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3D Host Design Strategies Guiding “Bottom—Up” Lithium

Deposition: A Review

Xi Wang, Zhen Chen,* Kai Jiang, Minghua Chen,* and Stefano Passerini*

Lithium metal batteries (LMBs) have the potential to be the next-generation
rechargeable batteries due to the high theoretical specific capacity and the
lowest redox potential of lithium metal. However, the practical application of
LMBs is hindered by challenges such as the uncontrolled growth of lithium
dendrites, unstable solid electrolyte interphase (SEI), and excessive volume
change of Li metal. To solve these issues, the design of high-performance
lithium metal anodes (LMAs) with various 3D structures is critical. Targeting
at realizing the “bottom—up” Li deposition to fully utilize the 3D architecture,
in recent years, strategies such as gradient host materials construction,
magnetic field modulation, SEI component design, and so on have attracted
intensive attention. This review begins with a fundamental discussion of the
Li nucleation and deposition mechanism. The recent advances in the aspects
of construction strategies and modification methods that enable the
“bottom-up” Li deposition within advanced 3D host materials, with a
particular emphasize on their design principles are comprehensively
overviewed. Finally, future challenges and perspectives on the design of

1. Introduction

With the energy density of lithium-
ion batteries approaching its limit, next-
generation energy storage systems with
substantially higher energy density are
critically needed to meet the demands
of long-range electric vehicles and large-
scale grid storage.['?] Lithium metal ex-
hibits over tenfolds the theoretical spe-
cific capacity of graphite, ca. 3860 ver-
sus 370 mAh g1, the lowest potential
(—3.04 V vs standard hydrogen electrode),
but a low density (0.534 g cm™3).3
Thereby, lithium metal, the “holy grail”,
has been widely considered as the ul-
timate anode for the development of
next-generation Dbattery systems, such
as lithium-insertion material, lithium—
sulfur (2600 Wh kg=!) and lithium-—
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air (3500 Wh kg™!) batteries.[*®] De-
spite of these salient advantages, the
practical commercialization of batteries
comprising metallic lithium as the anode is hindered predom-
inantly by 1) the dendritic lithium growth due to uneven Li*
flux distribution; 2) the infinite volume changes upon Li strip-
ping and plating; 3) the continuous destruction and reparation
of solid electrolyte interphase (SEI) as a result of its unsatisfac-
tory mechanical property and inhomogeneous thickness; and 4)
the formation of “dead lithium” due to the root dissolution be-
havior (Figure 1a). These issues reduce the Coulombic efficiency
(CE), shorten the cycle life, and impose potential safety hazard.
In the past decades, numerous efforts have been devoted to
tackle the above-mentioned challenges, chiefly in the follow-
ing five aspects: 1) constructing artificial SEI (ASEI) layers;!*-13]
2) introducing electrolyte additives;('*171 3) engineering modi-
fied separators;!'82% 4) replacing liquid electrolytes with solid-
state electrolytes;!®*1-26] and 5) designing 3D host current col-
lectors (Figure 1b).[27-2%1 ASEI layers can facilitate uniform Li
plating/stripping, but challenges remain in constructing robust
ASEI with desired ionic/electronic conductivity. Electrolyte ad-
ditives can form favorable interphases but may be consumed
over long-term cycling. Modified separators generally enhance
the safety property whilst at a cost of increased cell resistance
that limits high-rate performance. Solid-state electrolytes have
been recently investigated intensively because they can ideally en-
able dendrite suppression and allow for improved stability. Nev-
ertheless, severe interfacial issues and relatively sluggish Li* ki-
netics are highly needed to be solved. In contrast, 3D current
collectors offer unique advantages as hosts for Li metal anodes

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. A summary of a) issues and b) solutions for LMAs. c) Number of publications on 3D LMA hosts from 2010 to 2023. d) A brief summary of

the development of 3D LMA hosts.[334%:54-62]

(LMAs). The high surface area allows for reduced effective cur-
rent densities during charging and discharging to mitigate den-
dritic Li formation. The porous structure provides void space
to accommodate Li deposit volume changes. Further, they en-
able sufficient electrolyte wetting for Li-ion flux while provid-
ing a mechanically robust framework. However, surface engi-
neering is still needed to optimize interfacial properties between
the 3D host and Li metal.*®) Generally, 3D current collector
hosts can be categorized into five types, for example, metal-based
hosts,313?] alloy-based hosts, carbon-based hosts,[**>] compos-
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ite hosts, 338! and dielectric-based hosts.***%! The conventional

Cu, Ni-based, and carbon-based current collectors, nevertheless,
suffer poor lithiophilicity with Li leading to high energy barrier
for Li nucleation.*!] In this regard, decorating lithiophilic mate-
rials such as metals (i.e., Au,*?l Ag,®] Zn,[*l and Mgl*)) and
metal oxides (i.e., ZnO,*! AL,0,,*] and MgO*’l) among oth-
ers, on 3D hosts is an effective strategy to improve the affin-
ity between current collector and lithium.[*! However, such a
design in general cannot guarantee the uniform Li deposition
within the entire 3D structure, resulting from the preferential
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Li nucleation and growth on top of the porous skeleton. The
deposited Li further prevents the electrolyte, that is, the Li*,
from penetrating into the 3D host’s inner space, failing to fully
utilize the advantageous high porosity and surface area. More-
ovet, the thicker lithium deposition gradually weakens the posi-
tive impact of the decorated lithiophilic layer. This phenomenon
is exacerbated when operating cells at high current densities
and capacities, eventually leading to poor cycling stability and
safety hazards. In response to the aforementioned remaining
challenges, researchers have recently proposed various strate-
gies guiding Li* deposition at the bottom of 3D hosts (namely,
the “bottom—up” Li deposition), thus successfully confining the
Li deposition within the 3D host architectures.}*#*>% The de-
velopment of design strategies for 3D LMA hosts is shown in
Figure 1c,d.

This approach is also applicable to other alkali metal batter-
ies. He et al.l’!l introduced a 3D-printed Zn anode interspersed
with layers of Ag nanoparticles that taper in concentration from
bottom to top (3DP-BU@Zn). This structure facilitates ion mi-
gration toward the bottom. Similarly, Kwak et al.>?! constructed
a 3D scaffold by stacking three mesh layers with incremen-
tally varying Mg affinities. The arrangement of these layers pro-
gresses from magnesiophilic at the foundation to magnesiopho-
bic at the top, giving rise to the 3D Mg affinity-controlled ar-
chitecture (3D-MACA). This design is instrumental in directing
Mg metal deposition toward the bottom, effectively mitigating
the issue of top plating. Moreover, He et al.l’}] designed a se-
ries of h-Ti,C,-based scaffolds endowed with a stepped sodio-
philicity gradient (h-M-SSG). The pronounced sodiophilicity of
h-Ti;C, at the base is tailored to induce Na* deposition prefer-
entially at the bottom of the anode, thus enhancing deposition
uniformity and stability. These advancements reveal a promis-
ing strategy for enhancing the performance and longevity of al-
kali metal batteries through the structural engineering of their
anodes.

In this review, we provide a comprehensive and systematic
overview of the recent progresses of the various “bottom-up”
design strategies, including advances in gradient host design
and other less investigated methods. The former includes main-
stream methods, such as the construction of electric conduc-
tivity gradient, lithiophilicity gradient, electron-ion dual gradi-
ent, and pore-size gradient. The less investigated methods in-
clude engineering doping/defects, building homogenized elec-
tric field, applying external magnetic field, and manipulating de-
sirable SEI components. The in-depth mechanisms of lithium
stripping-plating and various “bottom-up” strategies are also en-
compassed. Finally, remaining key challenges are outlined. It is
anticipated that this review shall trigger more interesting works
in the relevant field.

2. Mechanisms of Lithium Plating and Stripping

During cycling of a Li metal cell, metallic lithium is repeatedly
plated and stripped on a given substrate. The lithium dendritic
growth and infinite relative volume change generated at each
cycle are the two critical challenges remaining to be tackled,
which largely impede wide commercialization for practical ap-
plications. An in-depth understanding of the Li nucleation and
growth mechanisms is essential to achieve long cycle lifespan
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and high safety. However, the Li nucleation and growth mech-
anism during Li metal electroplating is still not well understood.
In this chapter, we overview the mainstream theories and mech-
anisms reported so far.

2.1. Li Nucleation

Based on the classical nucleation theory,[®*] the Li nucleation ini-
tiates when decreasing the potential, accompanied by local com-
position fluctuation and energy fluctuation at the Li|electrolyte
interface. The end of Li nucleation is reflected by the emergence
of Li nuclei.l® The overpotential for Li embryo nucleation (1)
is defined as the magnitude of voltage spike occurring at the on-
set of Li deposition, while the overpotential for Li growth (r,) is
the extra voltage necessary to sustain the deposition and enlarge-
ment of lithium structures after the initial nuclei have formed.
The difference between the growth overpotential and the nucle-
ation overpotential (r, - ,,) suggests the nucleation overpotential
of substrates, indicating the relative ease with which Li can nucle-
ate and grow on the substrate. (Figure 2a).l%%! In an ideal con-
dition, homogeneous nucleation can be realized. According to
the classical equations of homogeneous nucleation,!*%] one can
correlate the size of electrodeposited Li nuclei with overpoten-
tial and applied current density. To form spherical nuclei with a
radius r, the Gibbs energy (AG,,,eation) €20t be formulated (Equa-
tion (1))1®* by the sum of its volume free energy AG, and surface
free energy Y (Figure 2b):

AG —4/37r°AG, + 4zr’y (1)

nucleation —
where AGy, (] m™3) is the free energy change per volume and ¥’ (J
m~2) is the surface energy per area of the Li|electrolyte interface.

The correlation of AG,, and overpotential # is referred to Equa-
tion (2)1:

AGy =Fln|/V, (2)

where F (96485 C mol™!) is the Faraday’s constant and V,, (m?
mol™) is the molar volume of Li.

The critical radius (r.) can be derived when the differential of
the AG,qeation DECOmMES ZeTO, as shown in Equation (3).[%] No-
tably, embryos with a radius larger than r, will survive (and fur-
ther grow) while the smaller ones will dissolve into the electrolyte.

r.=2y/AGy =2yV, /F|n,| (3)

It is seen from Equation (3) that r, is inversely proportional to
7, The Li nuclei density N is, therefore, proportional to the cube
of n, (N = n,3/r, Figure 2c). This was verified experimentally
by Pei et al.[®! who found that increasing the electrodeposition
overpotential led to decreased nuclei size and increased nuclei
number. According to the Butler-Volmer electrode kinetics, the
overpotential is proportional to the current density.”% Thus, one
can tune the size of Li nuclei via manipulating the #, as well as
the current density i. Pei et al.[%] reported the sparsely located Li
nuclei embryos at high current density while densely packed Li
nuclei were observed at low current density (Figure 2d). Biswal
et al.l%! proposed a theoretical formulation (Equation (4)) which
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Figure 2. a) Schematic voltage versus capacity plot demonstrating the profile of galvanostatic Li deposition. Reproduced with permission.[®¢] Copyright
2019, American Chemical Society. b) Homogenous nucleation energy curve as a function of nuclei radius. Reproduced with permission.[®4] Copyright
2021, American Chemical Society. c) Schematic plot of the dependence of critical Li nuclei radius and the areal nuclei density on the overpotential; d)
Plot of Li nuclei size versus current density at various capacities. Reproduced with permission.!53] Copyright 2017, American Chemical Society. e,f) The
dependency of average nuclei radius on current density involving the synergistic effects of bulk diffusion overpotential and SEI diffusion overpotential.

Reproduced with permission.[%¢] Copyright 2019, American Chemical Society.

disclosed a square-cubic inverse dependency of average nuclei
radius on current density (Figure 2e,f), indicating both bulk and
surface ion diffusion overpotential synergistically contribute to
the lithium electroplating.

i=1/(FPA+7B),
where
A" = RT/(2yVDyCyF), and B' = RT/(y VD,C,F) (5)

where ris the average nuclei radius, Dy C; and D C; are the bulk
and surface ionic conductivity respectively, y is the surface en-
ergy, V is the molar volume of metal, R is the universal gas con-
stant, T'is the temperature, and F is the Faraday constant, respec-
tively.

In practical cases, heterogeneous lithium nucleation is often
occurring instead of the above-mentioned homogeneous nucle-
ation. Heterogeneous lithium nuclei are known to preferentially
deposit on defect sites, such as impurities, grain boundaries, SEI
cracks, etc. After nucleation initiates, there are three interfaces
coexisting in the system, which are Li-electrolyte (le), substrate-
electrolyte (se) and Li-substrate (Is) (Figure 3a). At the equilibrium
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state, the interface tension and contact angle can be expressed as
Equation (6)(®+71];

Ye =0s T }/166050 (6)
The critical nucleation energy is expressed in Equation (7):7]
AG, = 167y, /3AG,” (2 — 3cosd + cosd® /4) 7)

According to Equation (8), AG, drops to zero when the contact
angle 6 is 0°, implying no nucleation barrier for Li electrodepo-
sition. The angle 6 is an important parameter which character-
izes the lithiophilicity of substrates (Figure 3b,c). The difference
between plating overpotential 7, and #,,, Ay = (17,~1,), can par-
tially reflect the lithiophilicity of substrates. The smaller value of
Ap is, the better lithiophilicity of a substrate is. Another indica-
tor which reflects the lithiophilicity of substrate is the binding
energy between lithium and substrate. A more negative bind-
ing energy indicates better lithiophilicity of substrate. Generally,
a higher lattice mismatch between lithium and substrate leads
to poorer lithiophilicity of substrate. Cu has the face-centred cu-
bic (fcc) structure with an atomic radius of 1.28 A, while Li has
the body-centred cubic (bcc) structure with an atomic radius of
1.52 A. Thus, Cu is commonly known as a poor lithiophilicity
substrate (Figure 3d). Au has the same fcc structure as Cu, but,
its atomic radius is larger (1.44 A). Albeit the structure mismatch,

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) The scheme demonstrating the heterogeneous nucleation on substrate and relevant parameters. Young’s angle and three surface forces
when substrate exhibits b) high and c) low lithiophilicity. Reproduced with permission.”3] Copy right 2021, Royal Society of Chemistry. d—f) Overpotential
during Li deposition on various substrates. Reproduced with permission.[*!l Copyright 2016, Nature Portfolio. g) Elements enhancing the lithiophilicity of
various substrate highlighted in the periodic table via alloy formation (red), binaries (green), artificial metal—oxide interphase (yellow), and intercalation
reactions (blue). Reproduced with permission.!”3! Copy right 2021, Royal Society of Chemistry.

Au shows negligible energy barrier for Li deposition. This is pri- ~ with Li are Ag, Mg, Al, Zn, Sn, Si, Ge, and Bi (Figure 3f,g).”*!
marily due to the formation of Li,Au alloy and the solid solution = Thus, one can tune the current collector’s lithiophilicity via sur-
layer which exhibit high solubility and a similar lattice structure  face coating various materials which are capable of largely reduc-
as the pure Li (Figure 3e).[*!] Similar substrates which can alloy  ing the energy barrier for Li deposition.
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Figure 4. a) Schematic illustration of the cell; b) Profile of the ion concentrations C, and C,, and electrostatic potential V resulting from the numerical
simulation in the hypothetical case of uniform deposition with negligible growth of the cathode. Plots of potential versus time at c) a low current density
() <J¥) and d) a high current density (J > J*). Reproduced with permission.[”®] Copyright 1990, American Physical Society. e) Theoretical interpretation
of the growth mechanisms of lithium electrodeposition during concentration polarization; f) Change of growth mechanism at Sand’s time during
concentration polarization; g) Current-dependent Sand’s capacity with previous reports shown. Reproduced with permission.!32] Copyright 2016, Royal

Society of Chemistry.

2.2. Dendritic Li Growth

The morphology of Li dendrites plays a pivotal role in influencing
Li deposition behavior. The morphology varies significantly based
on factors such as the type of electrolyte, current density, capacity,
and the presence of impurities.”* In ether-based electrolytes, Li
deposition often takes an “island-like” form, while in carbonate-
based electrolytes, it frequently appears as dendrites with vari-
ous shapes.[%! For the sake of simplicity, these morphologies are
broadly categorized into two types: “island-like” and dendritic,
with the latter further being divided into “needle-like” and “moss-
like” dendrites.”>] However, it’s worth noting that “island-like” Li
deposition is not as prevalent as its dendritic counterpart.[’®!
Dendritic Li generates at high current density and over pro-
longed cycles. It is initiated by the relaxation of Li deposition-
induced stress and the drain of Li* at the anode site. The den-
drite growth usually follows a tip-growth pattern as a result of the
high electric field and less concentration polarization at the tip
site.l”’ “Sand’s time model” and “space charge model” are two fa-
mous and dominant theories for Li dendrite prediction. In 1990,
Chazalviel”®! proposed the “space charge model” via disclosing
the onset of ramified metallic copper growth from dilute binary
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electrolyte in a thin rectangular cell (Figure 4a). When polarizing
the cell, cations and anions migrate in opposite directions un-
der the force of the electric field. Approaching the cathode side,
the ion motion is governed by diffusion (quasi-neutral region I,
Figure 4b). Close to the anode side, the ion transport is driven
by electric field migration (space charge region II, Figure 4b). At
“Sand’s time”, t., 4, which was first reported by Sand in 1901,17"]
the cations in the electrolyte are rapidly consumed, after which
the concentration of cations in the vicinity of the electrode is ex-
pected to drop to 0 at some point, after which a strong negative
electric field electrically absorbs and electrodeposits numerous
lithium ions in a short period of time, thus inducing dendritic
growth. The deposition velocity was revealed to be associated with
the velocity of anions v, and electric field in the neutral region of
the electrolyte E,.[2% The critical time for the initiation of Li den-
drite is known as the “Sand’s time” (Equation (8)),”"! where Z_ is
the charge number of cation (Z, = 1 for Li*), D is the ambipolar
diffusion coefficient, C, is the initial concentration of cations, |
is the current density, and 7, is the anion transference number.

tuna = #D(Z.FC,)’ /47,2 )

'san
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In 1999, Brissot et al.l®!] investigated the dendritic Li growth
in symmetric Li|PEO-LITFSI|Li cells, attempting to transfer the
metal deposition from copper to lithium. After cell polarization,
the ionic concentration gradient follows the formula as shown in
Equation (9), where e is the elementary charge, y, and p;;* are
the mobilities of anion and Li*, respectively. This study raised an
important indicator, the limiting current density J*. For a given
inter electrode distance of L, J* can be derived when dC/dx equals
2C,/L, thus J* is formulated as Equation (11). Below the J*, the
system is at a steady state and the ion concentration from nega-
tive to positive electrode changes linearly (Figure 4c). However,
when ] exceeds [*, the cation concentration reduces to zero at the
negative electrode and the cell potential diverges at the Sand’s
time (Figure 4d).

0C/ox = Ju,/eD (p, + py;*) (9)

J* = 2¢C,D/Cz,L,

where
T, =,/ (py + ") (11)
Csand =]tsa“d = ”D(ZCFCO)Z/4]Ta2 (12)

Bai et al.l®?l measured the “experimental Sand’s time” from the
voltage—time plots at various current densities in a glass capillary
cell using in situ snapshots (Figure 4e,f). The “Sand’s capacity”,
Cqang» Was raised following a formula shown in Equation (12).
The authors proposed two mechanisms of lithium growth in
liquid electrolyte (Figure 4g). Below the C,,,, reaction-limited
mossy lithium forms and grows from the roots whereas above
the Cg, 4, transport-limit dendritic lithium grows from the tips.
The latter causes potential cell short circuit and brings safety haz-

ard.

3. Engineering 3D Hosts

The elucidation of processes governing Li metal nucleation and
dendritic growth has underscored the pressing need for ad-
vanced strategies to address associated challenges limiting prac-
tical LMBs. Incorporating Li metal within 3D frameworks is
proven an effective approach to minimize the substantial vol-
ume fluctuations and inhibit Li dendrite formation during pro-
longed cycling. Specifically, the porous structure of 3D scaffolds
can readily accommodate Li metal volume changes and enable
facile ion transport. With this context, the following sections will
discuss methods to fabricate 3D LMA hosts and the application
of different host materials.

3.1. Construction Methods of 3D Hosts

Various advanced fabrication techniques have been explored to
construct 3D porous current collectors for LMAs, including elec-
trostatic spinning, template methods, dealloying method and 3D
printing.
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3.1.1. Electrostatic Spinning

The nanofiber structures obtained through electrospinning pos-
sess high porosity and interconnected pores, which can serve as
nucleation sites for uniform lithium deposition. Typically, poly-
mer nanofibers are produced from their precursor solutions via
electrospinning, and then converted to carbon or other lithium-
compatible materials. The fiber diameter and porous structure
can be tuned by controlling the solution properties and electro-
spinning parameters. The lithium deposition performance can
be improved by introducing lithiophilic sites onto the nanofiber
surfaces through further surface modification. The nucleation
of Li on porous carbon nanofibers (CNFs) is further promoted
because of the greatly reduced nucleation barrier. This helps
address the issues caused by the large lattice mismatch between
carbon materials and lithium metal, effectively suppressing
lithium dendrite formation and growth. For example, Kim
et al.®3) developed a 1D hollow carbon fiber (1D HCF) embedded
with lithiophilic gold nanoparticles (Au NPs) via dual-nozzle elec-
trospinning. The core solution contained a gold precursor and
poly(methyl methacrylate) (PMMA), while the shell solution con-
tained polyacrylonitrile (PAN). Following electrospinning and
subsequent heat treatments, Au NPs were formed within the hol-
low carbon fiber cores (Figure 5a). The resulting nanostructured
fibers enabled uniform Li deposition and suppressed dendrite
growth, leading to improved battery cycling lifetime. Benefitting
from the 3D porous structure and the introduction of lithiophilic
sites, the electrospun nanofiber-based current collectors demon-
strate superior performance in stabilizing the LMAs. While
electrospinning nanofibers can be flexibly fabricated in batch
processes with consistent pore sizes, their poor mechanical prop-
erties remain an issue. The expansions and contractions during
cycling may degrade the nanoporous structures over time. This
could lead to capacity fading or even me