising metal
hosts because of their low-cost, lightweight, and high electrical con-
ductivity [61]. However, Xu et al. discovered that the affinity between Li
atoms and bulk Li is stronger than that between Li atoms and pure carbon
substrates using density functional theory (DFT), supported by the larger
Epi1i (1.443 eV) than Ejj ¢ (1.147 eV) [62]. Therefore, as will be dis-
cussed later, surface defects and lithiophilic seeds have been designed on
carbonaceous materials in order to reduce the nucleation overpotential
and homogenize Li deposition.

2.2.2. SEI

SEI is an electrically insulating and ionically conductive passivation
layer that forms on the electrode surface through electrolyte decompo-
sition [63]. For Li/Na metals, the SEI layer forms immediately upon
contact with the electrolyte, adjusting the distribution of ion flux from
the bulk electrolyte to the anode and the electrons around the anode,
thereby affecting the metal nucleation and morphology. An ideal SEI
layer should have high electrical resistivity, high ionic conductivity and
permeability, strong mechanical stability, and a suitable thickness with a
compact structure [24]. Due to the high reactivity of Li/Na metals, the
electrolyte undergoes spontaneous decomposition upon contact with
their surfaces, forming a non-uniform SEI layer. The SEI film can exhibit
variations in thickness and defects, which create highly active sites.
Consequently, Li/Na ions tend to deposit preferentially at these sites,
leading to the generation of internal stress within the SEI layer. Over
time, this stress ruptures the brittle SEI yielding compositional in-
homogeneity [64]. During dissolution, the metal dendrites may
commence to dissolve from their roots. The remaining part of the pro-
trusions, wrapped by SEI, loses electrical contact with the current col-
lector and cannot participate to ensure the electrochemical reactions, is
denoted “dead Li/Na” [65-67]. Hence, new electrolyte formulations,
e.g., high-concentration and localized high-concentration electrolytes,
are developed to stabilize metal deposition by forming a robust SEI [68].
Additionally, artificial SEI coatings with tailored composition and
structure have been extensively studied. There are many published re-
views about how the SEI affects metal deposition and interested readers
may consult these references [21,34,69,70].

2.2.3. Stress

Stress is another significant external factor that profoundly impacts
dendrite growth. Stress can be classified as internal and external stresses.
SEIs or interlayers are the primary internal stress. Also, plastic defor-
mation of Li metal due to externally applied pressure can effectively
inhibit dendrite growth [71]. The impact of external stress can be
explained in two states: steady state and dynamic state [41]. In the steady
state, the stress directly determines the mechanical deformation, e.g.,
interface contacts, which can obstruct dendrite growth and affect
significantly the battery performance. In the dynamic state, mechanics,
electrochemical reaction, and ion transport have a complex coupling
effect on metal deposition during electrochemical cycling. Various
computational methods, such as smooth particle hydrodynamics and
coarse-grained Monte Carlo methods, have been used to examine the
behaviors of metal deposition. Lai et al. conducted large-scale molecular
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dynamics (MD) simulations with a machine learning potential on Li
dendrite growth under external pressure [72]. They found that Li defects
and dendrites would gradually fuse and disappear under pressure, indi-
cating that external stress can enhance the ability of metal self-healing
(Fig. 2e).

2.2.4. Temperature

Temperature can affect the transport of metal ions and the
morphology of nucleation sites [42]. Zhang et al. reported that temper-
ature and atomic diffusion have a coupling effect on the evolution of
metal deposition. At high temperatures, the ion diffusion and concen-
tration polarization are accelerated and reduced, respectively, hence
effectively inhibiting the vertical growth of dendrites (Figs. 2f and g)
[73]. In addition, it has been reported that a high temperature (60 °C)
can promote the homogeneous gathering of massive Li ions on the cur-
rent collector, which then forms large nuclei. As plating continued, these
large nuclei gradually expanded and fused, eventually forming a smooth
Li [74]. Notably, under high temperatures, the SEI growth rate increases,
which may lead to in-plane heterogeneity of the SEI and cause charges to
accumulate at the tip, accelerating the growth of dendrites [75]. Hence,
temperature has a complex effect on the metal deposition of batteries,
which deserves further investigation.

Summary: In recent years, significant efforts have been devoted to
unravel the fundamental principles underlying dendrite growth in Li/Na
metal batteries. Mathematical models, such as Sand’s time model and
space charge theory, have provided valuable tools for predicting dendrite
growth. Additionally, initial nucleation behaviors, SEI chemistry, stress,
and temperature have been recognized as influential factors that impact
dendrite growth. Considering the complexity of metal dendrite growth,
advanced characterization techniques and simulation methods are
required to deepen the understanding of metal deposition and
propagation.

3. Design concept and preparation of vertically heterogeneous
structures

In recent years, numerous efforts have been made to avoid the
dendrite growth of Li/Na metal batteries [49,76,77]. To-date, three
effective methods to inhibit the growth of dendrites have been investi-
gated which include electrolyte formulation, interface optimization, and
host design. Homogeneous structures have been proven ineffective in
redistributing the ion concentration and the anode electric field in the
vertical direction. In contrast, a vertically heterogeneous structure is a
viable solution to tailor the ion flux and electric field distribution, thus
preventing  problematic  dendrite = growth.  Specifically, in
conductive-dielectric gradient hosts or interlayers with increasing elec-
trical conductivity from the separator towards the anode, the electric
field distribution within the 3D gradient hosts/interlayers is dominated
at the bottom area owing to the higher electric conductivity, and this
uniform area is wider than that in the fully conductive counterparts,
which is verified by electric field simulation [78]. For the
lithiophilicity-gradient structures, the distribution of Li ion flux in the
gradient scaffold is more concentrated at the bottom, which can be
attributed to the higher reactivity and lower overpotential between the
lithiophilic seeds and Li ions [79]. In this section, we will give the
regulation mechanisms and preparation methods of vertically heteroge-
neous structures for Li/Na metal batteries.

3.1. Concept of vertically heterogeneous structure

The term “vertically heterogeneous materials” refers to materials with
different compositions, structures, and/or physicochemical properties in
the vertical direction in a battery component but are identical in the
horizontal direction (Fig. 3a). This graded design controls the selective
deposition of metals to allow highly stable and long-lifespan recharge-
able Li/Na metal batteries. Herein, we will discuss the regulation effects
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of designing heterogeneous structures to suppress metal dendrite growth,
and illustrations are provided in Figs. 3b—e to give a better visualization
of different kinds of vertically heterogeneous materials.

3.1.1. Conductivity gradient framework

Metal deposition is a diffusion-coupled reaction process, which is
mainly determined by multi-physical field parameters such as metal ion
concentration, local potentials, and local current [17]. Since the electric
and charge-transfer resistances are very similar in electrically conductive
and homogeneous hosts, the metal ion transport resistance from the
separator to deposition sites governs metal deposition, which is smallest
at the anode/separator interface [44,80]. Therefore, metal ions can more
easily receive electrons at the anode/separator interface during charging,
leading to undesired top growth of metals in conductive hosts and further
triggering dendrite formation. To avoid this phenomenon, two kinds of
heterogeneous design strategies can be used.

One approach uses the electrical conductivity gradient (Fig. 3b).
Based on the conductivity of the host, 3D anodic substrates can be
divided into two categories: electrically conductive and dielectric sub-
strates [78]. Conductive substrates enable small polarization and reduce
local current density, mitigating dendrite growth [81-83]. Unfortu-
nately, the higher ion concentration and lower transport resistances yield
“top growth” of metal on the top of 3D conductive hosts, which not only
wastes the internal region of the 3D hosts but stimulates dendrite growth
[43]. In contrast, dielectric hosts avoid the top growth of metal associ-
ated with their extremely low conductivity (Li ions cannot be reduced at
this location) [84,85], but they would lead to large polarization.
Conductive-dielectric gradient hosts or interlayers that combine the ad-
vantages of both have been recently developed. In essence, the increasing
electrical conductivity along the cross-sectional direction would promote
the deposition of metals in the conductive region, which harnesses the
internal voids of 3D hosts and reduces the potential hazard of piercing
the separator by ridding the unwanted top deposition of metal dendrites.

Another approach is ionic conductivity gradient design, which aims
to guide the reversible plating/stripping of metal ions into the internal of
the host by reducing the local current density on the anode surface. For
example, a pore-size gradient framework has been proposed to direct
metal deposition (Fig. 3c) [86]. The large pores in the upper layer would
reduce the local current density and provide the pathway for the elec-
trolyte to infiltrate into the bottom layer.

3.1.2. Gradient distribution of ion-affinity sites
The deposition of metal ions in a battery is governed by the nucle-
ation overpotential, which is the difference between the voltage dip and

the plateau [61]. The higher the overpotential, the poorer the ion affin-
ity, and the more difficult the metal nucleates. Significant efforts have
been devoted to improving the affinity of the substrate to metal anodes.
For Li metal, different kinds of lithiophilic materials have been explored,
including metals nanoparticles (Zn, Ag, and Au [87-89]), lithium alloys
(Li-Mg, Li-Bi, and Li-Al [90,91]), single atoms (Ni and Pt [92,93]), and
metal compounds (MnO and ZnO [94,95]). These materials typically
have a high binding energy with Li, and can chemically/electrochemi-
cally react with Li, thus acting as lithiophilic sites to lower the nucleation
barrier and regulate metal deposition. If the metal affinity sites are by
purpose distributed at the bottom region of the substrate to realize an ion
affinity gradient, the metal would prefer to deposit at the bottom region
of the anode, which has a lower nucleation barrier (Fig. 3d).

3.1.3. Heterogeneous distribution of stresses in inorganic—organic gradient
SEI

Despite the potential for dendrites to penetrate the separator, the
mechanical strength of the root of dendrites is poor. If a high stress is
applied to the metal anode, it can have a significant impact on dendrite
growth. While SEI can prevent excessive dendrite growth to a certain
extent, the fragility of the SEI prevents it from maintaining its integrity for
long-term cycling. Much work has been done on the relationship between
SEIs and stress [96-98]. For example, Gao et al. proposed the “maximum
elastic deformation energy” (U) as an indicator of SEI stability based on
Young’s modulus and elastic strain limit. A high U allows the SEI to absorb
the excess energy generated by anode expansion through elastic defor-
mation, affording much improved electrode stability [99]. During the
metal deposition process, the compressive radial stress will decrease
monotonically across the SEI layer from the anode/SEI interface to the
SEl/electrolyte interface. Meantime, tangential stress that is always ten-
sile and triggers the fracture of SEI, also decreases monotonically across
the SEI layer, which has a maximum value at the anode/SEI interface [98,
100]. As the tangential stress is much higher than the radial stress, the SEI
inner layer is more prone to cracking rather than debonding from the
anode surface. Therefore, the use of an inorganic layer with high me-
chanical strength as the inner SEI is anticipated to prevent lithium
dendrite growth and SEI fracture, while an organic-rich layer with high
elasticity as the outer SEI can effectively alleviate the SEI deformation,
hence enabling stable metal plating/stripping (Fig. 3e).

3.2. Preparation methods of vertically heterogeneous structures

As mentioned in Section 3.1, designing vertically heterogeneous
structures in anodic hosts, interlayers, artificial SEIs, and electrolytes can
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effectively regulate metal deposition. However, the practical fabrication
of these heterogeneous structures remains a key issue. In this section,
several low-cost and efficient methods to produce heterogeneous struc-
tures are summarized, which can be divided into physical and chemical
methods.

3.2.1. Physical methods

Roll press is a widely accepted approach for fabricating dual-layer
anodes due to its low cost and applicability to mass production lines.
As a typical example, a lithiophilic-lithiophobic ternary alloy anode was
synthesized by rolling Li-Cu alloy foil on Ag foil (Fig. 4a) [101]. The
lithiophilic Ag guides the bottom-up growth of Li, leading to stable po-
larization curves without fluctuations for more than 1200 h in the
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symmetric cell at a current density of 0.5 mA cm ™2 and an areal capacity
of 0.5 mAh cm ™2 (Fig. 4b). Surface coating is another convenient method
for preparing multilayer structures. Ma et al. presented a Janus face
graphene (JFG) substrate for Li metal batteries [102]. Graphene oxide
and ammonium chloride (NH4Cl) were dispersed in deionized water to
form a slurry, which was then scraped onto a polyethylene terephthalate
(PET) film. After heating under an Ar atmosphere, the as-prepared sub-
strate showed different appearances on two sides (Fig. 4c). The bottom
side (JFG1) is dense and rich in nitrogen (N)-doping, while the top side
(JFG2) has a porous structure that provides space for Li deposition. As
shown in Fig. 4d, the symmetric cell with Li-JFG1 displayed a lower and
more steady voltage polarization than Li foil, Li-rGO, and Li-JFG2,
demonstrating the ability of a vertically heterogeneous host to direct Li
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metal deposition and efficiently suppress dendrite growth.
Electrospinning is a well-established approach to synthesize 1D
nanostructured materials, which has been successfully applied in the
field of batteries [103-106]. Zhao et al. reported a 3D polyvinylidene
difluoride (PVDF) framework with an Ag concentration gradient for a Li
metal anode by varying the silver nitrate concentration in the electro-
spinning solution (Fig. 4e) [85]. The porous structure and decorated
lithiophilic Ag seeds ensure the “bottom-up” Li growth in the PVDF
framework (Fig. 4f). Consequently, Li-C-Ag/PVDF||Li-C-Ag/PVDF
symmetric batteries displayed a stable voltage plateau and a long lifespan
of > 1200 h at 4 mA cm™? (Fig. 4g). Also, magnetic sputtering has been
used to prepare gradient structures for electrospun fiber hosts [107]. An
ultralight 3D host with bi-directional lithiophilicity gradient modifica-
tion was achieved by sputtering [108]. As shown in Fig. 4h, ZnO and Sn
nanoparticles were sputtered on the side of CNFs near and away from the
separator, respectively. Unlike the homogeneous CNF host, the dielectric
ZnO top layer (with an electric resistance of 5.22 kQ) avoids the
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reduction of Li ions on the top surface of the host, while the strong af-
finity of Sn to Li ions promotes selective deposition of Li metal at the
bottom region, thus realizing dendrite-free Li deposition inside the host
(Fig. 4i).

3.2.2. Chemical methods

Chemical methods primarily apply to in-situ technology, which can be
used in the preparation of batteries. These methods have been widely
used in SSE and interface engineering to protect the metal from exposure
to air and to ensure the contact of anode and SSE.

Researchers have extensively studied how to improve the stability of
SEIs for Li/Na metal batteries. Following this rationale, Guo et al. pro-
posed a dual-layer artificial interface via substitution reaction and
alloying (Fig. 5a) [109]. The substitution reaction occurred when the Li
foil was immersed in silver tetrafluoroborate (AgBF4)/1,2-dimethoxy-
ethane (DME) solution. A top glass layer consisting of LiF and LiBOx was
generated through the reaction of LiBF4 and trace water in the precursor
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Table 1
Comparison of different manufacturing methods for the preparation of heterogeneous structures.
Methods Merits Challenges
Physical methods Roll press 1) Simple and easy operation 1) Li and Na with low mechanical strength and high sticky may
2) Suitable for mass production break frequently during rolling
2) The operation should be conducted under inert environments
Coating 1) Cost-effective and easy to operate Difficulty in controlling the horizontal homogeneity of
2) Suitable for mass production coatings
Electrospinning 1) Low-cost and high-efficiency 1) High dependence on environmental conditions
2) Easy assembly into 3D freestanding membranes 2) Requiring advanced electrospinning techniques to realize
3) Controllable sample composition and structure mass production.
Magnetron sputtering 1) Large coating area 1) Requiring high vacuum
2) Highly adhesive and uniform coating layer 2) High prices for some specific targets (e.g., precious metal
targets)
3) Long preparation time
Chemical methods Displacement reactions 1) Simple and easy operation 1) Difficulty in precise thickness control
2) Suitable for mass production 2) Unwanted side reactions
In-situ polymerization 1) Forming seamless interfaces 1) Incomplete polymerization may degrade battery performance

2) Avoiding contact with air and moisture

2) Unwanted side reactions

solution. This dense and conformal LiF/LiBOy layer, with a high modulus,
effectively suppressed Li dendrites. Finally, Ag was anchored onto the
surface of the Li foil, forming a bottom lithiophilic layer caused by the
formation of Li-Ag alloy during electrochemical cycling. By the syner-
gistic effect of these two layers, the vertically heterogeneous artificial SEI
layer ensures excellent battery performance.

Wang et al. recently presented an organic/inorganic dual-layered
interphase using a reactive ionic liquid, i.e., Pyr;sFSI [110]. The
highly active FSI™ anions react with Li metal to generate a LiF layer,
and the organic moieties of RTILs are bound on the Li surface to form
the organic layer by ion attraction (Fig. 5b). Further, X-ray photo-
electron spectroscopy (XPS) and interface-sensitive sum frequency
generation spectroscopy (SFG) confirmed the formation of a gradient
interphase at the interface. As shown in Fig. 5c, the peak intensity of
LiF increases over time, while the S-F bond in FSI™ anion decreases.
The SFG image demonstrated the formation of an organic layer as
evidenced by the increased —CH; (2940 cm™ ) and —CHj3 (2904 cm™ D)
Fermi resonance signals (Fig. 5d). The pretreated self-assembled
organic/inorganic dual layers on Li metal (SAHL-Li) displayed a
smooth and compact surface after electrochemical cycling when
compared to severe cracks and dendrites found on the surface of
pristine Li (Fig. 5e).

In-situ polymerization is another efficient strategy to prepare het-
erogeneous structures. Wang et al. developed a separator to produce a
gradient-polymerization quasi-solid-state electrolyte [111]. The sepa-
rator has a tri-layer structure, consisting of a bottom layer of poly-
ethylene (PE) separator, a top layer of lithium hexafluorophosphate
(LiPFg), and a middle layer of aluminum oxide (Al;O3) to enhance the
affinity of the top and bottom layers. The separator is inserted into the
cathode and anode with the LiPFg layer facing the cathode. As LiPFg is
slowly released into the electrolyte, it induces in-situ cationic polymeri-
zation of 1,3-dioxolane (DOL) upon contact with the ether-based liquid
electrolyte, leading to a gradient-polymerization electrolyte with a
reducing degree of polymerization from the separator to the cathode.
This innovative structure can suppress the shuttle effect and enhance ion
transport. The merits/challenges of the physical and chemical methods
are summarized in Table 1.

Summary: We have introduced the design concepts of heterogeneous
structures, which serve as effective solutions to mitigate uneven metal
deposition. These structures effectively address the uneven metal depo-
sition by optimizing the distribution of electric and ionic fields, therefore
dissipating internal stresses at the electrolyte-electrode interface, and
also enhancing the overall structural stability. Unlike homogeneous
structures, the preparation of heterogeneous structures necessitates
meticulous arrangement of each component within the structure. While
various physical and chemical approaches have been used to construct
these structures, the development of scalable and cost-effective

production methods remains an ongoing endeavor that demands
concerted efforts from both academia and industry.

4. Application of vertically heterogeneous structure for Li/Na
metal batteries

In Section 3, a variety of heterogeneous structure designs have been
proposed to rectify the uncontrollable metal deposition during plating.
These strategies effectively regulate electron and ion transport, enhance
structure stability, and dissipate stress, all of which are critical factors in
inhibiting dendrite growth. Herein, we overview the application of
vertically heterogeneous design in different battery components,
including hosts, electrolytes, interlayers, and artificial SEIs.

4.1. Heterogeneous solid electrolytes

The use of conventional liquid electrolytes in batteries has been asso-
ciated with severe safety hazards due to their flammability and negligible
mechanical strength [112]. To overcome these issues, SSEs such as inor-
ganic solid electrolytes (ISEs) and solid polymer electrolytes (SPEs) have
been revisited as potential replacements for liquid electrolytes [113]. For
example, by adding flame retardants or crosslinkers, it is possible to obtain
homogeneous SSE with safety and flexibility [114-116]. However, ho-
mogeneous SSEs also have some critical drawbacks that limit their appli-
cations in current batteries. Shear modulus, pre-existing defects/cracks,
grain boundaries/pores, and electrical conductivity of ISEs cannot
completely inhibit metal dendrite growth, and the voids between the ISEs
and electrodes cause large cell polarization [117]. SPEs have a narrow
electrochemical window that is not suitable for high-voltage cathodes, and
their relatively low ion transfer numbers incur a space charge layer [118].
In this context, Ran et al. developed a sandwich composite electrolyte
(SCE) with a porous structure to enhance the safety and performance of
solid-state batteries [112]. Fig. 6a shows a multilayer SCE prepared by
infiltrating PAN and poly(ethylene oxide) (PEO) in a three-layered
(porous-dense-porous) SE. The central dense ceramic layer prevents
dendrite penetration and offers continuous pathways to improve ion
conduction, while the PAN and PEO layers can withstand the redox re-
action and achieve seamless contact between electrolyte and electrodes,
hence maintaining good structural integrity during cycling due to the
polymer softness. The symmetric Na|SCE|Na cell displayed a stable over-
potential of ~0.04 V for over 1000 h without short circuits at ambient
temperature (Fig. 6b). No PAN peaks are observed in the XRD patterns of
PAN-Na3Zr,SioPO12 (NZSP) (Fig. 6¢) and all peaks match the pure NZSP
electrolyte. Incorporation of ceramic particles can reduce the crystallinity
of polymers, which improves the movement of polymer segments and
enhances ionic conductivity [119]. Ran et al. solved the poor interfacial
contact problem in SSEs by using gradient composite electrolytes (GCEs)
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(c) XRD patterns of PAN and NZSP-PAN. Reproduced with permission from Ref. [112]. Copyright 2021 Elsevier. (d) Schematic illustration of SPDOL-LLZTO elec-
trolyte. (e) Cross-sectional SEM image of the separator. (f) Nyquist plots of PPDOL, GPDOL-LLZTO, and SPDOL-LLZTO electrolytes. (g) Voltage-time profiles of
symmetric cells using GPDOLR-LLZTO, SPDOL-LLZTO, and PPDOL separators at 0.1 mA cm 2. Reproduced with permission from Ref. [122]. Copyright 2022 American
Chemical Society. (h) Schematic showing the fabrication of A-FRGPE. (i) Flammability test of conventional organic liquid electrolyte and A-FRGPE. Reproduced with

permission from Ref. [123]. Copyright 2023 Elsevier.

[120]. The Sc, Ge-doped NZSP and PEO were used as ceramic filler and
polymer matrix to construct a multilayer GCE. It is known that the growth
of dendrite would be inhibited when the electrolyte has a high Young’s
modulus [121]. Both the conductivity and Young’s modulus are markedly
increased by increasing NZSP concentration. Hence, the layer with 20 wt%
NZSP that has good softness was used to improve the contact of SSE and
anode, whereas the middle 40 wt% NZSP-PEO layer enhanced the overall
ionic conductivity and inhibited dendrite growth.

Garnet-type Lig 4LagZr; 4Tag 6012 (LLZTO) is another SSE that attracts
extensive interest due to its high ionic conductivity and good chemical

10

stability. However, the application of LLZTO electrolytes is hindered by
the large interfacial resistance between the anode and electrolyte. Li et al.
designed a “solid to gel” gradient structure to improve the compatibility
and ion transport at electrode/electrolyte interfaces (Fig. 6d) [122]. A
multifunctional composite electrolyte was prepared via gradient poly-
merization and LLZTO coating, denoted as GPDOL-LLZTO. LiPFs was
used as an initiator to trigger the polymerization of DOL and the degree
of polymerization can be easily controlled by tuning the amount of LiPFg,
thereby forming a gradient structure. Fig. 6e illustrates the
cross-sectional scanning electron microscope (SEM) image of the
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polymerized composite electrolyte. The electrolyte not only forms a electrolyte initiated by LiPFg on PE) and SPDOL-LLZTO separators (an

stable SEI film on Li metal to promote uniform ion transportation and all-solid-state PDOL film prepared by a casting method on the PE skeleton
inhibit the growth of Li dendrites, but also improves the mechanical and then coated with an extra LLZTO layer), the GPDOL-LLZTO separator
property, ionic conductivity, and interfacial compatibility between displayed a higher ionic conductivity inferred by the electrochemical

electrolyte and electrodes. In comparison to PPDOL (a pristine PDOL impedance spectroscopy (EIS) results (Fig. 6f) and a steadier
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overpotential over 1000 h (Fig. 6g). To mitigate the safe issue of
sodium-metal batteries (SMBs), Yang et al. recently proposed an asym-
metric flame-retardant gel polymer electrolyte (A-FRGPE) for
dendrite-free SMBs [123]. To prepare a robust asymmetric glass fiber
matrix, a graphitic carbon nitride (g-C3N4) layer was coated on a glass
fiber by vacuum filtration, and phosphate was encapsulated into the
g-C3Ny layer as a flame retardant (Fig. 6h). The sodiophilic porous g-C3N4
layer near the Na side can regulate uniform Na deposition, effectively
suppressing the growth of Na dendrites. At the same time, the intro-
duction of g-C3N4 ensures the thermal stability of the battery and im-
proves the flame resistance by coupling with phosphate (Fig. 61).

4.2. Heterogeneous interfaces

The rupture and regeneration of SEI deplete electrolytes and cause
non-uniform ion transport, leading to severe dendrite growth. Uncon-
trollable dendrite growth further hinders the growth of homogeneous SEI
[124]. Therefore, different approaches have been proposed to stabilize
the electrode/electrolyte interfaces, which include the creation of arti-
ficial SEI and the modification of interlayers/separators [125].

4.2.1. Artificial SEI

In general, SEI forms spontaneously once the highly reactive metal
anode contacts with the electrolyte, acting as a protective film and pre-
venting side reactions between the electrode and electrolyte [126]. En-
gineering an artificial SEI can further protect the anode from
continuously reacting with the electrolyte [70,127]. LiF, a critical
component in SEI with low electrical conductivity and high electro-
chemical stability against Li, has been proven helpful for uniform Li
deposition [128,129]. Therefore, an ordered LiF-rich and lithiophilic
hybrid Janus interphase (LiF-HJI) was developed to stabilize the Li metal
anode (Fig. 7a) [130]. The even distribution of inorganic crystalline
grains in the inorganic SEI layers is good for uniform Li deposition
(Fig. 7b), and the mechanical property of organic layers keeps the
interphase from breaking under a large volume change of the anode. As
shown in Fig. 7c, the voltage hysteresis of the LiF-HJI@Li anode was
lower than that of the bare Li metal anode at a current density of 2 mA
cm~2 and a deposition capacity of 2 mAh cm™2. Furthermore, the char-
ge/discharge profiles of the full cells with LiF-HJI@Li as anode also
showed better stability and smaller polarization (Fig. 7d). Lu et al.
focused on Li metal stabilization by developing a polymer—inorganic
gradient SEI (PIG-SEI) layer on Li [131]. Poly (ethyleneglycol)
diacrylate-co-vinylene carbonate (PEGDA-co-VC), copper fluoride (CuF5)
and lithium nitrate (LiNO3) were co-dissolved in dimethyl ether and
dropped onto metallic Li to form a PIG-SEI layer. After in-situ curing, the
conformal PIG-SEI layer covered the Li metal seamlessly without forming
any voids or cracks, which could reduce not only the interfacial resis-
tance of anode/SEI but also inhibited Li dendrite growth. It was observed
that nano LiF, lithium nitride (LisN), and Cu passivating particles were
generated on the metal surface, offering uniformly distributed nucleation
sites for Li.

Recently, anode-free metal batteries have received great interest due
to their easy fabrication and high energy densities [132-134]. Since
there is no active metal in the anode, the Coulombic efficiency (CE) be-
comes vitally important and is seriously affected by dendrites [135]. Li
et al. designed a composite SEI architecture with a gradient lithium
chloride (LiCl) concentration on a 3D Cu nanostructure (Fig. 7e) [136].
The inner SEI comprises mainly LiCl, lithium carbonate (Li;COs3), and
LiF, whereas the outer SEI is rich in polymer (Fig. 7f). Such a dual-layer
structure improves Li ion conductivity and mechanical property of SEI,
which in turn contribute to smooth Li deposition.

Opposite to liquid electrolytes, SSEs do not easily wet the electrodes
spontaneously, resulting in reduced contact area between anode and
electrolyte because voids form during metal plating/stripping. Lin et al.
introduced a novel SEI, which was prepared by coating a layer containing
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aluminum trifluoromethanesulfonate (Al(OTf)3) and lithium bis(tri-
fluoromethanesulphonyl) imide (LiTFSI) onto the PEO-based electrolyte
(Fig. 7g) [137]. The top lithiophobic LiF-rich layer inhibits dendrite
growth caused by its high interface energy against Li and the
electron-blocking effect, while the bottom Li-Al alloy layer reduces the
interfacial resistance during cycling (Fig. 7h). The full cell paired with
LiFePOy4 using dual-salt coated PEO electrolyte exhibited impressive
cycling performance, which retained 89.1% capacity after 350 cycles at
0.5 C. Encouraged by the outstanding battery performance shown in coin
cell configuration, an all-solid-state pouch cell was assembled and tested.
The results showed an impressive high capacity of 150.2 mAh g~! (cor-
responding to 0.60 mAh cm~2) at 0.1 C. Notably, the battery continued to
supply power when flipped or cut, demonstrating excellent tolerance to
mechanical stress. Xiang et al. proposed a self-formed interphase with a
Fe valence gradient to improve the poor anode/electrolyte compatibility
and dendrite growth of solid-state SMBs [138]. A sodiophilic a-FepO3 <Fx
interlayer was specially coated on NZSP (a-FeOF@NZSP), and in contact
with Na, to form a two-layer interphase. The layer near Na containing Fe
and NaF could prevent continuous reduction reactions, and the
Fe* /Fe3*rich layer away from Na served as an anode buffer to store Na
metal and avoid uneven deposition of Na. Based on this novel structure, a
Na||a-FeOF@NZSP||Na symmetric cell showed outstanding performance
for 1000 h under 1 mA cm™2 at an elevated temperature of 80 °C.
Moreover, the NagV3(PO4)3 (NVP)|a-FeOF @NZSP|Na full cell exhibited
impressive long-term cycling stability over 120 cycles at 1 C and 25 °C,
with a high capacity retention of 96%.

4.2.2. Composite interlayers/separators

Although artificial SEI layers can improve the mechanical properties,
they may break upon battery cycling. Conventional separators, for
example, PE and polypropylene (PP), have been extensively used in
different batteries because of their affordability, ease of processing, and
excellent electrochemical stability. Nonetheless, these separators have
limited electrolyte wettability, which hinders the transport of metal ions
and triggers non-uniform deposition of ions on the anode surface [139].
Thus, constructing new interlayers/separators is an alternative method to
mitigate metal dendrite growth. Lai et al. synthesized an ionic gradient
interface film by electro-spinning to suppress dendrite growth (Fig. 71i)
[140]. The nanofiber (NF) layer at the top of the film contains
ionic-conductive Lig 33Lag 56TiO3 (LLTO), while the bottom region is an
NF layer comprising lithiophilic AlyO3. This dual-gradient structure en-
hances the uniform distribution of lithium ions and promotes the
bottom-up deposition of Li metal (Fig. 7j). Like CNF film, carbon nano-
tube (CNT) film is also considered an appropriate carbon-based substrate
for Li/Na metal batteries. To fabricate a sodiophobic-sodiophilic inter-
layer, Ag was decorated on the CNT film with a concentration gradient
across the thickness to serve as an interlayer [141]. Na atoms are more
likely adsorbed on the Ag-rich side of the interlayer, which can alleviate
the growth of Na dendrites and reduce the short circuit risk. Hence, the
anode with the sodiophobic-sodiophilic CNT interlayer exhibited ultra-
long cyclic stability for > 1000 h at a high current density of 8 mA cm 2.

4.3. Heterogeneous hosts

Designing 3D porous anode hosts is a viable strategy to harbor the
severe dendrite growth and volume change of Li/Na metal anodes during
plating/stripping because of their high surface areas and large internal
space [103]. However, metal ions tend to accumulate on the top surface
of 3D conductive hosts owing to the higher ion concentration, leading to
inefficient use of space within the host and uneven metal deposition. For
this reason, heterogeneous designs for anode hosts have been widely
studied to promote “bottom-up” growth of Li/Na metal anodes. Recently,
different types of vertically heterogeneous structures are proposed to
regulate better metal deposition in 3D hosts, for example, pore size and
porosity gradient, conductivity gradient, and ion-affinity gradient.
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4.3.1. Pore size and porosity gradient

Carbon hosts with numerous pores provide plenty of space for metal
deposition, but the impact of pore size on metal deposition is not well
understood. Noh et al. accordingly designed a 3D carbon-based porous
anode (3D-CPA) with a pore-size gradient to study this issue (Fig. 8a)
[142]. The anode was constructed using two different diameters (15 pm
and 50 pm) of polymethylmethacrylate (PMMA, a pore-forming agent)
mixed with graphite and polyamide-imide (PAI) in N-methyl-2--
pyrrolidone (NMP) to form two slurries, which were cast on Cu foil in
sequence. After heat-treated for 1 h at 400 °C, PMMA was removed
completely and a carbon-based host with large pores in the upper layer
and small pores in the bottom layer was obtained. As displayed in the
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SEM image (Fig. 8b), no Li dendrites were formed on the 3D-CPA surface
after depositing 4 mAh cm™2 Li at 0.1 mA cm™2, confirming the promi-
nent performance of 3D-CPA to regulate Li deposition. The 3D-CPA also
maintained a stable CE for 250 cycles and increased to 97% after the first
few cycles.

4.3.2. Conductivity gradient

3D electrically conductive frameworks possess high surface areas and
electrical conductivity, which can reduce the local current density and
suppress dendrite growth. But the concentrated electric field and ion flux
in 3D hosts give rise to the top-growth mode of Li/Na metal anodes. While
a dielectric host can prevent the top growth of Li/Na metal anodes, it
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increases the battery polarization. In contrast, construction of conduc-
tivity gradient hosts combines the advantages of electrically conductive
and dielectric hosts to direct metal deposition from the bottom of 3D hosts
[143,144]. Li synthesized a conductive-dielectric gradient framework
(CDG-sponge) by adding a bottom conductive layer (nickel (Ni) nano-
layer) to a top dielectric layer (melamine sponge) (Fig. 8c) [78]. The
framework has a gradually changing electrical conductivity in the vertical
direction, allowing for “bottom-up” Li metal deposition after depositing 5
mAh cm 2 of Li under 1 mA cm 2 (Fig. 8d). In comparison with the
conductive framework (C-sponge) and dielectric framework (D-sponge),
CDG-sponge exhibited better cycling performance, which could operate
stably for 65 cycles at a current of 1 mA cm ™2 and a capacity of 8 mAh
cm 2. By sharp contrast, plating/stripping CEs of C-sponge and D-sponge
based anodes are dramatically declined after only 20 and 28 cycles,
respectively, under the same conditions (Fig. 8e).

4.3.3. Ion-affinity gradient

It has been recognized an effective method to guide the metal depo-
sition by introducing ion-affinity sites [78]. Based on this rationale, He
et al. presented a lightweight host with a stepped sodiophilic gradient
structure (h-M-SSG) to direct the selective Na metal deposition [145].
The sodiophilic h-Ti3Cy content increases from the top to the bottom
region of the host, facilitating the bottom-up deposition of Na metal
(Fig. 8f). As a result, the h-M-SSG/Na exhibited excellent cycling stability
at a high current density of 40 mA cm ™2 and an areal capacity of 40 mAh
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em~2 (Fig. 8g). Recently, a low-tortuosity 3D wood-derived carbon
(WDC) framework with a graded distribution of lithiophilic sites, such as
Ag, ZnO, and Au, was designed [79]. The capillary structure of WDC
efficiently promotes Li ions transport to the electroactive areas during
plating due to its oriented structure [146]. Meanwhile, the abundant
lithiophilic sites at the bottom of the framework promote Li metal
deposition.

4.3.4. Multiple gradients

The deposition of metals is driven by multiple factors, e.g., ion con-
centration, electric field, and wettability. Thus, a single gradient system
cannot completely address metal dendrite growth. Hence, the fabrication
of anodes with multiple gradients is of great interest [147-150]. A
dual-gradient composite anode combining rigidity and flexibility has
been designed for Li metal batteries [151]. The anode was synthesized
using silver nanowires (AgNWs) as the bottom layer and CNTs as the top
layer by a facile filtration method (Figs. 8h—j). The higher conductivity
and lithiophilicity of AgNWs than those of CNTs enable a progressive
deposition route for metallic Li on the bottom of the battery. Further, the
synergistic effect of rigid AgNWs and flexible CNTs helps maintain the
electrode integrity during Li plating/stripping. Hence, AgNWs/CNTs
hosts maintained high CEs for more than 100 cycles at 4 mA cm™2 and a
deposition amount of 4 mAh cm 2 (Fig. 8k).

Summary: Herein, we provide a comprehensive overview of the ap-
plications of vertically heterogeneous structures in Li/Na metal batteries.

Table 2
Heterogeneous structures for Li/Na metal batteries.
Materials Battery type Symmetric cell performance Full cell N/P Ref.
Electrolytes Sandwich composite Na metal 0.1 mA cm~2 and 0.1 mAh em™2 for 1000 h 94 mAh g™ ! after 460 cycles at 0.2 - [112]
electrolyte C with 81% capacity retention
Gradient composite Na metal 0.2 mA cm~2 and 0.2 mAh ecm ™2 for 600 h 84 mAh g ! after 100 cycles at 0.2 - [120]
electrolyte C with 88% capacity retention
Gradient PDOL/LLZTO Li metal 0.1 mA ecm 2 and 0.1 mAh cm 2 for 1000 h 120 mAh g ! after 200 cycles at - [122]
composite electrolyte 0.3 C with 82% capacity retention
Asymmetric flame-retardant Na metal 0.1 mA cm~2 and 0.1 mAh em™2 for 950 h 119 mAh g~ ! after 1100 cycles at - [123]
gel polymer electrolyte 1 C with 96.1% capacity retention
Artificial SEIs/ Ordered LiF-rich and Li metal 2 mA cm ™2 and 2 mAh cm 2 for 480 h 131.7 mAh g ! after 300 cycles - [130]
Interlayers lithiophilic hybrid Janus with 80.1% capacity retention
interphase
Polymer-inorganic gradient Li metal 1 mA cm 2 and 2 mAh em ™2 for 2500 h 170 mAh g ! after 200 cycles at - [131]
SEIL 0.5 C with 90% capacity retention
In-situ grown gradient SEI Li metal - 100 cycles at 0.5 C with 76.6% - [136]
capacity retention
Li/PEO interfaces Li metal 0.1 mA cm~2 for 1000 h 149.2 mAh g~ after 350 cycles at - [137]
0.5 C with 89.1% capacity
retention
o-FeOF@NZSP interphase Na metal 0.2 mA cm~2 for 840 h 95.5 mAh g~ after 120 cycles at 1 - [138]
with Fe gradient C with 96% capacity retention
Tonic gradient and lithiophilic Li metal 5 mA cm~2 and 2.5 mAh cm ™2 for 1000 h 133.3 mAh g~ after 150 cycles at - [140]
inter-phase 5 C with 86% capacity retention
Sodiophobic-sodiophilic Na metal 1 mA cm~2 and 4 mAh cm~2 for 800 h 500 cycles at 2 C with over 99.9% - [141]
gradient interfacial layer capacity retention
h-BN@PP@C multifunctional Na metal 3 mA cm ™2 and 3 mAh cm™2 for 1000 h 202.3 mAh g ! after 550 cycles at - [158]
Janus separator 500 mA g~ * with 71% capacity
retention
Lithiophilic-lithiophobic Li metal 0.2 mA cm ™2 for over 1100 h 143 mAh g ! after 300 cycles at - [159]
gradient SEI composed of 0.5 C with 91.4% capacity
LiAg-LiF/LigN retention
Anodic hosts 3D-carbon-based porous Li metal 2 mA cm 2 and 1.2 mAh cm ™2 for 680 h 250 cycles at 0.5 C with 99.86% 1 [142]
anode capacity retention
Conductive-dielectric Li metal 1 mA cm 2 and 1 mAh cm 2 for 780 h 127.3 mAh g~ after 400 cycles at - [78]
gradient framework 1 C with 87.6% capacity retention
h-Ti3Cy-based scaffold with Na metal 40 mA cm 2 and 40 mAh em 2 for 170 h - - [145]
stepped sodiophilic gradient
structure
3D AgNWs/CNT scaffold Li metal 30 mA cm 2 and 1 mAh em™2 for - 1 [151]
500 cycles
Gradient lithiophilic Cu foam Li metal 1 mA cm 2 and 1 mAh em ™2 for 450 h 320 cycles at 1 C with 58.74% - [160]
capacity retention
Gradiently graphitized carbon Na metal 2 mA cm~2 and 4 mAh ecm 2 for 320 h 73 mAh g~ ! after 500 cycles at 2.5 19 [82]

framework

C with 99.87% capacity retention
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These structures have illustrated effectiveness in mitigating dendrite
growth and enhancing battery electrochemical performance. Specif-
ically, we focus on their applications in electrolytes, artificial SEIs/sep-
arators, and anodic hosts. Their typical results are summarized in Table 2.
It is worth noting that the heterogeneous structure designs have also been
extended to other emerging battery systems including zinc (Zn) metal
batteries, magnesium (Mg) metal batteries, and aluminum (Al) metal
batteries [152-154]. For example, dual-gradient and triple-gradient
scaffolds are developed to regulate the selective deposition of Zn metal
and Mg metal under harsh conditions, respectively, thereby enhancing
the battery’s electrochemical performance and safety [155-157]. While
heterogeneous structures hold great promise in addressing
dendrite-related challenges, it is essential to ensure that other important
battery metrics, for example, energy density and production cost, are not
significantly affected for practical applications.

5. Conclusion and perspective

The demand for high-energy-density Li/Na metal batteries for trans-
portation, energy storage, and electronic products is increasing rapidly.
However, the uncontrollable growth of dendrites remains a significant
challenge in the development of Li/Na metal batteries. Dendrites are
typically caused by the heterogeneous deposition of metal ions on the
anode, and their growth is governed by several factors. Herein, we
introduced the growth mechanisms of dendrites, referencing the ther-
modynamics/kinetics and ion/electron fields, and summarized the
various factors that would affect the metal deposition. Then, we proposed
the concept of heterogeneous structures and explained how they might
inhibit dendrite growth by reconfiguring the physical fields within the
cell. We outlined and discussed the current methods for the preparation
of heterogeneous structures. Finally, recent developments of heteroge-
neous structures to control metal deposition were highlighted.

While heterogeneous structures have gained significant attention and
are rapidly developing as an important approach to suppress dendrite
growth, there remain challenges that must be addressed. The following
directions require much further work to advance this field.

(1) Previous studies mainly examined the electrochemical perfor-
mance of Li/Na metal batteries with vertically heterogeneous-
structure designs in coin cells. But, for practical applications,
more parameters should be rigorously considered to validate the
effectiveness of gradient designs. For example, laboratory testing
typically engage higher amounts of electrolyte than commercial
cells, and limited electrolyte can lead to concentration polariza-
tion even under mild test conditions. The mass ratio of the
gradient host should also be minimized without compromising the
overall energy density. Thus, lightweight hosts like carbonaceous-
based materials are highly desirable. For more realistic results,
pouch cells tested under a low N/P ratio (< 3), limited electrolyte
amount (< 3 g AR, high current density (> 3 mA cm™2), and
areal capacity (3 mAh cm™2) are particularly helpful.

(2) As discussed, a single gradient host or interlayer cannot entirely

resolve the dendrite growth issue of Li/Na metal anodes. Hence,

tailoring multiple gradients in hosts/interlayers may be a viable
solution. Most current fabrication methods, however, require
additional processing steps, which consume more time and higher
cost. In future work, cost-effective and scalable production
methods must be explored. Additive manufacturing strategies,
particularly 3D printing techniques, have been widely used
recently to fabricate novel battery components with elaborate

structures and compositions. 3D printing may be investigated as a

suitable method for precisely controlling heterogeneous structures

and reducing fabrication costs.

For research on gradient or asymmetric design of solid electro-

lytes, it is critical to control the thickness to maximize both

volumetric and gravimetric energy densities, while reducing the

3
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internal resistance. In addition, upscale production methods, e.g.,
layer-by-layer casting and in-situ polymerization, are promising
for practical applications. Moreover, additional functions, e.g.,
thermal shutdown and self-healing, should be embedded to
further improve the safety of Li/Na metal batteries.

(4) The understanding of how heterogeneous structures inhibit
dendrite growth is limited, and the evolution and retention of
gradient structures during operation are mostly overlooked. For
instance, in-situ/operando optical microscopy has been used to
monitor the deposition behavior of metals in gradient hosts [85,
148,161]. In-situ X-ray tomography and solid-state nuclear mag-
netic resonance (NMR) techniques offer non-destructive evalua-
tions of metal deposition, while in-situ atomic force microscope
(AFM) can reveal the mechanical properties of SEIs [99].
Furthermore, examining the retention of gradient structures re-
quires advanced methods such as XPS and SEM. To this end,
advanced techniques that are capable of characterizing the
structural, chemical and mechanical dynamics with varying tem-
poral and spatial resolutions are highly useful.

(5) As a research tool, computational simulation techniques are
essential for the development and application of batteries. Espe-
cially, they can also effectively assist the study of dendrite growth
in battery systems. Simulation methods, e.g., DFT, MD, and phase
field analysis, which are founded on different scales, all have a
significant role to help understand how heterogeneous structures
govern metal deposition [155,162,163]. However, the application
of these simulations in batteries is still immature. For example,
some theoretical approaches cannot model the realistic conditions
in complex systems containing multi-physical fields. Hence,
selecting an appropriate model that matches the gradient battery
part is crucial and should be correlated with available experi-
mental datasets. Moreover, advanced modeling with the assis-
tance of artificial intelligence (AI) may provide insights into metal
deposition behaviors beyond the reach of experimental data.

Despite the above challenges associated with the applications of
heterogeneous structures, experimental results have shown the effec-
tiveness of constructing such structures to guide metal deposition. With
continuing research efforts, we believe that various heterogeneous
structures will soon be developed and applied to Li/Na metal batteries.
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