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ABSTRACT

Li-metal battery systems are attractive for next-generation high-energy batteries due to their high theoretical specific capacity and Li-metal’s low redox potential.
Anode-free Li-metal batteries (AFLBs) have a higher energy density than conventional Li-metal batteries because the anode material is absent in the pristine state. An
additional advantage is that the battery production costs are relatively low due to simplified anode coating processing, which makes AFLBs favorable for large-scale
industrial production. Despite these advantages, commercializing AFLBs remains challenging because of the high reactivity of Li-metal and dendrite-growth issues at
the anode side. The chemical and physical properties of solid-electrolyte interphase (SEI) formed at Li-metal anodes determine the Li-ion transport kinetics, Li-metal
deposition behavior, and overall cycling performance. The key to resolving these issues is to grow a homogeneous Li-metal and design a stable SEI. Many approaches,
such as electrolyte optimization and artificial layers design, have been developed to guide a uniform Li-metal growth and form a stable SEI, facilitating rapid Li-ion
transport and suppressing Li-dendrite growth and other undesirable side reactions. An overview of these discoveries and developments in Li-growth and SEI en-
gineering and insights into the intrinsic mechanisms of battery performance, presented in this review, is, therefore, of great interest to the battery research

community.

1. Introduction

Advanced battery systems with high energy density, prolonged cycle
life, and low costs promote the rapidly growing electric vehicle industry
[1]. After three-decades of development, Li-ion batteries (LIBs) tech-
nology based on the Li-ion intercalation mechanism has reached a spe-
cific energy density of about 260 Wh kg™! at the battery level. This
technology quickly approaches its theoretical limit of 300 Wh kg~ [2].
Unfortunately, currently developed batteries cannot cope with the
growing demand of the future EV market, which requires specific energy
densities of more than 500 Wh kg_1 [3]. Developing
high-energy-density battery systems has received and still receives much
interest in academia and industry [4].

Li-metal is considered the most promising anode material for next-
generation batteries because of its high theoretical capacity (3860
mAh g™1), low density (0.534 g cm™>), and low electrochemical po-
tential (3.040 V vs. standard hydrogen electrode) [5]. However, using
excess Li-metal anodes in Li-metal batteries raises various practical

* Corresponding authors.

limitations due to its high reactivity, limited reversibility, and
non-planar plating/stripping behavior, leading to irreversible losses of
active Li-metal and electrolyte [6].

Minimizing Li-metal use would increase the potential energy density
of Li-metal batteries to its highest-level format of anode-free Li-metal
batteries (AFLBs) [6]. In AFLBs, the anode host is completely absent in
the pristine state. A bare anode current collector (commonly Cu) is used
as a Li-deposition substrate, schematically shown in Fig. 1a. After the
first charging process, the plated Li-metal on the current collectors will
function as anode material during the subsequent battery cycling.
Because of the lack of an anode host material (or Li-metal electrode),
AFLBs have the following advantages in comparison with conventional
Li-ion or Li-metal batteries [7,8]:

1) The Li-metal amount in AFLBs is less than in Li-metal batteries. Pure
Li-metal is not present in the Earth’s crust. Extraction from Li-
minerals and purification considerably increases the primary cost
of raw materials. In this regard, manufacturing AFLBs results in a
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List of notations
Notation Definition
AFLBs  Anode-free Li-metal batteries
SEI Solid-electrolyte interphase
LIB Li-ion battery
CE Coulombic efficiency
CEI Cathode electrolyte interface
EC Ethylene carbonate
PC Propylene carbonate
DEC Diethyl carbonate
DMC Dimethyl carbonate
DME Dimethyl ether
DOL 1,3-dioxolane
FDMB  Fluorinated 1,4-dimethoxylbutane
DMB 1,4-dimethoxylbutane
HFE 1,1,2,2 tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether
EMC Ethyl methyl carbonate
FEC Fluoroethylene carbonate
TTE 1,1, 2, 2-tetrafluoroethyl-2, 2, 3, 3-tetrafluoropropyl ether
vC Vinylene carbonate
PDA Polydopamine
GO Graphene oxide
PAN Polyacrylonitrile
PVDF Poly(vinylidene fluoride)
LiBOB Lithium bis(oxalate)borate
LiDFOB Lithium difluoroxalate borate
LiFSI Lithium bis(difluorosulfonyl)imide
LiTFSI  Lithium bis(trifluoromethylsulfonyl)imide
LPSCI LigPSsCl
LGPS LiloGeP2512
OoCv Open-circuit voltage
cv Cyclic voltammetry

EIS Electrochemical impedance spectroscopy
NCM LiNixCoyMn,0,

NCM532 LiNi0_5Mn0,3C00.202

NCM111 LiNi0,3Mn0,3C00,302

NCMS811 LiNio_sMHO_1C00_102

NCM622 LiNi0'6MI10,2C00,202

LFP LiFePO,4

LCO LiCoOy

NCA LiNi,Co,ALO,

LiPON  Lithium phosphorus oxynitride

LLZO Lithium Lanthanum Zirconate Oxide
LATP Lithium Aluminum Titanium Phosphate
PEO Polyethylene oxide

SSE Solid-state electrolytes

LLZTO  Lie7slasZry.75Tag.25012

3D Three-dimensional

PVD Physical vapor deposition

CVD Chemical vapor deposition

PLD Pulsed Laser Deposition

ALD Atomic Layer Deposition

XPS X-ray photoelectron spectroscopy

FTIR Fourier-transformed infrared spectroscopy
NMR Nuclear magnetic resonance

SIMS Secondary ion mass spectroscopy

AFM Atomic Force Microscopy

TXM Transmission X-ray microscopy

TEM Transmission electron microscopy

OM Optical microscopy

EPR Electron paramagnetic resonance
ICP-MS Inductively coupled plasma mass spectrometry
FBG Fiber Bragg grating

LEDs Local excessive deposits

lower cost per kWh due to the absence of Li-metal in the pristine
battery state.

2) AFLBs can be easily produced using the current LIBs manufacturing
processes. The absence of unnecessary anode slurry pasting and
drying processes significantly reduces the material and energy con-
sumption during battery fabrication.

3) In addition to the high negative-to-positive electrode capacity ratio
(N/P), a maximum (equilibrium) battery voltage output is achieved.
Furthermore, the absence of a Li-metal anode in the pristine cell
reduces the mass of the whole battery, allowing it to exhibit a higher
energy density.

Due to the above advantages, AFLBs have been highly attractive for
developing advanced battery systems with higher energy density
(Fig. 1b-c). Various cathode materials have been applied to fabricate
innovative AFLBs with excellent specific energy density, such as
LiFePO4||Cu (336 Wh kg™ 1), LiNig sMng 3Cog 202||Cu (485 Wh kg™1),
LiCoOy||Cu (506 Wh kg™1) and LiNig gMng,;Cog 102||Cu (575 Wh kg™1)
[10]. Despite the impressive advantages, the anode-free design was
previously thought to be unpractical due to poor cycling performance
and low cell Coulombic efficiency (CE), particularly for those batteries
utilizing nonaqueous liquid electrolytes [11]. Poor cycling performance
and CE were generally observed for Li-metal plating/stripping on planar
Cu-substrates in carbonate electrolytes [12]. The energy barrier hinders
the Li- nucleation and growth process due to the higher overpotential
required for Li-nucleation on the Cu-substrates, which results in
non-uniform Li-deposition and the growth of Li-dendrites and dead Li
metal [13]. In addition, the plated Li metal reacts strongly with the
nonaqueous liquid electrolyte, forming thick SEI layers and consuming
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many Li-ions and solvent molecules. The formed SEI layers significantly
influence the battery cycling performance. If the as-formed SEI is un-
stable and cannot sufficiently protect the plated Li-metal, the subsequent
Li-metal deposits will be continuously exposed to the electrolyte. That
results in further SEI formation, poor CE performance, and short cycle
life.

Constructing a highly-stable passivation artificial-layer is therefore
essential for suppressing continuous side reactions at the Li-metal/
electrolyte interface, allowing smooth Li-ion transportation and
limiting Li-dendrite growth [14,15]. Ideal SEI should be thin, homoge-
neous, mechanically stable, electrically insolating, ionically conductive,
and (electro)chemically stable.

Intensive efforts have been devoted to designing and tuning the
properties of the formed Li-metals and SEI layers, which can mainly be
divided into two groups (as summarized in Fig. 2): Electrolyte design
and current collector modification. In the first approach, optimizing the
electrolyte composition is a popular strategy for growing uniform Li-
metals and designing the most optimum SEI, resulting in low cost and
high effectiveness [16]. Electrolyte engineering involves the selection of
solvents, Li-salts, additives, and manipulating electrolyte salt concen-
tration [17]. The second approach focuses on regulating the lith-
iophilicity of the anode current collector toward Li-metal, such as
hetero-atom doping [18] and lithiophilic coating with thin film depo-
sition techniques [19] to reduce the energy barrier for Li-nucleation for
more homogeneous Li-deposition [20] and form more stable SEI layers.
Alternatively, three-dimensional (3D)-structured current collectors with
an enlarged surface area could be helpful in this approach to improve
the battery (dis)charge kinetics [21]. Several reviews have summarized
current achievements in AFLBs in recent years [6,8,11,22]. However,
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most reviews demonstrate strategies to improve battery performance
without discussing details of Li-nucleation and SEI formation process.

In this review, the mechanism of Li-metal growth and SEI formation
are presented in Section 2 to reveal the original reasons for the rapid
capacity degradation and low CE in AFLBs. It is followed by a description
of common approaches in SEI engineering, including electrolyte opti-
mization in Section 3, current-collectors design in Section 4, and cycling
conditions settings in Section 5. The influence of these strategies on SEI
formation and cycling performance of AFLBs will be evaluated. Fol-
lowed with advanced characterization techniques for high-energy AFLBs
are presented in Section 6. Finally, future aspects of Li-growth and SEI
engineering methods for high-energy AFLBs are discussed in Section 7.
Such a thorough evaluation will be significantly helpful in guiding
future developments of AFLBs with a high specific capacity, high safety,
and extended cycle life.

2. Mechanisms

The cycling performance of AFLBs highly depends on the Li-metal
plating/stripping processes and the SEI formation behaviors at the
anode side. In the early stage of the first charge cycle, Li-metal is plated
on the surface of the anode current collectors (Fig. 3a). On the surface of
the as-deposited Li-metal, SEI is simultaneously readily formed due to
the thermodynamic instability of Li-metal in the electrolyte [30]. The
formed SEI layer operates as a physical protection barrier for the un-
derlying Li-metal anodes by insulating the electron’s movement yet
permitting Li-ion transfer [31]. The subsequent stripping process
unavoidably involves a mechanical fracture of the fragile SEI due to
localized stress [32]. During further plating, Li-metal tends to deposit
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along the cracks and defects. That aggravates the formation of
wire-wrap micro-structured Li-metal, also called mossy Li-metal [33]. At
the macro level, the mossy morphology accelerates the parasitic SEI
formation, resulting in severe electrolyte depletion and electronic sep-
aration of Li-metal from current collectors [34]. The morphology and
uniformity of the deposited Li-metals directly affect the stability of
formed SEI, which influence the cycling performance of the cells.
Therefore, understanding the mechanisms of Li-deposition and SEI for-
mation and exploring their influence on cycling degradation is vital for
designing high-performance AFLBs.

2.1. Li-nucleation and growth on anode current collectors

AFLBs are fabricated with fully lithiated Li-rich cathodes stacked
with separators and current collectors, as schematically shown in
Fig. 3a. During the initial charge, the Li-ions from the cathode are
extracted and deposited on the current collectors as Li-metal anode. In
contrast with most conventional Li-metal batteries, the Li-source in
AFLBs is provided only by the cathode material. The overall capacity
and energy density of AFLBs depend on the applied cathode materials
[38]. Therefore, high-capacity cathode materials, such as LiNiy.
CoyMn,0; (NCM), LiNixCoyAl, 02 (NCA), and Li5S, significantly improve
the battery energy density [39,40].

The most significant difference between AFLBs and standard Li-
metal batteries lays in the initial Li-metal deposition process (Fig. 3b)
[36]. In AFLBs, Li-ions migrate from the cathode to the anode and are
reduced with electrons to form the initial Li-nuclei at the surface of the
anode current collector. In a standard Li-metal battery, that reduction
occurs at the Li-metal surface. The property of initial Li-nucleation is
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Fig. 1. (a) Schematic representation of various cell configurations with Gravimetric energy density (Wh-kg ') and volumetric energy density (Wh-L™!). Reproduced
with permission [9]. Copyright 2021, Wiley-VCH GmbH; (b) Literature distribution of AFLB-based research on the website of Web of Science, and (c) the corre-

sponding number of citations.
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Fig. 2. Current main research methods on
AFLB. Co-organic solvents: Reproduced with
permission [23]. Copyright 2022, Royal Society
of Chemistry; High-concentration electrolytes:
Reproduced with permission [24]. Copyright
2016, Wiley-VCH GmbH; Dual-salt electrolytes:
Reproduced with permission [25]. Copyright
2019, IOP Publishing; Electrolyte additives:
Reproduced with permission [12]. Copyright
2027, IOP Publishing; Thin-film AFLIBs:
Reproduced with permission [26]. Copyright
2000, IOP; All-solid-state electrolyte: Repro-
duced with permission [27]. Copyright 2020,
Springer Nature; 3D Current-collectors design:
Reproduced with permission [28]. Copyright
2022, Wiley-VCH; Artificial films: Reproduced
with permission [29]. Copyright 2019, Elsevier.
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essential for the final Li-metal morphology, which further influences the
cycling stability of the complete AFLBs. Li-nucleation is thermody-
namically driven by the Li-ion-concentration-induced Gibbs free energy,
transforming from a super-saturated solution to a saturated solution at
the current collectors/electrolyte interface [41].

Guided by these considerations, Pei et al. [13] investigated the
Li-nucleation and growth processes on Cu current collectors by
combining the observed nucleation overpotential and plateau over-
potential in a three-electrode electrochemical cell during the
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Li-electrodeposition. The authors found that the Li-nuclei size is
inversely proportional to the overpotentials. Smaller nuclei seeds and
nonuniform Li-morphologies can accelerate electrolyte consumption
and SEI formation due to the high specific surface area. However,
compared to nucleation at a Li-metal surface, a higher overpotential is
required for Li-nucleation on Cu, resulting in a less uniform Li-metal
morphology. Optimizing current collectors to reduce the Li-nucleation
overpotential is an effective method to improve the Li-metal
morphology and, consequently, the cycling performance. Yan et al



B. Wu et al.

Double Li in Layer

(a)

First
Charge

Li 'Iayer'

Cathode

(b)

Solvated Li*

¢

Desolvation\

o Desolvated Li*
Nucleation

=3

Reduction Li-atom

N

Substrate  CRGRR bbbk bbb bbb

AAAAAAAA SIS SIS S AP
%

Deposited Li

Cathode

Li-atom cluster

Energy Storage Materials 57 (2023) 508-539

Excess Li

Discharge
L
v
Charge

Growth

e T o e 3 e e B e e R B e s

(€) 400 . (e) (H
‘ L L
& cu T S S
E200- \ by Pt |
) - \, -
E) \ Cu, 10 pA cm? 3 \ Al E AN Si
S0 —[‘r B 2 \ z \\‘
Por : B M o Sn
0.05 010 ~ A g z A\
(d)aoo | E = ——
g : =
~ i.Au 13 .
200, ~ Ag | ~ Ni
gm Au, 10 pA cm™ Au ~ Cu
S > >
S0 3 g[ gI b
; T T T T T T
0 0.05 0.10 0 0.02 0.04 0 0.02 0.04
Capacity (mAh cm?) Offset capacity (mAh cm2) Offset capacity (mAh cm?)

Fig. 3. (a) Scheme of extending the lifespan of AFLBs. Reproduced with permission [35]. Copyright 2021, Wiley-VCH.(b) Electrochemical processes in Li deposition.
Reproduced with permission [36]. Copyright 2022, Wiley-VCH GmbH. (c) Voltage profile of galvanostatic Li-deposition on a copper substrate at 10 A cm~2. The
inset shows a schematic mechanism of Li-nucleation, which explains the extra energy involved; (d) Voltage profile of galvanostatic Li-deposition on a gold substrate
at 10 pA cm™2 The inset shows a schematic of how a solid solution buffer layer of Au dissolved in Li-metal reduces the nucleation energy; (e) Voltage profiles of
various materials with some solubility in Li-metal during Li-deposition at a current density of 10 uA cm™2; (f) Shifted voltage profiles of various materials with
negligible solubility in Li-metal during Li-deposition at a current density of 10 pA cm 2. Reproduced with permission [37]. Copyright 2016, Springer Nature.

[37] also measured the Li-nucleation overpotential at other current
collectors, including Au, Ag, Zn, Mg, Al, Pt, Si, Sn, Cu, and Ni. A lower
overpotential was observed when Au, Ag, Zn, and Mg were used as
current collectors (Fig. 3c-f). That can be explained by the solubility of
these metals in lithium. Before the Li-metal phase starts to be formed,
these metal substrates are alloyed with Li-metal to form a solid solution.
Such a solution acts as a buffer layer that reduces the Li-nucleation
barriers and improves the stability of the Li-metal anodes.

Pande et al [42] computationally screened various metal candidates
as current collectors for AFLBs. The authors classified the selected
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metals into two categories based on whether being alloyed with
Li-metals: (1) Standard transition-metal current-collectors materials
without showing apparent Li-alloy phases, such as Cu, Fe, Ti, Ni, Cr, V,
Mo, W, Zr, Mn; (2) Li-alloys, including LiZn, LigAly, LioGa, LiB, LiySis,
Li;7Sny, LigePbs, LisCd, and LisAg. The authors found lower thermody-
namic nucleation overpotentials and activation energies with Li-alloying
materials. For that reason, metal-based substances that form alloys with
Li-metal, e.g. Zn, Al, B, Cd, Ag, Si, Pb, Sn, and Mg, are more suitable as
current collectors for AFLBs. They have better dendrite-control capa-
bility. There are three primary ways to optimize the current collectors:
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(i) replacing copper with alternative metal, (ii) dopping copper with
other metals, or (iii) coating copper with a thin layer of other metal (or
alloyed) material.

After the Li-nucleation process, many Li-nuclei are distributed at the
surface of the current collectors. Following nucleation, the growth
process develops at the nuclei’s surface. Subsequent Li-ions are prefer-
entially deposited with the initial nucleus to grow into larger Li-metal
[43]. The morphology of initially formed Li-nuclei evolves towards
various types during the Li-growth process, such as balls, needles, col-
umns, or a mixture of them, which depends on the type of electrolyte
and the deposition conditions [13,44-46]. The formed SEI on the
different types of deposited Li-morphology will be present in different
mechanical stability. In the meantime, the morphological evolution of
deposited Li-metal is governed by the SEI layer’s real-time and local
thermodynamic properties, the reaction front, and the kinetic barrier for
electrochemical Li-deposition and dissolution during the growth process
[47]. That could be rationalized because Li-ions have to migrate through
the SEI layer and transfer charges to the substrate underneath to realize
Li-reduction and growth of Li-deposition. Therefore, regulating the
morphology of deposited Li-metal and SEI layers is essential for
enhancing cell performance.

To further understand the relationship between Li-morphology and
SEIL, many elaborate theories have been proposed for understanding the
Li-metal deposition process, such as [48-50]

1) The heterogeneous model describing initial nucleation and early
growth behavior (Fig. 4a);

2) The surface diffusion model showing that Li-metal usually tends to
1D-deposition, owing to the high surface diffusion barrier (Fig. 4b);

3) The crystallographic model demonstrating the preferential single
crystallographic orientation of Li-deposition;

4) The space-charge model illustrating that Li-ion distribution directly
impacts the reaction activity of different sites;

(2) The formation of Li bond

(a) (1) Adsorption

Hydrogen @ Lithium @ Carbon @ Oxygen

Hindered surface

Stage 1:
(C) growth

Stress release

Stress buildup
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5) The Li-SEI model revealing the unusual Li-nucleation and deposition
below the SEI surface (Fig. 4c).

Despite all these models, a considerable difference in behavior is
found after the initial nucleation on metallic current collectors in
various AFLBs. This difference distinguishes results from the formation
of by-products of the electrolyte decomposition during Li-metal depo-
sition. Such a complex behavior is challenging to capture by a single
model [53]. Therefore, the Li-SEI model was recently developed to
simulate the Li-metal deposition and the electrolyte decomposition as a
consequence of SEI fracture using a modified Palomar-Pardave model
[54]. This model integrates two types of electrolyte decomposition
mechanisms: instantaneous diffusion control and SEI fracturing. The
Li-SEI model quantitatively describes the Li-nucleation and growth
mechanism, coupling SEI fracturing [55]. It was found that SEI fractures
originate from electrolyte decomposition and accelerate with time due
to the continuous SEI fracturing during Li-deposition. Furthermore, SEI
fracturing increases with overpotential. However, it declines in elec-
trolytes containing fluoroethylene carbonate (FEC) as an additive. Thus,
the Li-SEI model provides a novel route for a quantitative understanding
of Li-nucleation and growth mechanism and electrolyte degradation on
various substrates. It is also instructive for improving the energy density
and stability of AFLBs by using suitable electrolyte additives, which
effectively reduce SEI fracturing.

2.2. The nature of solid-electrolyte interphase

Almost all liquid electrolytes can be readily reduced and decomposed
when coupled with Li-metal anodes during the cycling process, causing
SEI formation. Such behavior is usually attributed to Li-metal’s low
potential and highly reactive nature. The nature of the SEI significantly
influences the power and lifetime of Li-metal batteries [56]. Accurately
elucidating the formation mechanism of SEI layers is essential for LIBs
investigations. In 1979, Peled first reported that Li-metal spontaneously
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Fig. 4. (a) Scheme of a heterogeneous deposition model illustrating the Li-nucleation processes on conductive frameworks, including absorption, forming Li-bonds,
and charge transfer. Reproduced with permission [18]. Copyright 2019, American Association for the Advancement of Science. (b) Scheme of movement of one atom
from the bulk phase to the surface on Li-metal. Reproduced with permission [51]. Copyright 2012. Elsevier. (c) Schematic illustration of the mechanism of Li-whisker
growth on Li-metal below the SEI. Reproduced with permission [52]. Copyright 2017, Elsevier.
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reacted with conventional organic liquid electrolytes and proposed to
denote these reaction products as SEI [57]. The SEI layer was discovered
to be ionically conductive but electronically insulating [58]. Good-
enough et al. [59] unravel the SEI formation process using the rela-
tionship between the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) of electrolytes. When the
chemical potential of anodes (up) is outside the electrochemical stability
window of the applied electrolytes, electrons escape from the anode to
reduce the solvent molecules in the electrolyte. This process results in
forming an SEI passivation layer at the anode surface. On the other hand,
the passivation layers may form at the cathode surface, with electrolyte
oxidation and forming a so-called cathode electrolyte interface (CEI).
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SEI/CEI layers can continuously grow throughout the battery cycling
when the electrode potentials are outside the electrolyte stability
voltage window. In this regard, choosing proper electrode materials that
match the electrochemical stability windows is imperative to avoid thick
SEI layers. However, the chemical potential of Li-metal is located well
above the LUMO of most applied organic electrolyte solvent molecules,
at least at commonly used Li-salt concentrations such as 1 M. That ap-
plies to ethylene carbonate (EC), propylene carbonate (PC), diethyl
carbonate (DEC), dimethyl carbonate (DMC), and anions, such as PFe.
Therefore, the SEI formation layers at Li-metal surfaces are thermody-
namically impossible to avoid. However, modulating the morphology of
the deposited Li-metals to form a continuous and homogeneous SEI
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Fig. 5. (a) Schematic of complete SEI formation mechanism combining the two-layer structure chemistry and “bottom-up” growth dynamics. Reproduced with
permission [63]. Copyright 2021, American Chemical Society. (b) Schematic of “bottom-up growth mechanism” of SEI layer in the electrolyte interpreted by the RM
simulation. (¢) Simulated SEI layer formation process at a graphite anode in 1.1 M LiPF¢/EC electrolyte (bulk electrolyte not shown). (d) Simulated SEI layer for-
mation process at a carbon anode in a 5 M LiFSA/AN electrolyte (cyan: carbon, red: oxygen, white: hydrogen, yellow: sulfur, green: fluorine, blue: Li-ion).

Reproduced with permission [61]. Copyright 2021, Wiley-VCH.
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layer, which facilitates better protection of the Li-anode. In addition,
optimizing the physical and electrochemical SEI properties and inducing
stable and highly ionic-conductive SEI formation could potentially
improve the performance of AFLBs.

Many theoretical and experimental approaches have been developed
to understand SEI in more detail. The Red Moon (RM) method, [60]
combining the Monte Carlo (MC) with Molecular Dynamics (MD)
methods, has been successfully applied to demonstrate the morpholog-
ical growth process at an atomic level in several battery systems [61].
The initial SEI formation process follows a bottom-up growth mecha-
nism illustrated by Fig. 5a-b. Three main stages can be seen in Fig. 5b. (i)
Initially, the salt anions are predominantly reduced at the anode surface
to form an organic-based outer SEI layer. (ii) Secondly, the reduction
products, such as F~ and CO%‘, begin to leave the anode surface to form
aggregates in the electrolyte. (iii) Finally, the solvent molecules between
the anode surface and the outer-SEI layer are reduced to form
inorganic-based inner-SEI components [62]. Consequently, the thick-
ness of the SEI layer continues to grow. The SEI formation continues
until the formed Li-metal surface is entirely covered with SEIL, inhibiting
further reactions between Li-metal and the electrolyte. The experiments,
such as isotope-assisted Time-of-Flight Secondary Ion Mass Spectrom-
etry (TOF-SIMS)[63] and Atomic Force Microscopy (AFM), [64] also
confirm the bottom-up growth model. Principally, the SEI formation
process consumes both the Li-metal anode and the organic electrolyte,
which will have a detrimental effect on the reversible storage capacity of
AFLBs [65].

The chemical composition of SEI is primarily governed by electrolyte
components, including Li-salts, solvents, and additives [66-69] Gener-
ally, SEI is composed of a mixture of inorganic and organic Li-salts
(Fig. 5a). Inorganic Li-salts mainly include Li»O, LiF, LiyCOs, and
potentially LisS or LisN, depending on the types of solute and solvent in
the electrolytes. The organic species include alkoxides in electrolytes
with ethers and alkyl carbonates with carbonate esters, oligomers, and
polymers. LiF is widely considered an essential component in SEI layers,
beneficial for stabilizing Li-metal anodes [70]. Many investigations have
been performed to improve the Li-metal stability by manipulating the
LiF-formation in SEI layers [71]. For example, Tan et al [72] applied a
hieratically porous LiF nano-box additive in LiF-solvated-based elec-
trolytes. The authors demonstrated that a highly fluorinated SEI enables
stable cycling of Li-metal anodes. The composition of SEI has been
investigated by X-ray photoelectron spectroscopy (XPS), [73,74].
Fourier-transformed infrared spectroscopy (FTIR), [75] nuclear mag-
netic resonance (NMR), [76] SIMS, [77] and other techniques.

The structure of SEI layers has been extensively resolved by applying
a combination of characterization techniques and simulation methods.
The relationship between the structure and cell performance has been
revealed [78,79]. The formed SEI layers were found to have heteroge-
neous multilayer structures in various electrolytes, with a high amount
of inorganic salts at the electrode side and more organic salts at the
electrolyte side (Fig. 5c). However, when different electrolytes are uti-
lized, the morphology of the SEI layer might change [80,81]. For
example, it was found that the morphology of SEI layers in PC-based
electrolytes is more unstable than that formed in EC-based electro-
lytes, which shows that organic solvents affect the SEI layer morphology
[82]. The Li-salt concentration in liquid electrolytes is also a crucial
factor influencing the SEI morphology. More concentrated electrolytes
induce more stable SEI layers, which is attributed to the fact that fewer
free-solvent molecules can solvate the SEI layer components (Fig. 5d)
[61]. Therefore, selecting appropriate organic solvents and using
high-concentration electrolytes could lead to a more stable SEI
morphology and improve the stability of AFLBs.

The mechanical, [83] kinetics, [84] and chemical properties [85] of
SEI can significantly influence the deposition behavior and cycling
performance of Li-metal anodes. The Young modulus of the SEI is typi-
cally in the range of hundreds of MPa to several GPa, which depends
highly on the electrolyte composition. The kinetic properties of SEI
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analyzed by electrochemical impedance spectroscopy (EIS) [86] and
cyclic voltammetry (CV) [87] confirmed that the charge-transfer resis-
tance ranges from tens to several hundred ohms-cm?. Chemical prop-
erties, such as chemical and thermal SEI stability, have also been
evaluated by theoretical calculations [58] and experimental character-
izations [88]. Li»O crystals in the SEI were demonstrated to function as a
nucleophilic agent in the decomposition of ester solvents in electrolytes,
leading to the mosaic structure [89]. Chen et al [90] revealed that the
average Li-ion mobility of the outer-SEI layer is ~1.5 times higher than
that of the inner-SEI layer. That is explained by the higher Li-ion con-
ductivity of LioCO3 and ROCO-Li (main components of the outer SEI)
than LiF (the main component of the inner SEI). However, Han et al. [91]
confirmed that the ROCO,Li would decompose into LioCO3 damaging
the chemical stability of SEL

Specific SEI requirements should be evaluated from both kinetic and
thermodynamic perspectives to design high-quality SEI layers for high-
performance AFLBs [36]. Regarding kinetics, an ideal SEI should be
highly Li-ion conductive to facilitate rapid Li-ion transportation and fast
redox reactions (Li-metal plating and stripping). The Li-ion conductivity
within SEI should be homogeneous, which enables the uniform potential
distribution of the current distribution and Li-metal deposition. That, in
turn, promotes spherical or columnar Li-metal growth with minimal
stress in the SEI layers, minimizing SEI breakage and the formation of
“dead” Li-metal. Consequently, the CE of Li-metal plating and stripping
will be improved. From a thermodynamic point of view, the SEI should
be thermodynamically stable during charging and discharging. It must
be highly resistant to long-term electrolyte decomposition, particularly
at high temperatures (e.g., 60 °C). Moreover, the highly thermody-
namically stable SEI layer will effectively prevent direct contact of
Li-metal with the electrolytes. That will reduce active Li-metal losses
and maintain the battery capacity during long-term cycling.

Conclusively, this section described the Li-metal nucleation and
growth processes at the current-collectors surface. The formation of the
SEI layer and its composition, structure, and properties were also dis-
cussed. Designing an ideal SEI layer has been marked as the most
promising route to improving the performance of AFLBs. A highly stable
and compact SEI layer is favorable for reducing the Li-nucleation over-
potential at the current-collectors surface. In addition, the composition
and SEI structure have been controlled by optimizing the electrolyte
composition or additives, thereby significantly improving the Li-metal
anode cycling stability.

3. Electrolyte engineering

Electrolyte engineering is essential for developing high-performance
AFLBs. As stated in Section 2, the cycling stability of Li-metal anodes in
AFLBs is primarily determined by the SEI properties, which are, in re-
turn, controlled by electrolyte compositions. In general, designing
appropriate electrolytes can determine the morphology of deposited Li-
metals and limit the parasitic reactions that continuously consume
active Li-metal and electrolytes, extending the cycle life performance of
AFLBs. Electrolyte engineering strategies are elaborated to achieve sta-
ble cycling of AFLBs with high energy density. Examples are manipu-
lating the electrolyte composition, including organic solvents, salt
chemistries, concentrations, additives, or even using solid electrolytes.

3.1. Solvent design

Traditional liquid electrolytes can be classified into two groups based
on the solvent chemistries: 1) carbonate-based solvents, such as ethylene
carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC) and
dimethyl carbonate (DMC), and 2) ether-based electrolytes, such as
dimethyl ether (DME), 1,3-dioxolane (DOL). The applications of these
two kinds of electrolytes vary substantially because of their naturally
different properties (Table 1) [92]. Carbonate-based electrolytes are
commonly used in commercial LIBs due to the wide electrochemical



B. Wu et al.

Energy Storage Materials 57 (2023) 508-539

Table 1
Properties of organic solvents used in LIBs electrolyte systems.
Name Structure Tm,p, °C Ty, °C € (25 °C)
Carbonate-based solvents Ethylene carbonate (EC) (0] 36.4 248 89.78
SN
HZC\ /C— o
HzC —O0
Propylene carbonate (PC) H3C o) —48.8 242 64.92
N S
CH /C—O
H2C —O0
Dimethyl carbonate (DMC) (0] 4.6 91 3.107
HC O
(0} 0
Diethyl carbonate (DEC) [0) —74.3 126 2.805
H, Il H,
VNN
H;C (o)
3 CH,
Ethylmethyl carbonate (EMC) (6] —53 110 2.958
& & cnm
3
7N\
H;C O
Ether-based solvents Methoxymethane (DME) H H —138.5 -23 5
Ho) /
>C C—H
O
1,3-Dioxolane (DOL) -95 74 7.34

stability window (> 4.5 V vs. Li/Li") and low cost [56]. Ether-based
electrolytes provide stable and better interfacial contact with Li-metal
electrodes, which is beneficial for reversible Li-metal plating and strip-
ping [93].

For AFLBs, electrolyte solvents significantly influence the
morphology of deposited Li-metal and the formed SEI properties. For
example, Woo et al. [94] assembled AFLBs with a LiNi; ,3Mn; ,3C01,302
(NCM111) cathode and Cu foil as anode current collectors. The authors
found that these batteries showed a poor reversible capacity (the initial
CE of 23%) in conventional carbonate-based electrolytes (1 M LiP-
F-EC/DMC) (Fig. 6a). This observation can be explained by the fact that
the formed SEI layers in carbonate electrolytes contain brittle ionic
species, which can easily break during Li-metal plating [95]. In contrast,
the SEI layer formed in ether-based electrolytes is more flexible. Such
SEI can sustain the tensions caused by substantial volume changes
during the Li-metal plating process. Assegie et al. [96] also confirmed
that the AFLBs with LiFePO4 as cathode and a bare Cu current collector
for the anode retained about 46% of the initial capacity after 100 cycles
in an ether-based electrolyte (1 M lithium bis(trifluoromethylsulfonyl)
imide (LiTFSI)-DME/DOL, 2 wt.% LiNO3) at a (dis)charging rate of 0.1 C
(Fig. 6b). Most of the ether-based electrolytes employed DME and DOL
as a solvent for AFLBs reported so far. These solvents are more
compatible with Li-metal electrodes in AFLBs. Unfortunately, most
ether-based solvents show poor oxidation stability versus high-voltage
cathodes (e.g., transition metal oxides). Thus, further studies are still
needed to develop appropriate electrolyte solvents for higher energy
density AFLBs.

The modified Li-SEI model in Section 2.1 shows that fluorinated
electrolytes can suppress SEI fracture by forming a stable LiF-rich SEI
layer. The LiF-rich SEI layer has a high Li* surface diffusion rate and
superior mechanical strength, which can facilitate uniform Li-deposition
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[98]. Fluorinated electrolytes also have a wide window of electro-
chemical stability. That reduces the risk of side reactions and extends the
battery’s cycle life. In addition, fluorinated electrolytes have low vis-
cosity and high ionic conductivity, facilitating Li-ion transport and
reducing cell resistance [99]. Thus, fluorinated solvents attract the
attention of researchers as alternative solvents for developing
high-performance AFLBs. For example, Yu et al [97] developed a solvent
engineering strategy by incorporating —CF2— units to construct a novel
fluorinated 1,4-dimethoxylbutane (FDMB) solvent (Fig. 6¢). Further
mixing FDMB with 1 M lithium bis(difluorosulfonyl)imide (LiFSI) con-
tributes to a mono-salt-mono-solvent electrolyte with a unique Li-F bond
and high anion content. 1 M LiFSI-FDMB offers a high first-cycle CE of
97.6% with a rapid increase to values larger than 99% within five cycles
in Cul|Li cells (Fig. 6d). With 1 M LiFSI/FDMB electrolyte, the
LiNig sMng 3C0q.202 (NMC532)| |Cl,1, the LiNip gMng 2Cog.202
(NMC622)||Cu, and LiNig.gMng 1C0p102 (NM811)||Cu batteries could
retain 80% of their initial storage capacity after 100, 80, and 70 cycles,
respectively cycles (Fig. 6e). The results are also attributed to the spe-
cific solvation structure of the FDMB electrolyte. The solvation struc-
tures of lithiumtriflate cocrystallized with DME/DMB/FDMB were
obtained by MD simulations (Fig. 6f). The DME molecule coordinates
with the Li* ion like a clamp’ with both its ~O— groups. For DMB, most
Li*-solvent coordination structures are ’linear’, where only one —O—
group on DMB is bound with one Li™ ion. Different from either DME or
DMB, a five-member ring structure is observed in LiFSI/FDMB, where
the Li™ ion is bound simultaneously with Oppyp and Frpyp atoms.
Because FSI™ anions are tightly bound in such a solvation environment,
1 M LiFSI/FDMB mitigates harmful parasitic reactions on Li metal an-
odes. That suppresses SEI formation on the Li surface. Meanwhile, Al
corrosion caused by FSI™ can also be suppressed, thus showing higher
oxidation stability.
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Fig. 6. (a) Voltage profile of a LiNi;,3Mn;,3C07,302||Cu cell during the 1st cycle with 1.2 M LiPFg in EC/EMC (30:70 wt.%). Reproduced with permission [94].
Copyright 2014, IOP Publishing. (b)Voltage profiles of a bare Cu current collector with LiFePO,4 as a cathode in 1 M LiTFSI, DME/DOL, and 2 wt.% LiNOs3.
Reproduced with permission [96]. Copyright 2019, Royal Society of Chemistry. (c) Molecular structures of DME, DMB, and FDMB; (d) Cycling performance of
Li-metal CE in Cu||Li half cells using different electrolytes; (e) Cycling performance of anode-free NMC622||Cu pouch cells at 0.2C charging and 0.3C discharging.
The specific energy was calculated on the basis of the real mass of the whole pouch cell; (f) Solvation structure of 1 M LiFSI/DME, LiFSI/DMB, and LiFSI/FDMB given
by MD simulations and the corresponding average ratio of solvation bindings from FSI— anions to those from solvents in the solvation sheath. Reproduced with
permission [97]. Copyright 2020, Springer Nature.
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Fluorinated ether solvents have superior oxidation stability and low
Li-ion solubility. That promotes the formation of more compact and thin
SEl layers with reduced resistances [100,101]. Amanchukwu et al. [102]
introduced a novel family of fluorinated ether electrolytes that combines
the oxidative stability of hydrofluoroethers (HFEs) with the ionic con-
ductivity of ethers. The synthesized HFEs-ether electrolyte has an
anionic conductivity as high as 2.7 x 107 S em™! at 30 °C, and
oxidative voltages up to 5.6 V. With the HFE-ether electrolyte, a Ni-rich
layered cathode (NMC 811) can be cycled over 100 cycles at a C/5 rate.
Although beneficial for improving the stability of AFLBs, fluorinated
organic solvents are generally more expensive than carbonate-based and
ether-based solvents. The reason is the cost-ineffective fluorination
process. Thus, fluorinated organic solvents are not appealing for future
large-scale production.

Recently, efforts have been devoted to designing co-solvents that
combine fluorinated solvents with carbonate- or ether-based solvents.
That represents a way to prepare cost-effective solvents for AFLBs. In
2020, Hagos et al. [103] produced a mixed-electrolyte solvent contain-
ing ethyl methyl carbonate (EMC), FEC, and 1, 1, 2, 2-tetrafluoroethyl-2,
2, 3, 3-tetrafluoropropyl ether (TTE). NMC111||Cu batteries with 1 M
LiPFg in FEC/TTE/EMC (3:5:2 by vol.) electrolyte show appealing ca-
pacity retention of 40% and an average CE of 98.30% for 80 cycles at a
current density of 0.2 mA cm 2 using a battery cutoff voltage of 4.5 V.

These novel fluorinated solvents can significantly improve the per-
formance of AFLBs. However, the high production costs prevent them
from being widely utilized. The combination of fluorinated organic
solvents and carbonate-based electrolytes effectively prolonged the
cycle life and retained a higher stable voltage range, favorable for pro-
ducing high-energy-density AFLBs at low cost. However, the selection of
the appropriate solvents combination, as well as the optimization of the
composition ratio, becomes critical to develop high-performance
electrolytes.

3.2. High-concentration electrolytes

It is well-known that SEI formation in AFLBs originates from the
parasitic reaction of Li-metal and electrolytes. RM simulations [61]
suggest that highly concentrated electrolytes form more stable SEI layers
because less available free solvent molecules can solvate the SEI layer
components. Concentrated liquid electrolytes will therefore lower the
Li-ion consumption and, thus, improve the CE of AFLBs [24,104].
Additionally, with more Li-salt concentrated electrolytes, the formed SEI
layers contain more inorganic components, increasing their mechanical
strength. Furthermore, the SEI layers enriched with inorganic compo-
nents reveal lower surface diffusion barriers, adequate surface energies,
and multiple diffusion pathways, enabling smooth Li-metal deposition
[42]. To date, various concentrated electrolytes have been proposed and
tested for AFLBs.

In 2016, Qian et al. [24] first incorporated a high-concentration
electrolyte (4 M LiFSI in DME) into an anode-free LiFePOy||Cu cell.
The assembled AFLBs exhibited excellent reversibility for the Li-metal
plating/stripping process (CE > 99%). The CE of AFLBs can be further
improved by adopting a slow charge/fast discharge protocol, which
results in an extraordinarily high average CE of more than 99.8%. In
concentrated electrolytes, the improved cell performance has been
attributed to the different solvation structures. For the 1 M electrolyte, a
large fraction of the solvent molecules and Li* are uncoordinated.
However, only about 3% of the anions are uncoordinated, and the Li*
cations are fully solvated in a 4 M electrolyte. Therefore, the electrolyte
stability is improved due to the reduced availability of reactive solvent,
and the increased Li" concentration enables high-rate Li plating/strip-
ping. Rodriguez et al. [104] also demonstrated that concentrated 4 M
LiFSI in DME-based electrolyte provides a superior cycling performance
for an anode-free LiFePOy4||Cu cell compared with low-concentrated 1 M
LiFSIL, LiTFSI, or LiPF¢ electrolytes. These findings inspired a wave of
efforts to study various electrolyte solvents for AFLBs [105,106].
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Problems arising from the highly concentrated electrolytes are an
increased viscosity, diminished ionic conductivity, and reduced ability
to wet the separator [107]. In addition, highly concentrated Li-salts are
not cost-effective and inappropriate for a wide range of battery appli-
cations. Fortunately, most of the challenges above may be resolved by
diluting the concentrated electrolyte with inert co-solvents, also known
as diluents. For example, Rodriguez et al. found that the AFLBs in 4 M
LiFSI, DME concentrated electrolyte showed an enhanced capacity
retention of 55% within 50 cycles, which is consistent with the pio-
neering work [24,104]. The authors also reported that the AFLBs using a
dilute 1 M LiFSI, DME electrolyte (DME as the diluent) reached capacity
retention 50% after 50 cycles. A diluted 1 M LiFSI, DME electrolyte
showed a lower viscosity with higher ionic conductivity (16.9 mS cm™!
versus 5.7 mS cm ™! of 4 M electrolyte), facilitating Li-ion transportation
during cycling [108]. Moreover, the DME solvent was less reactive with
Li-metal. FEC is another commonly used solvent to dilute highly
concentrated LiPFg electrolytes [106]. The anode-free NCM111||Cu
cells with FEC diluted LiPFg electrolyte showed an average CE of 97.8%
after 50 cycles with a capacity retention of 40%. Micro-structured an-
alyses suggested a smooth and uniform Li-deposition.

Using concentrated electrolytes is a promising, facile, and effective
strategy to meet most current requirements for developing high-energy-
density AFLBs. Introducing an inert diluent to dilute concentrated
electrolytes may resolve some remaining issues, such as high cost, high
viscosity, and low ionic conductivity.

3.3. Dual-salt electrolytes

As stated in Section 3.2, using highly concentrated Li-salt electrolytes
does not always positively affect the performance of AFLBs. Other efforts
have been devoted to developing alternative promising electrolytes.
Another-type of popular electrolyte for AFLBs is dual/multiple Li-salt
electrolytes. In these dual-salt electrolytes, two different Li-salts could
synergistically facilitate the formation of a thin protective SEI or CEI,
improving the average CE and lifespan of AFLBs [25]. The commonly
used Li-salts in liquid electrolytes can be divided into two families: (1)
Inorganic Li-salts, like LiPFq, LiBF4, LiClO4 and LiAsFe. (2) Organic
Li-salts, including lithium bis(oxalate)borate (LiBOB), lithium difluor-
oxalate borate (LiDFOB), lithium bis(difluorosulfonyl)imide (LiFSI), and
lithium bis(trifluoromethylsulfonyl)imide (LiTFSI).

LiPFg is the most commonly used electrolyte Li-salt for commercial
LIBs due to its high ionic conductivity (7.53 mS em~lin EC) and good
electrochemical stability in non-protonic organic solvents. In addition,
LiPFg-based electrolytes help to build a protective film on the Al current
collectors, thus weakening the corrosion of the electrolyte at Al. How-
ever, LiPFg has poor thermal stability and reacts readily with water
traces to produce a highly reactive compound of PFs. The PFs species
readily react further with organic solvents in the electrolyte, causing
battery performance degradation. In this regard, organic Li-salts show
improved thermal and chemical stability. However, the organic-based
Li-salts also reveal some disadvantages, such as low solubility, high
viscosity, and high price (Table 2), [109] which seriously limits their
practical applications. Dual-salt electrolytes can further improve the
performance of electrolytes and reduce the production cost compared
with highly concentrated electrolytes. Dual-salt electrolytes have
become one of the most popular electrolytes for modern AFLBs.

Dahn et al. [73,111] reported long-life AFLBs that achieved 80%
capacity for 90 cycles utilizing a double-salt carbonate-based liquid
electrolyte with 0.6 M LiDFOB and 0.6 M LiBF4 (Fig. 7a). The deposited
Li-metal electrode exhibited a flat, mosaic-like morphology with
compactly packed Li-metal columns. The column-like morphology, with
diminished surface area, helps reduce the reaction rate between Li-metal
and electrolytes (Fig. 7b and c). Further analyses demonstrated that the
dual-salt electrolytes resulted in organic/inorganic
fluorine-components-rich SEI formation with high strength and low
porosity. That is essential for uniform Li-metal deposition. The
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Table 2
Properties of commonly used Li-salts [110].
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Salts Properties of individual salts Properties of electrolyte solutions (at 25°C) Price (Sigma) €-g~*
Tmp °C Tdecomp °C Stability against hydrolysis Gqc S:cm™ ! Eox V Passivation of Al

LiClO4 236 >236 Stable ~103-1072 4.6 Yes 3.04

LiBF,4 293 ~160 Unstable ~1073 5.2 Yes 18

LiPFe 190 >50 Unstable ~1072 4.2 Yes 10.04

LiB(C204)2 (LiBOB) 350 290 Unstable ~1073 4.3 Yes 6.32

LiBF3(C204) (LiDFOB) 272 200 Unstable ~1073 4.3 Yes 10.84

LiN(SO2F), (LIFSI) 132 >180 Stable ~1072 5.6 Yes -

LiCoNO4FgS, (LITFSI) 236 360 Stable ~1073-1072 5.3 No 5.31

LiAsFg 340 240 Stable in nonaqueous solutions ~1072 5.1 Yes 8.76

Normalized discharge

1 M LiBF,
0.6 M LIDFOB
1 M LIDFOB
0.6 M LIDFOB 0.6 M LiPF
0.6 M LIDFOB 0.6 M LiBF,
1M LIDFOB 0.2 M LiBF,

cCed4dbonm

!

60 100

Cycle number

Fig. 7. (a) Capacity retention as a function of cycle number for anode-free pouch cells using electrolytes with different Li-salts; Scanning Electron Microscope (SEM)
images of Li-morphology for two electrolytes with 1 M LiPFs, (b) and 0.6 M LiDFOB and 0.6 M LiBF,4 (c). Reproduced with permission [73]. Copyright 2019,

Springer Nature.

homogeneous SEI layer also effectively suppressed the side reactions
between plated Li-metal and electrolytes. The assembled anode-free
pouch cells with high areal capacity (2.4 mAh cm™2) are one of the
longest cycle-life AFLBs with 80% capacity retention after 90 cycles.
Jahn also found that salt types and concentrations are important for
cycling stability [73]. For example, replacing LiBF4 with LiPF¢ caused
the capacity retention to drop below 80%, even below 50 cycles. In
terms of concentration ratios, the most optimal dual-salt mixture of 1 M
LiDFOB and 0.2 M LiBF4 resulted in a capacity of more than 80% after 90
cycles. It is, therefore, necessary to optimize these concentrations
further and explore different salt combinations to achieve the best bat-
tery performance.

Similarly, increasing the salt concentration in dual-salt systems may
also promote the stability of AFLBs. Beyene et al. [25] prepared a highly
concentrated dual-salt electrolyte in a DME/DOL solvent consisting of 2
M LiFSI and 1 M LiTFSI in a DME/DOL solvent. Compared to the
single-salt 3 M LiTFSI electrolyte, the LiFSI-LiTFSI dual-salt electrolytes
facilitated lower voltage polarization in a Cu||Li half-cell. The FSI™
anions were found to be less stable than TFSI™ anions because FSI™ can
be more easily decomposed into inorganic SEI compounds (LiF, Li»O,
LioCO3). Anode-free LiFePO4||Cu cells with LiFSI-LiTFSI dual-salt
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electrolyte revealed a higher CE of over 98.9% for 100 cycles than cells
using 3 M LiTFSI single-salt electrolyte. Alvarado et al. [107] also
developed a dual-salt electrolyte based on ether solvents (4.6 M LiFSI +
2.3 M LiTFSI in DME) for stabilizing Li-metal plating/stripping pro-
cesses. The synergetic FSI™ and TFSI anions drew larger anion frag-
ments into the SEI layer, promoting uniform and compact Li-metal
deposition. With the LiFSI-LiTFSI electrolytes, the anode-free NMC622||
Cu cells have higher capacity retention (around 60%) than the cells
equipped with the traditional 1 M LiPFg electrolyte (< 10%) within 50
cycles. The concentration ratios are also essential for highly concen-
trated dual-salt systems. Kim and coworkers examined the effectiveness
of the LiPFg+LiFSI dual-salt carbonate-based electrolyte system with
various concentrations [112]. The authors demonstrated that a mixed
salt ratio of LiPFe/LiFSI > 1 resulted in limited capacity retention of the
assembled AFLBs. In contrast, AFLBs containing electrolytes with a ratio
of LiPFe/LiFSI < 1 exhibited relatively stable cycling performance. It
was revealed that a higher percentage of LiPFg could cause a significant
resistance increase due to the increased viscosity. Note that when
formulating highly concentrated dual-salt electrolytes, the viscosity, and
wettability with respect to the separator or electrodes are also significant
factors to be considered.
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Despite these advances, the high price of highly concentrated dual-
salt electrolytes remains a primary barrier to large-scale applications.
Choosing the appropriate combination of efficient and low-cost salts and
optimizing composition ratios become critical to furtherly improving the
performance of AFLBs. Furthermore, optimizing additives can signifi-
cantly increase the stability of low-concentration dual-salt electrolytes
at a low cost. That makes dual-salt electrolytes more acceptable for
practical applications.

3.4. Electrolyte additives

Effective electrolyte additives are chemicals usually used below 10%,
either in weight or volume. The electrolyte additives can regulate the
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chemical composition of the SEI layer to facilitate the Li-ion mobility
and control the Li-metal plating/stripping behavior. Essentially there
are two kinds of electrolyte additives, i.e. inorganic additives (LiNOsg,
[96] LiAsFg[113] and AlCl3[114].) and organic additives (vinylene
carbonate (VC), [12] and FEC) [115]. Many additives were introduced
as sacrificial agents, which would be co-deposited and coordinated with
Li-ions [116]. The additives have priority to be reduced by Li-metal
anodes and may produce more stable SEI components. Nitrates (LiNO3
or KNO3) are the most commonly used inorganic additives due to their
low cost and high efficiency in improving battery stability.

Sahalie et al. [117] investigated the effects of KNO3 additive on the
performance of AFLBs. They found that NO3 anions can be reduced to
form LizN-containing compact SEI At the same time, K cations can
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illustration of the self-healing effect of KPF¢ and TMSP additives. (d) Coulombic efficiency of cells in various electrolytes as a function of cycle number (dis)charged at
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electrostatically shield the growth of Li-dendrite tips, leading to a
smoother Li-metal deposition. Consequently, using a routine 1 M LiPFg
electrolyte with a cost-effective KNOs-additive, the 4.3 V AFLBs with
NMC111 cathode resulted in 40% capacity retention after 50 cycles at
0.2 mA cm2. Considering organic electrolyte additives, VC was re-
ported as an effective additive for a 1.2 M LiPFg liquid electrolyte in
anode-free LiFePOy||Cu cells. It improves the stability of Li-metal an-
odes (Fig. 8a) [12]. After the first charge to 4.0 V, the deposited Li-metal
was analyzed by an attenuated total reflection-Fourier transform
infrared spectrometry (ATR-FTIR). Strong absorption peaks were iden-
tified between 1850 and 1750 cm~! and 1200-1050 cm (Fig. 8b),
indicating the presence of poly-VC, which was responsible for the
improved Li-metal plating/stripping behavior in carbonate electrolytes.

As discussed in Section 2.1, introducing fluorine-containing addi-
tives facilitates the stability of AFLBs. FEC is one of the most celebrated
electrolyte additives in Li-metal batteries. It forms a stable yet elastic
LiF-rich SEI on Li-metal [119]. Inspired by this, many other fluorinated
organic compounds have been explored as electrolyte additives to
improve the performance of carbonate or ether-based electrolytes. For
instance, a fluorinated ether additive (1,1,2,2 tetrafluoroethyl 2,2,3,
3-tetrafluoropropyl ether) has been reported to be a promising candi-
date additive in highly fluorinated and concentrated electrolytes. This
was shown to result in LiF-enriched SEI and enhanced Li-metal plati-
ng/stripping reversibility [120,121].

Many new additives have been explored nowadays for both Li-metal
batteries and AFLBs. Various additives involve many improvement
mechanisms, including altering Li-ion solvation, optimizing SEI, and
regulating Li-metal deposition morphology [113]. However, most ad-
ditives are not compatible with either ether or ester solvents. Dual ad-
ditives have therefore been developed to address this issue. Hagos et al.
[118] reported a dual electrolyte additive of 2 wt.% potassium hexa-
fluorophosphate (KPFg) and 2 vol.% tris(trimethylsilyl) phosphite
(TMSP) for anode-free NMC||Cu batteries (Fig. 8c). A high average CE of
95.21% upon 20 cycles was reached with a composite KPFg-TMSP ad-
ditive (Fig. 8d). The improved cycling performance was attributed to the
self-healing effect of the KPFg additive and the removal of hydrofluoric
acid by the reaction of PF5 with water by TMSP. The same group also
reported a bifunctional additive of KNO3 and tris(trimethylsilyl)phos-
phite. These additives facilitated smooth Li-deposition (see Fig. 8e)
[117]. Anode-free NMC||Cu cells with KNO3 additives showed an
average CE of 96.5% over 50 cycles. The much-improved Li-metal
deposition behavior and cycle-life properties were due to new SEI
components resulting from the decomposition of PFg and NO3 as well as
the electrostatic shielding of K' cations.

Electrolyte additives will not only reduce the electrolyte cost but can
also improve the cycling stability of AFLBs. Developing low-cost, highly
effective, and chemically stable additives is crucial for developing high-
energy AFLBs. Eldesoky et al. [122] evaluated the impact of 65 additives
or co-solvents on the performance of AFLBs, which covers most of the
reported electrolyte additives. A composite containing 0.6 M each LiD-
FOB and LiBF4 in FEC: DEC (1:2 v/v) was used as a base electrolyte, to
which additives and co-solvents were added to investigate the cycle life.
It was found that the addition of 5% propionitrile, 5% p-toluene sulfonyl
isocyanate, 5% tris(2,2,2-trifluoroethyl) phosphate, 1% lithium
perchlorate (LiClO4), and 5% hexamethyl disiloxane could all lead to an
improvement in energy retention. They also discovered that energy
retention relates to the concentration of used additive or co-solvent.
Further efforts are still needed to discover novel additives for AFLBs
and optimize the concentration of the employed additives.

The application of additives is a simple, effective, and low-cost
method. However, the mechanism of many additives in electrolytes re-
mains unclear. Therefore, it is crucial to investigate how additives affect
Li-growth and SEI formation processes in batteries. Developing high-
performance and practical electrolytes and exploring efficient and
low-cost additives will be continued.
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3.5. Solid-state electrolytes

Solid-state electrolytes will improve battery safety by avoiding
leakage and flammability issues caused by organic liquid electrolytes.
Solid-state electrolytes maintain desirable mechanical stability, sup-
pressing dendrite growth and ensuring stable interlayer formation for
LIBs [123]. All-solid-state AFLBs can be constructed only with the help
of solid-state electrolytes. Moreover, solid-state electrolytes offer AFLBs
with high theoretical gravimetric and volumetric energy densities of
1514 Wh L™! and 408 Wh kg !, respectively [9]. Many advanced elec-
trolytes with high ionic conductivity and stability have been developed
and made available for Li-metal batteries. Examples are the sulfide-type
electrolytes and garnet-type oxide electrolyte LiyLagZrpO12 (LLZO),
NASION-based Lij 4Alg 4Ti; 6(PO4)3 (LATP), and polymer-based elec-
trolytes (PEO) [124]. However, the chemical stability window of many
solid electrolytes is quite limited and may decompose to form the SEI
upon direct contact with Li-metal. For example, Ti or Ge cations in
NASICON-type solid electrolytes are being reduced by Li-metal [125].
The highly conductive solid electrolyte Li; ¢GeP2S12 (LGPS) [126] reacts
with Li-metal to form Li,S, LisP, and Ge/Ge4Liis [127]. These reduction
products on the Li-metal surface often convert to Li-alloys with high
electronic conductivity, which cannot prevent the reduction reaction
from continuing and eventually leading to battery deterioration [128].
Besides, other electrolytes behave differently in reduction reactions,
such as LiPON, [26] oxide Garnet-type LiyLagZry015 (LLZO) [129], and
sulfide Argyrodite-type LigPS5Cl (LPSCl) [130]. Their decomposition
products have low electronic conductivity and can alleviate the inter-
facial degradation process. To date, several established solid-state
electrolytes have been applied in AFLBs.

In 2000, Neudecker et al. [26] first reported a “Li-free” thin-film
Li-metal battery based on a solid-state lithium-phosphorus-oxynitride
(LiPON) electrolyte deposited by radio-frequency magnetron sputtering.
The obtained LiCoO;||LiPON||Cu AFLBs showed a capacity retention of
80% after 1000 cycles at a discharge current density of 1 mA cm™2. The
reported design was the most remarkable breakthrough in incorporating
solid-state electrolytes into an anode-free configuration. However, the
intrinsically high cost and limited areal capacity (100 pAh cm™2) of the
deposited thin-film AFLBs still restrict their application in portable de-
vices and electric vehicles.

Recently, scientific attention has been attracted to building bulk-type
solid-state AFLBs, promising record energy content. Chen et al. [131]
systematically investigated the influence of Li-metal excess on the
cycling performance of Li-metal batteries in solid-state electrolytes
(SSEs) and liquid electrolytes. A garnet-type solid-state electrolyte
Lig 4LasZr; 4Tag 6012 (LLZTO) pellet was coated with a solid-state plastic
crystal electrolyte (PCE) and Au thin film. This design was used to
modify the LLZTO/cathode interface and the anode/LLZTO interface,
respectively. Then the modified LLZTO pellet was combined with a
LiFePO4 (LFP) cathode and different quantities of excess Li-metal anode.
Li-metal batteries with the LLZTO electrolyte arrangement provide an
initial CE of 96.8%, which increases to 99.8% at higher cycle numbers.
That is much higher than its liquid electrolyte counterpart (initial CE =
79.4% increasing to 90%), indicating that the SSE-based system pos-
sesses a more stable cycle-life performance. However, reducing the
excess Li-metal also leads to a dramatic limitation of cycling stability. In
an anode-free configuration, a low initial discharge capacity of 76 mAh
g1 is followed by a rapid capacity decay upon cycling. This behavior is
due to the poor CE of the Li-plating/stripping process, necessitating a
high Li-excess in the system. While the comprehensive study demon-
strates the benefits of SSE over liquid electrolytes in Li-metal batteries, it
also highlights the importance of solid-state electrolytes.

Wang et al. [132] developed several AFLBs by laminating a Cu cur-
rent collector (10 pm thick) to polished LLZO pellets followed by
pressure-assisted heat treatment and studied the Li-nucleation at the
Cu/LLZO interface. Using a half-cell configuration, Cu||LLZO||Li, and
large amounts of Li-metal (5 mAh cm™2, corresponding to 25 pm cm ™2
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compact Li-metal), the synthesized batteries can be cycled reversibly
with high efficiency (CE > 99%). The improved bonding between Cu
and LLZO by polishing the solid-electrolyte and pressure-assisted heat
treatment leads to superior cycle-life performance [131]. In full-cell
configurations, a state-of-the-art NCA cathode (3 mAh cm™?) infil-
trated by PEO-LIiTFSI, 2.7 mAh cm 2, was plated on the other side of the
LLZO electrolyte. However, when cycling at 60 °C at a C/10 rate, the
complete AFLBs only provide 0.75 mAh cm ™2 with relatively stable
capacity retention. The inaccessible capacity was attributed to the
non-optimized PEO-composite cathode. That conclusion is supported by
the facts that: (i) a significantly higher capacity (2.4 mAh cm™2) is
attained at 80 °C and (ii) the half-cell measurements show high CE and
excellent cycling stability for practically relevant areal capacities of > 4
mAh em™2, accordingly. Although the performance of the reported
full-cells is currently not good sufficient, the results are a milestone for
AFLBs, in which tailoring the design at the Cu/SSE interface turned out
to be crucial for reversible cycling.

Another task in implementing all-solid-state AFLBs in practice is
transitioning from laboratory-scale cells to application-ready formats.
The most important limitation for obtaining energy densities surpassing
commercial LIBs is the fraction of inactive materials. That fraction must
be significantly decreased for solid AFLBs, for example, by lowering the
thickness of the solid-state electrolyte. For this purpose, Zegeye et al.
[133] constructed AFLBs by using an ultra-thin polymer composite solid
electrolyte. The composite polymer electrolyte (CPE) with a total
thickness of 15 to 20 pym was prepared from PEO, LiTFSI salt, and
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Lig.7sLasZr; 75Tag 25012 (LLZTO) by spin-coating (Fig. 9a). The polari-
zation of Cu||LLZTO/PEO—CPE]|Li cells is lower, and the stability is
higher (<15 mV, 98.7% after 100 cycles) than that of Cu|[PEO—CPE||Li
cells (>40 mV, failures after 60 cycles) at 0.2 mA cm 2. The improved
CE and cycling behavior are attributed to the LLZTO filler, which dis-
tributes Li-ions uniformly and reduces the potential for dendrite growth.
Complete AFLBs made from LLZTO-based solid electrolyte and an NMC
cathode delivered an average CE of 98.8% with an initial areal capacity
of 2.15 mAh c¢m 2 (Fig. 9b). However, the capacity drops 41% after 65
cycles at 0.1C. Adopting the composite solid electrolyte offers a new
avenue for developing all-solid-state AFLBs.

Besides composite solid-state electrolytes, garnet-type and sulfide-
based solid-state electrolytes were also used to construct all-solid-state
AFLBs [128]. Recently, a new sulfide-based solid-state argyrodite
(LigPSsCl) was reported as SSE for AFLBs (Fig. 9c) [27]. Crystalline
argyrodite exhibits a high Li-ion conductivity of 1.8 mS cm™! at
room-temperature, equivalent to traditional liquid electrolytes. Argyr-
odite (LigPSsCl) powder was mixed with xylene and isobutyl isobutyrate
to form a slurry. The slurry was coated on a PET film using a
Doctor-Blade method and subsequently connected to an NMC cathode
simply by adding 50 MPa external pressure. A warm isostatic press
(WIP) applied 490 MPa pressure during full-cell fabrication (see Fig. 9¢c)
to improve the contact at the current collector/electrode and electro-
lyte/electrode interfaces. Such external pressure resulted in uniform
interfaces and stable Li-deposition. Consequently, the anode-free NMC] |
SSE||Ag-C complete cell showed outstanding cycling stability over 1000
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cycles and a high energy density of over 900 Wh L™L. In addition, the
full-cells exhibit an excellent rate performance, which delivered a high
specific capacity of 200 mAh/g at 1 C-rate (Fig. 9d). All-solid-state
AFLBs can deliver higher energy density, improve safety and prolong
the cycle life. However, many factors still hinder the practical applica-
tion of all-solid-state AFLBs, such as the high impedance of
electrolyte-electrodes interface, low ionic conductivity, and electro-
chemical stability window [128]. Similar to all-solid-sate Li-metal bat-
teries, common interface engineering strategies can be applied to
improve the interfacial properties of SSEs. That includes using an arti-
ficial layer, nanosized 3D scaffolds, and interfacial wetting for in situ
reaction between the electrolytes and cathode [134,135]. To address
these issues, solid-state electrolytes still require further exploration to-
wards reducing the interfacial resistance, lowering manufacturing costs,
and improving the mechanical flexibility of complete cells [136].

4. Engineering of current collectors

Plating the limited Li-source from the cathode onto the anode current
collectors is the most critical step for AFLBs. During the Li-plating pro-
cess, the main challenge currently arises from the high nucleation
overpotential due to the poor binding between Li-metal and the anode
current collectors. The Li-nucleation overpotential hinders the smooth
deposition of Li-metal and induces an increased SEI formation. Reducing
the nucleation potential is essential to promote more homogeneous
deposition and eliminate parasitic reactions [13]. Constructing lith-
iophilic current-collectors surfaces by pretreatment methods was the
most reliable method to reduce the nucleation overpotential and achieve
more uniform Li-metal deposition. Artificial engineering of current
collectors can be accomplished by regulating the ion and electron dis-
tribution to ensure a more uniform nucleation geometry and promote a
more compact SEI [6,11,113,137]. Additionally, an artificial layer
deposited on the current-collectors surface could directly isolate the
formed Li-metals from electrolytes, suppressing side reactions and SEI
formation. Besides, replacing a planar substrate with a
three-dimensional one can increase the available surface area for
Li-metal deposition. That is also favorable for a flatter Li-metal plating
and homogeneous SEI generation. 3D structuring helps improve energy
density and prolong the cycle life of AFLBs [138].

4.1. Surface modifications

4.1.1. Lithiophilic coatings

Replacing Cu with other metals, particularly transition metals, [42]
will effectively reduce the Li-nucleation overpotential. That can be
achieved in two ways. First is coating Cu with thin metal layers. The
second is completely replacing the copper current collectors. Apart from
transition metals, various Li-alloys, like Li-Mg, Li-Sn, Li-Pb, Li-Si, Li-Ag,
Li-Cd, Li-B, Li-Al, and Li-Zn, were also employed as anode current col-
lectors to reduce overpotentials and regulate the Li-deposition
morphology [42]. For example, Wang et al. [139] constructed a Li-Sn
alloy on Cu, which displays a stable Li-plating/stripping cycling per-
formance with an average CE of 94.1% for 400 cycles at 1 mA cm 2ina
Cu||Li-Sn cell, much better than bare Cu. In a full-cell configuration,
AFLBs with a Li-rich Mn-based cathode (LRM)|| Li-Sn showed a 16.7%
increase in capacity and 14.1% increase in capacity retention after 20
cycles compared to LRM||Li-Sn batteries. The Li-Sn alloy layer is capable
to smooth the morphology and improve the connectivity of the depos-
ited Li-metal. In addition, the Li-Sn surface has potential of strong
bonding with Li-metal, allowing to deposit of thicker Li-metal layers
with a firm connection to the substrate, in contrast to the peeling off of
Li-metal at bare Cu [139].

However, like pure Li-metal, Li-alloys remain highly reactive, which
may limit their practical application. Therefore, developing more stable
lithiophilic current collectors is in urgent demand. Chen et al. [140]
designed full-cell AFLBs with LisS as cathode and Au-modified Cu foil as
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anodic current collectors, which showed a high energy density of up to
626 Wh kg~ !. The Au-modification resulted in forming a Li,Au alloy and
corresponding solid solutions, which successfully lowered the nucle-
ation barrier of Li-deposition and induced a dendrite-free morphology.
Consequently, the anode-free LisS||Au/Cu full-cell exhibits a
high-capacity retention of 53% after 150 cycles. Although the Au layer
showed excellent properties, the high cost prevents it from being
commercially used. The cost-reduction efforts have been made to
explore low-cost metal layers that can be alloyed with Li-metal. For
example, Liu et al. [141] employed atomically distributed Zn on com-
mercial Cu foils to form a CugoZn layer by magnetic sputtering. The
CugoZn substrate exhibited superior wetting for molten Li-metal
(Fig. 10a). During Li-metal deposition, CuggZn alloys first with
Li-metal to form a solid-solution, which highly reduces the deposition
interface energy, before pure Li-metal is deposited. As illustrated in
Fig. 10b, CuggZn foil exhibited low nucleation overpotentials in the
voltage curves during the plating process. It maintained a CE of over
98% (Fig. 10c).

Recently, multi-metal alloy layers combining several metals have
been designed to improve anode-free batteries. Lin et al. [142] designed
a multi-metal-layer coated on Cu current collectors composed of Ga, In,
and Sn. Compared with the pristine Cu current collectors, the
multi-metal-layered current collectors initiate Li-ion storage by an
alloying reaction, forming an epitaxially-induced layer, as illustrated in
Fig. 11. Moreover, benefiting from the lower LUMO energy of LiFSI than
DME, the alloying process with an operating potential of around 0.75 V
also promotes the formation of a LiF-rich SEL, which is favorable for the
uniform plating of Li-metal [97]. The plating morphology of Li-metal on
the multi-metal-layered current collectors is very compact and smooth
(Fig. 11a) rather than the porous dendritic Li-metal shown in Fig. 11b-c.
The capacity retention of anode-free multi-layer pouch cell NCM811||
multi-metal-layered current collectors increased from 66 to 84% at 0.1
C with a remarkable energy density of 420 Wh kg™! after replacing Cu
with a multi-metal-layered current collector [142].

Apart from metal layers, various lithiophilic compounds and com-
posites were also synthesized for AFLBs. Wondimkun et al. [143] pre-
pared a lithiophilic hybrid current collector by using a two-step
spin-coating technique. The hybrid current collectors significantly
lowered the Li-nucleation barrier, achieving higher capacity retention of
55.7% after 60 cycles in carbonate-based electrolyte with FEC at 0.5 mA
em~2. Using lithiophilic silver nanoparticles with polydopamine
(Ag@PDA) as nucleation seeds was critical in facilitating homogeneous
initial nucleation. That method produces an alloy LiAg phase, which
maximizes exploiting the limited Li source for plating and stripping.
Simultaneously, the outermost graphene oxide (GO) layer on top of
Ag@PDA was used to buffer the Li-ion flux in AFLBs. The synergistic
effect of Ag@PDA-GO composites enabled uniform Li-deposition and a
dendrite-free morphology during repeated cycling.

Sahalie et al. [144] also synthesized an AlyOs/polyacrylonitrile
(PAN) composite layer (AOP) coated on Cu to promote more compact
and smoother Li-deposits in combination with an NMC111 cathode. The
multifunctional AOP layer leads to SEI layers with moderate mechanical
support and sufficient strength to suppress dendritic growth. The for-
mation of Li-Al-O/Al,O3 species at the bottom part of the AOP layer
reveals a good lithiophilicity. The effect of PAN is manifested by its
flexible binding ability and high nitrogen content, which is highly lith-
iophilic. Consequently, NMC||AOP@Cu cells operating at 0.2 mA cm 2
retain 30% of their storage capacity after 82 cycles. By then, NMC||Cu
cells retain about 30% of their original capacity after only 52 cycles.

Nowadays, numerous lithiophilic layers have been developed to coat
Cu to improve the Li-metal plating/stripping stability. However, the
profound lithiation or Li-alloying process may cause substantial volume
expansion of the lithiophilic current collectors. These current collectors
might then be separated from the Cu current collectors due to layer
cracking and material losses. Thinning the lithiophilic layers could
eliminate these lithiation-induced volume changes. Moreover, the thin-
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layer construction of the intermediate alloy layer should also be
balanced with facile ionic pathways [6].

4.1.2. Artificial protective SEI layers

Although depositing lithiophilic layers onto current collectors re-
duces the Li-nucleation overpotential, the as-deposited Li-metal still has
a high reactivity toward non-aqueous liquid electrolytes. That results in
the formation of thick SEI layers, thereby consuming large amounts of
Li-ions and causing limited CE and poor cycle life. In this regard,
improving the electrochemical performance of AFLBs also requires
effective management at the anode/electrolyte interface (or SEI layers)
[11]. In general, naturally formed SEI layers on deposited Li-metal
cannot sustain long-term cycling due to their poor mechanical proper-
ties and inability to accommodate volume changes upon cycling [145].
Furthermore, the inhomogeneous chemical composition and
morphology within naturally formed SEI lead to non-uniform Li-ion
transport and non-planar Li-deposition [146,147]. Intensive studies
have been conducted toward introducing artificial SEI layers to establish
chemically/mechanically stable and uniform Li-metal/electrolyte
interfaces.

Inorganic-based materials are commonly employed as artificial SEI
candidates for AFLBs due to their relatively high ionic conductivity and
mechanical strength [148]. For example, Wondimkun et al. prepared
binder-free graphene oxide (GO) films (around 1.15 um) as artificial SEI
for anode-free NMC||Cu cells. Combining FEC electrolyte additives, the
spin-coated ultrathin GO offered numerous nano-channels for Li-ion
transport and enabled homogeneous Li-plating [115]. The anode-free
NMC||Cu-GO full-cells show a high average CE of 98% and capacity
retention of 44% after 50 cycles. Similarly, an ultrathin layer of Al,O3
(15 nm) was deposited on Cu substrates as artificial SEI [149]. The
pinhole-free Al,O3 coatings facilitate flat and compact Li-deposits. When
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the artificial SEI (Al;03) is used, the CE of the assembled anode-free cell
can reach up to 98.9%. In contrast, the CE of a cell without artificial-SEI
protection was only 91%. In addition to chemically regulating Li-ion
transport, inorganic artificial SEI with a shear modulus twice that of
Li-metal are expected to prevent non-planar Li-deposition or Li-dendrite
growth [150]. For example, graphene possesses a high Young’s modulus
of 1 TPa, considerably larger than Li-metal (4.9 GPa) [151]. Therefore,
graphene can mechanically suppress the growth of Li-dendrites. Due to
its superior properties, multi-layered graphene was employed as an
artificial SEI for anode-free LiFePO4||Cu batteries [96]. These
multi-layered graphene films substantially reduce the polarization and
nucleation overpotential of Li-metal. Besides, delocalized & electrons in
graphene can homogenize the Li-ion flux. Based on these advantages,
the AFLBs equipped with multi-layered (285 nm) graphene-modified Cu
substrates and LiFePO4 cathodes achieved capacity retention of 61%
after 100 cycles, 16% higher than those based on unmodified Cu sub-
strates [96].

Polymer-based artificial SEI generally has higher flexibility but lower
mechanical modulus than its inorganic-based counterparts. The multiple
functional groups in polymers can assist in regulating Li-ion transport
[148]. Assegie and co-authors used spin-coating to deposit polyethylene
oxide (PEO) films on Cu substrates as an artificial SEI (Fig. 12a) [152].
The electrostatic interaction between Li-ions and polar oxygen atoms in
PEO films promotes uniform and planar Li-deposition (Fig. 12b-c). In
addition, the PEO film prevents excessive contact between Li-metal and
liquid electrolytes, avoiding natural and non-uniform SEI formation.
Anode-free LiFePOy4||Cu@PEO full-cells exhibited an average CE of
98.6% and capacity retention of 30% after 100 cycles (Fig. 12d).
Notably, the thickness and uniformity of the PEO coatings were
discovered to be essential in influencing the Li-deposition morphology
and cycling performance.
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Organic-inorganic composites are also promising candidates for
artificial SEI, which combine the high mechanical strength and high
ionic conductivity of inorganics with the high flexibility of organic
materials [148]. For example, Abrha et al. [29] developed a thin
inorganic-rich interfacial film composed of lithium perchlorate (LiClO4),
cubic garnet LiyLagy5Cag.a5Zry 7sNbg 25012 (LLCZN), and poly-
vinylidene difluoride (PVDF) (Fig. 13a). The inclusion of LiClO4 and
LLCZN was employed to improve the Li-ion conductivity and strength of
the composites. The PVDF polymer improves the mechanical flexibility
of the films. The composite artificial SEI promoted uniform deposition of
Li-metal and induced the formation of LiF/LiCl-rich SEI (Fig. 13b-c). As a
result, the constructed anode-free NMC||Cu@LLCZN-PVDF full-cells
showed capacity retention of 58.6% and an average CE of 97.6% after
30 cycles. However, Young’s modulus (~10.6 MPa) of the LLCZN-PVDF
composite film is lower than that of Li-metal. That may not be sufficient
for mechanical inhibition of the growth of non-planar Li-metal. Further
studies must be carried out toward manipulating the composition ratio
and structure of the composite artificial SEI by considering the ionic
conductivity, mechanical strength, chemical/structural uniformity, and
fabrication cost. Furthermore, the artificial SEI is an inactive material
unable to host Li-ions. Therefore, the thickness and volume of artificial
SEI must be carefully chosen to preserve the volume and achieve high
volumetric capacities of synthesized complete AFLBs [11].
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4.2. 3D structural design

The morphology of deposited Li-metal and SEI layer in AFLBs is
mainly governed by the structure of current collectors. Current collec-
tors with specific micro- and/or nanostructures (also known as 3D
electrode hosts) have been proven beneficial for uniform Li-metal
deposition and prolonging the cycle life of AFLBs [153]. Li metal can
be plated on and stripped from 3D-structured hosts without causing
severe volume expansion [154]. In particular, the current collectors with
3D porous structures offered an increased surface area with increased
nucleation sites. That reduces the local current density and arranges a
redistribution of Li-ion flux, ultimately ensuring more uniform deposi-
tion without Li dendrites.

The most popular 3D-based host for Li-metal deposition is carbon-
based materials [154]. Kwon et al. [155] manufactured a
multivacancy-defect-enriched carbon surface as anode current collec-
tors for AFLBs by electrochemical etching. In contrast to the formation of
a non-uniform SEI and Li-dendrite growth at a graphite surface, [156]
the multivacancy-defect structures address the critical issues of a
Li-metal surface by constructing a thin and uniform SEI. Such an SEI
reduces electrolyte decomposition and enables even distribution of
Li-nuclei that laterally grow on the current-collectors surface (Fig. 14a).
This behavior is attributed to the fact that the multivacancy-defect
carbon can lower the Fermi energy level of current collectors. It is
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beneficial to suppress electron transfer to the LUMO of the electrolyte, To further reduce the Li-nucleation overpotential, Ag layers were
offering a strong binding of Li-ions via orbital hybridization (electron deposited on 3D-Cu. That effectively stabilized the Li-deposition
transfer). The multivacancy-defective carbon was applied as current behavior. Li;S||Ag@3D-Cu AFLBs showed excellent electrochemical
collectors in NCM-based AFLBs, showing capacity retention of 90% after properties with an initial area capacity of up to 7.4 mAh cm ™2 and a high
50 cycles at a current density of 2.0 mA cm ™2 (Fig. 14b). capacity retention of 64.9% after 40 cycles. Lithiophilic zinc oxide was

Apart from carbon-based 3D current collectors, 3D porous Cu foams also loaded onto a Cu foam and nickel-cobalt alloy as a 3D-based current
have also been widely applied as current collectors for AFLBs. Cheng collector for AFLBs [28]. With its lithiophilic properties, zinc oxide re-
et al. [157] found that substituting 2D-Cu with 3D Cu foam could lower duces the Li-nucleation overpotential, forming an even and compact
the Li-nucleation overpotential and facilitate homogenous Li-deposition. Li-metal layer (Fig. 15a). Additionally, the lithiophilic zinc oxide
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successfully increases the level of thickness Li-deposition (from 300 pm
of copper foam to 1000 pm), resulting in effective CE improvements.
Under a total capacity of 1 mAh cm ™2 at a current density of 1 mA cm™2,
the CE of the assembled AFLBs remains above 95% after 590 cycles
(Fig. 15b). Remarkably, the symmetric cells were cycled for more than
560 h at 2 mA cm ™2 with a capacity of 1 mAh cm ™2 (Fig. 15¢).

With the ability to overcome lithiation-induced volume expansion
and uneven Li-deposition, 3D structured current collectors have
considerably improved the cycling performance and energy density in
AFLBs. However, the fabrication costs should be considerably lowered
while keeping the desired morphology and porosity [113]. Fortunately,
the continuously progressing etching and 3D printing technologies,
which can facilitate the high-accuracy synthesis of various 3D struc-
tures, will promote the development of 3D current collectors for AFLBs
soon.

5. Test condition optimization

External factors such as working temperature and stacking pressure
influence the morphological evolution of Li-deposition significantly. It
was confirmed that the stacking pressure influences the Li-plating and
tripping processes as well as the SEI properties in different ways in both
liquid- and solid-electrolyte-based batteries [158]. The applied charging
and discharging strategies, i.e. current densities and cut-off voltages,
also affect the cycling performance of AFLBs. Therefore, optimizing
these test conditions is also important to improve the stability of
deposited Li-metals and formed SEI. Various testing protocols have been
designed to test AFLBs correctly.
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5.1. Current densities

Cycling current densities strongly influence the morphology of
deposited Li-metal and the SEI in AFLBs, affecting the overall battery
performance. Jiao et al. [159] discovered that when the used current
density was increased, the thickness of the degradation layer at the
Li-metal anode increased. Such behavior resulted in a reduction in the
thickness of the remaining bulk Li-metal layer. The number and size of
degradation-layer fractures also increased so that the amount of the
deposited Li-metal declined. In addition, at the lower current densities,
more inorganic and less conductive species, such as LiF and Li,COs3, are
formed in SEI, resulting in a higher impedance. Consequently, higher
current densities result in a more rapid capacity decay and a shorter
cycle life. Therefore, optimizing the current densities of the (dis)
charging processes is an effective method for controlling the thickness,
forming more stable SEI layers.

To explore the effect of current densities on cycling performance,
Louli et al. [7] investigated the effect of (dis)charging current density on
the performance of AFLBs utilizing three different cycling conditions for
NMC532||Cu batteries: symmetric charging and discharging, asym-
metric faster charging, and asymmetric slower charging. The authors
discovered that the relative rate of charging vs. discharging is more
important than the absolute current densities. Moreover, cycling with an
asymmetric slower charging protocol is optimal, consistent with previ-
ous research on cells with Li-metal anodes [160]. It was found that the
symmetric cycling resulted in cells retaining 80% of their original ca-
pacity after 50 cycles (Fig. 16a). On the other hand, the AFLBs tested
with asymmetric faster charging protocols degrade to 80% of the orig-
inal capacity within only 40 cycles. The fast charging protocol reduced
the cycle life since efficient Li-plating deteriorates at higher charging
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rates [159]. Finally, NMC532||Cu batteries cycled with the asymmetric
slow charging procedures (C/10 D/4) showed the best performance,
retaining 80% of their capacity after 80 cycles (Fig. 16a). That was better
than the other two test conditions. Notably, the authors demonstrated
that under asymmetric slow-discharge test conditions, the battery’s
cycle life depends more on the relative ratio of the charging and dis-
charging rates rather than the absolute current densities. The absolute
current densities determine the operational duration of batteries
(Fig. 16b).

The primary reason for the differences in cell properties is the
different Li-morphology when utilizing these charging and discharging
protocols. Using the symmetric (C/5 D/5) protocol (Fig. 16¢), medium-
sized 10-15 pm Li-nodules are formed. The area of the porous Li-metal
deposited is determined by the space between the nodules. Since the
ideal Li-morphology should possess a lower surface area, these medium-
sized nodules result in a moderate cycle life of 50 cycles. The Li-
morphology in cells cycled with an asymmetric faster-charging proto-
col is shown in Fig. 16¢. The protocol results in forming smaller Li-grains
of 5-10 pm. The faster (C/2 D/5) protocol exhibits loose grains with
interspersed porous Li-deposition.

In contrast, the slower (C/4-D/10) protocol clearly exhibits a more
compact morphology. Smaller Li-particles with an increased surface
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area result in a lower lifetime [162] It is consistent with the worse (~40
cycles) lifetime for cells cycled with the asymmetric faster-charging
protocol. The Li-morphology for cells cycled with the superior asym-
metric slower charging protocol is shown in Fig. 16¢. With the protocol,
large 15-25 pm Li-grains are formed. Porous deposited Li-metal are
observed between these large grains at (C/2.5 D/1) and, to a lesser
extent, at (C/5 D/2). At (C/10 D/4), the large Li-grains are tightly
packed, resulting in a flat mosaic Li-metal. The ideal Li-morphology
results in the lowest Li-metal inventory loss, consistent with a cycle
life of about 80 cycles using the protocol. Therefore, the size of the
formed Li-metal particles can be effectively controlled by optimizing the
charging and discharging rates. This optimization reduces the formation
of SEI layers and improves the cycle life of AFLBs.

5.2. Cut-off voltage

The cut-off voltage is another crucial parameter affecting the sta-
bility of the battery during cycling. At first, higher cut-off voltages can
occasionally result in a worse cycling performance due to the reaction of
Li-salts and organic solvents, as well as the degradation of cathode
materials. However, employing a low cut-off voltage will decrease the
battery energy density. Consequently, establishing an appropriate cut-
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off voltage is required to achieve cells with excellent capacity stability
and high energy density.

Louli et al. [7] applied an upper cut-off voltage of 4.5 V with different
lower cut-off voltages of 3.0, 3.6, 3.8, and 4.05 V for NCM532||Cu cells,
corresponding to a depth of discharge of 90, 80, 45 and 23%, respec-
tively. It was discovered that the lower cut-off voltage of 3.0 V results in
a capacity loss of 40% in 100 cycles. The same capacity loss occurs after
over 160 cycles at 80% (3.6 V) and over 630 cycles at 45% (3.8 V). The
lower cut-off voltage of 4.05 V causes only a 10% capacity loss during
1000 cycles, attributed to a larger Li-reservoir to replenish lost Li-metal
by enlarging the lower cut-off voltage. However, a lower depth of
discharge would sacrifice part of the area capacity to improve the
cycling life.

Furthermore, multiple cut-off voltages were used throughout the
initial and subsequent charging and discharging processes. For example,
Chen et al. [140] designed LiyS||Cu/Au full-cells, which were initially
charged and discharged with 0.05 C between 1.7 and 3.8 V and cycled
between 1.7 and 2.8 V vs. Li/Li™. In the initial cycle, more Li“ions were
stripped from the Li,S cathode and plated onto the vacant anodic current
collectors to contribute to higher capacities. Then, reducing the upper
cut-off voltage improves the cycling stability by reducing the side re-
actions. Therefore, combining different cut-off voltages for charging and
discharging is a promising approach for balancing the energy density
and stability of anode-free cells.

5.3. Mechanical pressure

External pressures should also be considered in the practical appli-
cation of AFLBs [163,164]. Force-displacement measurements per-
formed at increasing pressures up to 200 PSI (~1400 kPa) revealed that
the electrode stack thickness of Li-metal batteries increased with
cycling, along with capacity loss. That may be attributed to porous
dendritic Li-growth, accumulation of dead Li-metal, and SEI growth
[165]. The mechanical pressure could physically suppress the dendrite
growth and maintain a more planar, lower-surface-area morphology
[166]. Louli et al. [161] demonstrated that high pressure improves the
cycling stability and plating/stripping efficiency of AFLBs. The authors
reported that 4.5 V anode-free pouch cells exhibited stable capacity
retention of over 50% within 50 cycles at a moderate pressure of 485 kPa
(Fig. 16d). Applying excessive pressure to the cell might cause the cur-
rent collectors to fracture and the positive electrode to delaminate.
Furthermore, the polymer separators are deformed at high pressures,
which may also hinder Li-ion transport through separators. Therefore,
the optimization of pressure is also necessary to improve the cycling
stability of AFLBs. Generally, the commonly accepted stack pressure in
the range of 100-1000 kPa is used to construct commercial pouch cells.
However, in the cases of coin cells using the springs, the maximum
applied pressure can be as high as about 1378.95 kPa [166]. Further-
more, the volume expansion of AFLBs during the Li-plating process
would increase the pressure applied to the battery components, which
also deserves further investigation.

Thus, test conditions are essential for the morphology of the formed
Li-metal and SEI layers in AFLBs. The morphology influences the cycle
life. Consequently, optimizing the test conditions will significantly in-
crease the cycle life of anode-free cells. The majority operate at low
current densities and voltages now. However, it is necessary to investi-
gate the ability to operate at high current densities and voltages to
enable larger energy density output. That will broaden the practical
application of anode-free cells.

6. Advanced characterization technology

In AFLBs, Li growth and the SEI formation process are two major
factors affecting cell stability. In the previous sections, we have
described many ways to improve the performance of anode-free batte-
ries. However, many of their underlying mechanisms are not understood
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in detail. Fortunately, many advanced characterization methods have
been developed in recent years, especially in-situ and in-operando
analytical techniques. These techniques have successfully revealed the
3D structural evolution of Li-deposition in real-time and at various
length scales. In particular, the chemistry and structure of SEI on the
nanoscale were partially resolved. That helps to understand Li plating/
stripping, SEI formation mechanism, and its physicochemical properties
[36,135].

There are various methods to classify the characterization techniques
used to investigate the Li-growth and SEI formation process of Li-metal
anodes [36,135]. This section focuses on advanced in-situ and operando
technologies applied for AFLBs. The detection techniques are classified
into imaging-based and spectroscopic-based. For the former, the
Li-growth and SEI formation process can be observed directly, e.g. by
optical images, SEM, or transmission X-ray microscopy (TXM).
Spectroscopic-type technologies such as XPS and NMR record a char-
acteristic spectrum of Li-containing, SEI species or observe changes in
the cell’s electrochemical, mechanical, or chemical signals to infer the
presence of Li and Li-containing species [167]. Both imaging and spec-
troscopic type techniques can be applied to characterize the
Li-dendrites, dead-Li, and SEI formation, for understanding the mecha-
nisms of capacity decay in AFLBs.

6.1. Imaging-based methods

Imaging methods directly visualize the growth process of Li-
containing species or SEI layers in the cells. Local imaging is a
commonly used method for observing Li growth during the charging and
discharging process and detecting the formation of Li dendrites, dead Li,
and SEI layers [167].

Recently, some in-situ and operando imaging techniques methods,
[168] like SEM, [169] transmission electron microscopy (TEM), [52]
and optical microscopy (OM), [44] have been devoted to dynamically
visualizing the evolution of Li plating and/or stripping at nanometer- or
micrometer-scale, unveiling dynamic information about initial Li
nucleation, the subsequent growth, and dissolution. Huang et al.
observed the Li deposition/dissolution upon cycling by in-situ OM
observation [170]. They found that Li dendrites were formed due to the
inhomogeneous plating of Li grown on different spots of Cu foil
(Fig. 17a). In addition, a non-uniform dissolution of Li and the formation
of a rough surface at the deposited Li were observed. That phenomenon
resulted from the locally heterogeneous current distribution, further
accelerating the formation of dendritic Li on the Cu electrode. During
the stripping process, the deposited Li was dissolved. However, the
dissolution was inhomogeneous. That is attributed to the higher
charge-transfer resistance. As a result, a large amount of dead Li was left
on the Cu surface at the end of the stripping process. These observations
visually explain the process of Li-dendrite and dead-Li formation, which
leads to poor cycling performance of AFLBs.

In-situ transmission X-ray microscopy (TXM) imaging technique can
also visualize the dendritic or mossy lithium (Fig. 17¢) [171]. Hwang
and co-workers also developed a versatile thin-plastic cell, which offers
a good contrast between Li and electrolytes so that the Li growth and
stripping can be clearly observed. Real-time observation reveals that the
Li growth and stripping rate in the vertical direction are faster than in
the lateral direction. That indicates faster growth from the base and
faster stripping from the tip-top.

Pei et al. studied Li nucleation and growth on Cu by a galvanostatic
method combined with SEM using Li||Cu cell [13]. They found that the
overpotential and Li nuclei sizes are inversely proportional. It was
attributed that nuclei seeds and smaller Li morphologies can cause
increased electrolyte consumption and SEI formation due to the
increased surface area. Based upon this understanding, the instanta-
neous nucleation of Li during galvanostatic electrodeposition was uti-
lized to improve the uniformity and particle density of deposited Li
metal, which enhances electrode performance and safety. Fuchs et al.
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with permission [13]. Copyright 2023, Wiley-VCH GmbH.

used operando SEM to examine the cross-section during lithium plating
at solid Cu||LLZO interfaces (Fig. 17d) [172]. They found three different
lithium growth modes: (i) vertical whisker growth, (ii) film growth, and
(iii) dendritic growth. It was discovered that Li microstructures evolved
from whisker growth to film or dendritic growth with increasing current
densities during plating. It was confirmed that using thick current col-
lectors to suppress Li whiskers penetration. Optimizing the current
density and plating protocol is also of importance for depositing ho-
mogeneous Li-metal electrodes.

The imaging-based methods also can detect the SEI layers, such as in
situ TEM and AFM. However, these advanced in situ techniques have not
yet been developed for AFLBs. It is worth mentioning that Huang et al.
combined in situ OM with the charge and discharge curves to explore the
mechanisms of SEI formation successfully (Fig. 17b) [170]. At the
beginning, the initial energy barrier of Li-nucleation on the clean Cu
surface needs to be overcome, which causes the higher overpotential
seen from the curve. Then, Li underneath the thick SEI layer on Li foil
starts to dissolve and deposit onto the nucleation sites on the Cu surface,
accompanied by the decrease of overpotential. Next, in the Li-stripping
process from the Cu surface, the overpotential is induced by the resis-
tance of the SEI layer protruding and fresh Li growth on the Li surface. At
the end of the Li-stripping process from the Cu surface, the cell voltage
suddenly lifted due to the total consumption of active Li, leaving some
dead Li at the Cu surface. In the following cycles, the deposi-
tion/dissolution of Li is similar to the first cycle in general, including SEI
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fracture, fresh Li nucleation, dendrite growth, and dead Li formation at
both sides. Until dendrites grow from the electrode surface and pene-
trate the SEI layer, leading to short circuits in the battery. Therefore,
managing the growth of dendrites and the stability of SEI is an ongoing
challenge in developing high-performance and safe AFLBs.

The imaging-based methods offer lively insight into the mechanisms
of lithium metal growth and the origin of capacity degradation.
Nevertheless, it should be noted that the Li-nucleation is challenging to
be captured due to the very fast process nature. Moreover, the small size
of Li-nuclei makes Li-nuclei difficult to be tested. In addition, the small
thickness of SEI layers also makes it difficult to measure their physico-
chemical properties accurately. Therefore, there is still an urgent need to
develop or apply advanced technologies to explore the Li-nucleation
process in detail in AFLBs.

6.2. Spectroscopic detection

The imaging-based Li detection techniques are often needed to
operate under high-vacuum or cryo-operation conditions. Meanwhile,
electron beam damage in SEM or TEM makes in-situ observation of the
Li metal deposition difficult [36]. To overcome these drawbacks, some
spectroscopic non-destructive methods, such as NMR, XPS, or electron
paramagnetic resonance EPR, have been developed to observe changes
in the electrochemical, mechanical, or chemical signals [36,135].

Menkin et al. employed in-situ solid-state NMR on Cu||LFP cells to
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study the plating and stripping of Li (Fig. 18a) [173]. Upon plating, a
new signal at ~260 ppm emerges, corresponding to the Li-metal de-
posits. The shift to higher frequencies is a result of the Knight shift. It
was shown that the Li-metal signal during electrodeposition on Cu grows
in intensity during the plating and decreases upon stripping. However,
the Li-metal peak still remains at the end of discharge, indicating the
presence of dead Li.

Accordingly, Geng et al. used in-situ electron paramagnetic reso-
nance (EPR) to monitor variation during Li deposition [174]. They
applied the in-situ EPR technique to monitor the variation during Li
deposition (Fig. 18b). The EPR method can detect the semiquantitative
distribution of the Li deposits by the 2D spatial-spatial imaging, to
visualize the Li-nucleation and the growth. The red color indicates the
local excessive deposits (LEDs) attributed to the growth of mossy or
dendritic Li (Fig. 18c). The homogeneous deposits in the first cycle
generate a compact SEI coating on the electrode, leading to worse
nucleation kinetics in these areas. As a result, the second Li nucleation
mainly occurs on the borders and the sites of dead Li where the SEI may
be thin. The distribution of Li plating densities is quite different between
the first and the second plating. The LEDs grow primarily during the
second plating, which indicates that the current flows are mainly
concentrated in these sites. Geng et al. also found that the LEDs’ sizes are
reduced after cycling. The homogeneity of the Li microstructures also
becomes worse.

In situ spectroscopic techniques are also often used to probe the SEI
and characterize the SEI evolution mechanisms. That is essential for
understanding the operation of AFLBs. The good examples of this group
technique are sputter-etched XPS, [178]. ToF-SIMS, [179] laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS), [180] and
laser-induced breakdown spectroscopy [181]. Most of these techniques
are based on sputter etching with ions or pulsed laser to the sample
surface, which is challenging to characterize the SEI formation during
cycling. Therefore, developing in situ technologies is still important to
detect the interphase in AFLBs. Davis et al. investigate the role of sulfide
SE stability during Li plating on LPSCI (electrically insulating SEI) and
LGPS (electrically conducting SEI) electrolytes in anode-free cells using
operando video microscopy and operando XPS (Fig. 18d) [175]. Oper-
ando XPS analysis of SEI components demonstrate the dynamic evolu-
tion of SEI formation in the LPSCI SEs (Fig. 18e). In particular, the low
Faradaic efficiency in the LGPS samples corresponds to continuous SEI
formation throughout the experiment. In contrast, in the LPSCl samples,
the interface stabilizes following initial SEI formation, after which Li
metal plates at the anode-free surface. It is attributed to the electrically
insulating nature of the SEI components in LPSCL. Electronic transport
across SEI/SE interface is blocked when the SEI becomes sufficiently
compact and thick. Therefore, LPSCI exhibits significantly higher Fara-
daic efficiency and correspondingly minimal Li loss in AFLBs during the
SEI formation process.

Furthermore, spectroscopic detection can be applied to explore the
mechanism of side reactions in batteries, for example, by detecting the
by-products of SEI formation reactions. The online gas evolution anal-
ysis was performed by assembling the anode-free cell with electrolytes
(Fig. 18f) [176]. Since the Li anode is highly reactive toward the elec-
trolyte, at the open-circuit voltage (OCV) stage, the SEI is formed
chemically. When using an anode-free cell, the interfacial reaction
happens at both the anode and cathode. Then CO,, CO, and CyH,4 gasses
are found and evolved at the beginning of the first charge due to the
electrolyte decomposition at the in-situ formed Li. However, above 4.38
V in the first, second, and third cycles, the evolution of CO and COy
together with O release is due to both electrochemical and/or chemical
interfacial reactions on the surface of the cathode.

In AFLBs, the capacity fade mainly results from forming SEI species
and dead Li. That also leads to irreversible volume changes. Li et al.
developed an in-situ optical-fiber-sensor-derived monitoring technique
to detect strain evolution (Fig. 18g) [177]. The authors fixed the fiber
Bragg grating (FBG) sensors on the surface of the battery. The stretch
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and contract of cell skin caused by the periodic change and irreversible
change in volume can be recorded and quantized throughout the life-
time (Fig. 18h). It was found that the surface strain reaches the
maximum in the middle of the first charging, and the peak value is much
higher than those of other cycles. That is attributed to intensive gas
generation and SEI formation in the first cycle. The accumulation of gas
leads to an increase in strain. Once the SEI is formed, gas production
decreases significantly. Meanwhile, part of the gas is expelled into the
prepared gas bag. As a result, gas accumulation reaches the maximum in
the middle of the first charging process. Therefore, the strain increases
sharply at first and decreases dramatically due to less gas accumulation.
Furthermore, the surface strain decreases with cycling, corresponding to
a lower charge/discharge capacity, which is related to the battery’s
capacity fade.

Some advanced spectroscopic detection techniques have been
developed to detect interphase formation in conventional Li-metal bat-
teries, such as in situ X-ray and neutron-based techniques, introduced in
detail in our former review. [135]. However, many in-situ techniques
have not yet been applied to the AFLBs system. It can be expected that
with efforts continuously being devoted, more and more of these ver-
satile techniques will be applied to develop high-performance AFLBs.

7. Summary and perspectives

Anode-free Li-metal batteries (AFLBs) are promising battery systems
with higher energy density and excellent safety. However, most of the
reported AFLBs were based on intercalation cathodes. The research on
anode-free topologies is still in its early stage. AFLB systems based on
liquid electrolytes still face a significant challenge in practical use due to
their short cycle life. For the formation and evolution mechanism of SEI
layers, the origin of the substantial capacity loss and low CE of AFLBs
was clarified in this review.

The progress in developing AFLBs via tuning Li-growth and engi-
neering SEI was summarized. Despite the advances in developing
excellent electrolytes (Table 3) and current collectors (Table 4), further
work is still needed to maximize cell CE and cycle life to achieve the
benchmark for AFLBs commercialization. Thus, the following aspects
should be considered in future AFLBs research:

(i) Controlling homogenous and compact deposited Li-metal and SEI
layers are essential for improving the cycle stability of AFLBs. The
SEI morphology is influenced mainly by the deposition of Li-
metal. The interactions between Li-metal and electrolytes influ-
ence SEI properties. The design of current collectors and elec-
trolytes should be studied more systematically to successfully
manage the Li-nucleation and growth process by lowering the
nucleation overpotential. Designing high-surface-area or 3D
current collectors is a viable technique to boost the energy den-
sity of AFLBs. Furthermore, 3D provides a larger area for Li-metal
deposition, minimizing the non-coplanar Li-metal growth and
resulting in more homogeneous SEI layers. Rapid advances in
novel etching technologies, such as photolithography and 3D
printing, would pave the way for more efficient design and
manufacturing of novel 3D-structured current collectors.

Improving the mechanical properties of SEI layers can effectively
protect the deposited Li-metal and reduce Li-ion consumption
during cycling. Li-metal anodes undergo significant volume
changes during cycling. Therefore, mechanically stable SEI layers
can accommodate volume-change-induced stress with fewer
cracks. Using fluorine-based organic solvents or adding fluorine-
containing additives helps to form a compact and LiF-riched SEI
layer with appropriate mechanical properties. That improves the
cycling stability of AFLBs. Furthermore, designing an artificial
SEI with good mechanical properties and high Li-ion conductivity
can protect the Li-metal from electrolyte corrosion. That reduces
side reactions and improves battery capacity stability. The

(i)
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Fig. 18. (a) Galvanostatic cycling of in situ Cu-LFP cells where a current of 0.1 mA cm™2 was used for the first cycle and 0.5 mA cm™2 for subsequent cycles; plating
and stripping were performed for a constant capacity of 1 mAh cm™ and In situ ’Li NMR spectra. Reproduced with permission [173]. Copyright 2021, American
Chemical Society. (b) Schematic for the EPR coordinate frame and the EPR cell orientation. The inset shows the view direction of the 2D spatial-spatial images; (c) In
situ spatial-spatial EPR for the first cycle. Reproduced with permission [174]. Copyright 2021, American Chemical Society. (d) Operando XPS cell using an electron
gun as a virtual electrode; (e) Operando XPS core scans and corresponding optical microscopy for the LPSCI sample, with each scan corresponding to an additional 6
min of charging. Reproduced with permission [175]. Copyright 2021, IOP publication. (f) Schematic illustration of the EL-CELL connecting with GC-MS designed for
online gas formation analysis in the AFLBs. Reproduced with permission [176]. Copyright 2020, Wiley-VCH GmbH. (g) The schematic diagram of the experimental
setup for strain monitoring; (h) The galvanostatic curves and strain signal of the lifetime of the pouch cell. Reproduced with permission [177]. Copyright 2022,
Wiley-VCH GmbH.
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Table 3
Summary of electrolyte optimization for AFLBs.
Category Anode  Cathode Electrolyte Cut-off Current Discharge Capacity Average Ref
Voltage (V) density Capacity retention CE
(%-cycles)
Co-solvents Cu NMC532 1M LiPFg in FEC/TFEC 1.25-4.5 0.5C 170 mAh/g 55%—60 99% [182]
Cu NMCAM LiFSI in DME/LHCE 3.5-4.4 1/3C 200 mAh/g 40%—80 99.3% [23]
Cu NMC Triethylmethylphosphonium bis 4.5-1.5 0.5C 4.6 mAh/ 53%—100 99.4% [183]
622 (fluorosulfonyl)imide/LiFSI=1:1 cm?
High concentration Cu LFP 4M LiFSI in DME 3.0-3.8 1C 148 mAh/g 54%—-100 99.8% [24]
electrolytes Cu LFP 3M LiFSI in DOL/DME 3.0-3.8 1/3C 1.5 mAh/ 40%—100 98.78% [105]
2
cm
Cu NCMS811 6M LiFSI in DME 2.2-4.3 0.2C 203 mAh/ 84 %—100 94.92% [35]
2
cm
Cu NCM811  6M LiFSI in DME 2.2-4.3 0.2C 12 mAh/cm®  96%-100 - [184]
Dual-salt Cu LFP 2M LiFSI+1M LiTFSI in DOL/DME 3.0-3.8 1/3C 1.5 mAh/ 32%-100 98.9% [25]
electrolytes cm?
Cu LFP 1M LiNO3+1M LiFSI in DME 3.0-3.8 0.1C - 66%—50 99.17% [185]
Cu NMC622  4.6M LiFSI+2.3M LiTFSI in DME 2.7-4.4 1/3C 1.44 mAh/ 55%—54 98.37% [107]
2
cm
Cu NMC532 1M LiDFOB+0.2M LiBF, in FEC/DEC 3.6-4.5 0.5C 2.4 mAh/ 80%—90 99.75% [73]
2
cm
Additives Cu NMC111 2M LiPFg in EC/DEC+50% FEC 2.5-4.3 0.1C 2 mAh/cm? 40%—50 97.8% [106]
Cu NMC111 1M LiPF¢ in EC: DEC+0.5M KNO3 2.5-4.3 0.1C 156.2 mAh/ 40%—50 95.21% [117]
g
Cu NMC111 1M LiPFg in EC/ DEC+2% KPF-TMSP 2.5-4.3 0.1C 2.03 mAh/ 48%—20 95.21% [118]
2
cm
Ni LisS 1M LiTFSI in DOL/DME + 2wt% LiNO3 1.8-2.8 0.1C 969 mAh/g 84%—-100 - [186]
Cu LFP 2M LiFSI + 0.1M LiNO3 in DME/TFTE 2.5-4 1/3C 150 mAh/g 64.5%—50 99.3% [187]
(1:1inv/v)
Cu NCMS811 1M LiFSI into DME/HFE = 1/2vol.%+ 2.7-4.3 0.3C 3.0 mAh/ 95%—-50 99.4% [188]
0.02M LiDFOB cm?
Cu LFP 2M LiFSI in DME+ 5mM Csl3 2.5-3.8 0.5C 170 mAh/g 80%—110 85% [189]
Cu NCM811 4M LiTFSI in FEC + succinonitrile 3-4.3 0.1C 190.1 mAh/ 60.9%—50 99% [190]
g
Cu NCA 1M LiPF¢ in EC/DEC + LiNO3-G2 3-4.3 1C 2 mAh/cm? 73%—50 98.58% [191]
Ni LisS 1.0M LiTFSI + 0.5M LiNOj3 in DOL/ 1.7-2.8 0.1C - 80%—95 99% [192]
DME-+Snl,
Solid-state Cu LCO LiPON electrolyte 3.0-4.2 - - 80%—1000 99.98% [193]
electrolyte Cu LFP Ternary-salt GPE 2.5-4.0 0.2C 1.73 mAh/ 62.2%—-100 99.5% [194]
2
cm
Cu LisS CGPE-LiTFSI-TizC,T, MXene 1.7-2.8 0.25C 819 mAh/g 80%—300 99.2% [195]

(iii)

(iv)

artificial interface layer can be prepared either by the spin
coating technology, physical/chemical vapor deposition, and
self-assembly on the substrate or by forming the coordinate bond
directly on the substrate. With novel deposition techniques, such
as ALD and PLD, versatile compounds with high ionic conduc-
tivity and electrochemical compatibility can be deposited onto
the current collectors of AFLBs. Additionally, more complex
nanocomposites and polymers can be applied as artificial layers
by spin-coating, which is easy and cheap. Furthermore, the in-situ
coating is a novel method to create stable SEI layers. The con-
version compounds, such as CusN, can be deposited on the cur-
rent collector. They make Li-ions flux more uniform, suppressing
Li dendrites growth and reacting with Li ions to form stable SEI
layers.

More Li could be placed into the batteries to compensate for the Li
loss. That can be an effective way to extend cycle life. Pre-
lithiation of the current collectors, particularly lithiophilic ones,
could indeed reduce the surface potential and promotes the Li
nucleation and Li growth processes. In addition, it can also ach-
ieve a higher cycling capacity. Enlarging Li-content can
compensate for the Li loss at the cathode side. An example of such
a technique is coating a Li-containing multifunctional sacrificial
agent on the cathode surface, including LiO, LiF, or LioCOs.
Test conditions influence the cycling performance and energy
density of AFLBs, including working current density, tempera-
ture, and stacking pressure. Most AFLBs are cycled with lower
current densities to ensure a higher capacity and cycling stability.
However, using lower current densities requires significant
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W)

(vi)

operation time, limiting the practical applicability. Fortunately,
recent studies revealed that cycling with a lower charging current
and a higher discharging current improved the battery cycling
stability. Furthermore, the relative rate of charge vs. discharge
has a more noticeable impact on the cycle life than the absolute
current densities. As a result, optimizing the relative charging and
discharging rates will further promote the potential applications
of AFLBs. Furthermore, widening the operating temperature
range will facilitate the extension of its practical applications.
While a low cut-off voltage helps to improve cycle stability, it
reduces the energy density of AFLBs. Exploring how to increase
the cycling stability at high cut-off voltages would open the path
for AFLBs to deliver higher energy densities. Feasible approaches
include high-energy cathode materials, such as high-capacity
materials (LCO, NCM811, and Li,S), and high-voltage materials
(LiNig 5sMn; 504 and LiCoPQO4) in AFLBs. However, it is worth
noting that the stable voltage range of electrolytes must be
coupled with the operating cut-off voltages of the applied cathode
materials.

All-solid-state AFLBs exhibit higher energy density and safety.
However, improving the compatibility between the solid-
electrolyte and the Li-metal anode is the main challenge. In
addition to using a combination of existing materials, all-solid-
state AFLBs require fundamental material innovations such as
solid-electrolyte with higher ionic conductivity and wider elec-
trochemical stable windows, and current collectors with low
nucleation, low diffusion energy barriers, and large specific sur-
face areas. Besides, it is essential to further reduce interfacial
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Table 4
Summary of current-collectors engineering methods for AFLBs.
Anode Cathode Electrolyte Cut-off Current Discharge Capacity retention Average Ref.
Voltage (V) density Capacity (%-cycles) CE

Au/P1 LFP 1M LiTFSI in DOL/DME + 2% 3.0-3.8 1/3C 1.5 mAh/cm? 20% —340 98.7% [196]
LiNO3

Ag@Cu foam LinS 1M LiTFSI in DOL/DME +1 wt% 1.7-2.8 0.1C 697.5 mAh/g 56%—180 97% [157]
LiNO;

Stainless steel /Si LFP 4M LiFSI in DME 3.0-3.8 0.1C 154 mAh/g 47%—100 - [197]

Cu/Sn NCA 1M LiPFg in FEC/EMC 3.0-4.2 0.5C 155 mAh/g 12%—-80 97.3% [198]

Cu/C-Sn LRM 1M LiPF¢ in FEC/FEMC/ HFE 2.0-4.8 0.1C 200 mAh/g 83.3%—-20 99.4% [139]

CugoZn TiSy 1M LiTFSI in DOL/DME 1.6-2.6 0.1C 200 mAh/g 55%-120 99.5% [141]

Cu/CusN LFP 1M LiTFSI in DOL/DME+ 0.4M 3.0-3.8 0.5C 0.4 mAh/cm? 30%—-50 97.6% [199]
LiNO,

Cu/GO NMC111 1M LiPF¢ in EC: DEC+5% FEC 2.5-4.5 0.1C 1.76 mAh/cm? 44%—-50 98% [115]

Cu/MLG LFP 1M LiTFSI in DOL/DME+2% 3.0-3.8 0.1C 151 mAh/g 61%—-100 99.51% [96]
LiNO,

Cu/SiOx LFP 4M LiFSI in DME 3.0-3.8 0.5C 120 mAh/g 53%—100 99.3% [200]

Cu/PEO LFP 1M LiTFSI in DOL/DME +2wt% 3.0-3.8 0.2C 127 mAh/g 30%—-200 98.6% [152]
LiNO3

Cu/CPE NMC111 1M LiPF¢ in EC/DEC 2.5-4.3 0.1C 2 mAh/cm? 59%—30 97.6% [29]

Cu/Benzotriazole LFP 1M LiNO3+ 1M LiFSI in DME 2.4-4.2 1C 130 mAh/g 73%—-5 99.38% [201]

Cu/PdTe, LFP 1M LiTFSI in DOL/DME+ 2wt% 3.0-3.8 0.2C 107 mAh/g 62%—100 99.5% [202]
LiNO,

Cu/Ag-PDA-GO NCM111 1M LiPF¢ in EC/DEC + 5% FEC 2.5-4.5 0.2C 2.25 mAh/cm? 71% —40 98.6% [143]

Cu/C-PVDF-LiN LFP 1M LiPF¢ + 0.02M LiNOs in EC/ 2.0 —4.0 1/3C 125 mAh/g 49%—-100 99.3% [203]
DMC+5 wt% VC

Cu/LiyTe NCM argyrodite LPSClL 2.5-4.3 0.2C 165 mAh/g 80%—50 99% [204]

Cu/SrF, NCM111 1M LiPF6 in EC/DEC(1:1 v/v) 2.5-4.3 0.2C 2.62 mAh/cm? 51.01%—-60 98.62% [205]
+5% FEC

Cu/Ag-P doped polymer LFP 3MLiTFSIin DME/DOL(1:1,v/v)  2.5-4.2 1C 3 mAh/cm? 72%—200 99.8% [206]

Cu/ LNMO 4.5 LiFSI in Py;3FSI +1wt% 3-4.7 1/3C 120 mAh/g 80%—-120 99% [207]

silicon-polyacrylonitrile LiTFSI

Cu/BPEI-Ag-LiNO3 NCMS811 1.3m LiPFe in EC/DEC (3/7, v/V) 3-4.2 0.5C 4.2 mAh/cm? 61.6%—50 99% [208]
+10 wt.% FEC

Cu/Ga-In-Sn NCM111 1M LiPF6 in FEC/DMC (1:1 v/v) 2.7-4.3 1/3C 150 mAh/g 58%—25 97% [209]

Cu-CuCl LFP 1M LiTFSI +1 wt% LiNO3 in 2-4.2 0.1C 125 mAh/g 78.4%—50 99.5% [210]
DOL/DME (1:1 v/v)

Cu-Lig 4Sn NCMS811 6M LiFSI in DME 3.0-4.3 0.3C 4 mAh/cm? 85.5%—-50 99% [211]

defects during the manufacturing process, for example, by References
improving contact through in situ coating or deposition.
(vii) Finally, by integrating theoretical modeling with advanced cryo- [1] R.V. Noorden, The rechargeable revolution: a better battery, Nature 507 (7490)

electron microscopy and in-situ observation techniques, a deeper
understanding of the Li-metal deposition/stripping behavior, the
SEI formation, and degradation processes become possible.
Although the anode-free batteries have been integrated with in
situ techniques to observe the Li-growth and SEI formation pro-
cess, such as Raman spectroscopy, SEM, TEM, and OM, many
more advanced and accurate analytical techniques such as
neutron scattering and X-ray diffraction or scattering, should be
developed to connect multidisciplinary domains and substantial
open breakthroughs. Furthermore, other abundant alkali metal
batteries, such as Na, Mg, and Al, are also considered promising
candidates for next-generation anode-free batteries.
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