
R E V I E W

Materials, electrodes and electrolytes advances for

next-generation lithium-based anode-free batteries
Shubhadeep Pal†, Xiaozhe Zhang†, Binson Babu†, Xiaodong Lin, Jiande
Wang and Alexandru Vlad ,

Institute of Condensed Matter and Nanosciences, Molecular Chemistry, Materials and Catalysis, Université
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ABSTRACT

The high volumetric stack energy density (�750 Wh L�1) is a must for grasping the practical application of electric vehicles
with more than 100 km per day driving range. Such achievement requires significant advances in state-of-the-art battery
technologies. The anode-free, derived from the metal-battery concept, germinates as one of the future potential battery
configurations due to the highest, nearly theoretical gravimetric and volumetric energy density. Thus, moving from the
graphite-based anode, where lithium is stored as ions, to anode-free cells, wherein lithium is plated as metal, can change
the scenario of the electrochemical energy storing devices both in terms of energy density and fundamental mechanism.
Although an anode-free battery theoretically provides higher stack energy density than a Li-ion battery, current develop-
ments are still underoptimized as these can barely hold for several cycles at room temperature due to the absence of an ac-
tive lithium reservoir and still severe losses at the anode side. Hence, electrolyte engineering with suitable electrode mate-
rial choice is highly desirable and extremely challenging in realizing next-generation anode-free batteries. Herein, we
summarize the current developments and achievements in the direction of anode-free batteries. Central emphasis is set on
electrolyte chemistries that should on one hand allow for high-efficiency initial nucleation, followed by subsequent electro-
deposition and electrodissolution of lithium metal, while also forming stable anodic interphases with the high energy cath-
ode materials currently in use. We also prospect for better batteries with higher energy density beyond the present status.

KEY WORDS: anode-free batteries; lithium metal batteries; solid-state batteries; coulombic efficiency; electrolytes; organic
materials.

INTRODUCTION

Lithium-ion batteries (LIBs) play a crucial role in human daily life
among various energy storage systems [1–6]. With their main ap-
plication areas gradually shifting from portable electronic devices
to electric vehicles, LIBs must meet the ever-increasing demands
with an affordable cost, higher energy density, improved safety
and extended cycle lifetime. Whereas cost, safety and lifetime are

being continuously improved through stepwise materials tuning
and engineering approaches, leap forward energy increase, to
bring LIBs on par with the energy content of gasoline, rely on dis-
ruptive developments in designing cell configurations, electrode/
electrolyte material research and their stable interfaces [7–13]. The
technical bottleneck set here is the limited intrinsic specific capac-
ity, and thus energy, of the applied materials in LIBs. Disruptive
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battery chemistries such as Li–O2 or Li–S have been proposed over
the past decade as challenge-solving solutions [14, 15], but many
of these promises turned into disillusion, with practical energy
metrics finally below the conventional LIBs [16]. In reality, none of
the ‘beyond-Li-ion’ battery technologies such as single valent
(Na/K-ion) or multivalent (Zn/Al/Ca/Mg) metal-ion batteries [17–
21], redox flow batteries (RFBs) [22], metal-air batteries [23, 24],
dual-ion batteries [25, 26] and hybrid battery-capacitors [27–32]
have reached the matured stage yet. By taking into account the
aforementioned facts, LIBs will continue to reign the energy stor-
age realm [33].

The current commercially available LIB has a configuration
in the form of an anode current collector (CC) | anode material |
separator | cathode material | cathode CC, and the lithium salt-
based liquid electrolyte infiltrated the porous separator and the
electrode material, which provides an ionic path between the
electrodes (Fig. 1A). Typically, the commercial LIBs stores/re-
lease energy, while charging/discharging, based on the interca-
lation chemistry at the electrodes [34]. As the main anode
material for LIBs, graphite-based electrodes have a high specific
capacity and volumetric capacity of �372 mAh g�1 and �841
mAh cm�3, respectively, and operate at a low average potential
(150 mV versus Liþ/Li0), with a high roundtrip energy efficiency,
making them the only so far successful commercial anode ma-
terial [35]. However, the main bottleneck of graphite to meet the
ever-increasing demand for small but high-energy-dense bat-
teries is their low volumetric energy density. For instance, the
graphite anode with LiCoO2 (LCO) cathode in a pouch cell con-
figuration exhibited a volumetric energy density of 491 Wh L�1

[36]. The deployment of graphite composites with silicon
increases the gravimetric as well as the volumetric energy den-
sity of LIBs, by employing the advantage of the unparalleled the-
oretical capacity of 4200 mAh g�1 (gravimetric) and 9800 mAh
cm�3 (volumetric) possessed by pure silicon, based on alloy/de-
alloy reactions (Li4.4Si) [37]. To exemplify, the LIBs consist of
Graphite/Si composite anode with LCO cathode exhibiting an
increased energy density of �600 Wh L�1 (volumetric) and
�300 Wh kg�1 (gravimetric) compared with conventional
graphite|LCO configuration [�500 Wh L�1 (volumetric) and
�200 Wh kg�1 (gravimetric)] [38]. Similarly, the blending of
silicon-rich SiOx (x� 1) with graphite has attained much interest
in the category of high-energy LIBs [36]. Nevertheless, the huge
intrinsic volume change of Si and their derivatives upon
lithiation/de-lithiation compared with graphite (�300% for pure
Si and �118% for SiO compared with �10% for graphite), the
graphite/Si or graphite/SiOx anode undergoes different rates of
volume expansion, which induce the failure of the cell upon cy-
cling. Moreover, to date, the battery manufacturers can only in-
corporate a few amounts of Si or SiOx (<10 wt%) into the
graphite matrixes. The blending of a large amount of Si or SiOx

with graphite requires more optimizations in different parame-
ters, which include the development of compactable polymeric
binders to avoid the cracking of the electrodes, functional elec-
trolyte additives to build stable solid electrolyte interfaces (SEIs)
that can prevent the electrolyte decomposition over cycling [38,
39]. Lithium metal anode has the potential to drastically re-
shape the landscape of battery devices due to its high theoreti-
cal gravimetric capacity (3862 mAh g�1) and competitive
volumetric capacity (2093 mAh cm�3), further supported by the
lowest standard redox potential (�3.05 V versus the standard
hydrogen electrode [SHE] or 0 V versus Liþ/Li0) [40–47].
Therefore, by replacing the graphite-based anodes with the lith-
ium metal, which has 10 times more capacity in comparison
with the weight of the same graphite, the lithium metal

batteries (LMBs) can satisfy the high energy target of
500 Wh kg�1 (750 Wh L�1) (Fig. 1B) [48–51].

Unfortunately, the commercialization of LMBs is yet to be re-
alized due to several hurdles [52–54]. One of the main barriers to
LMBs is the safety concern induced by the uncontrollable
growth of Li dendrites at the Li-metal anode, which results in
an internal short circuit, leading to thermal runaway and explo-
sion hazards [55, 56]. Moreover, the high reactivity of Li-metal
with the electrolyte exacerbates parasitic reactions leading to
electrolyte dry-up [57]. Further, if the Li-metal is not passivated
properly, it undergoes continuous irreversible reactions with
the electrolyte upon cycling that generates thick SEI layers on
the Li-metal surface, which increases the internal resistance of
the cell and also consumes an enormous amount of electrolytes
that are detrimental to the cell performances [58]. Besides, the
low columbic efficiency (CE) during Li, the plating/stripping pro-
cesses (which leads to shorter cycle life) [59, 60], huge
manufacturing costs of fabricating high purity thin Li-metal
foils (50 lm) [61, 62] and the difficulty in maintaining environ-
ments (dry room conditions, which requires huge investments)
for stable Li-metal foil processing (the presence of O2 and
CO2 reduce the work function of the Li surface by almost 1 eV)
[63, 64] are other barriers that prevent LMBs from their large-
scale applications.

Considering the various advantages but also the challenges
of LMBs and in search of high-energy-density batteries hit an-
other concept of the development of LMBs with zero-excess Li-
anode, so-called anode-free LMBs (AFLMBs) or anode-less re-
chargeable batteries [65, 66]. The AFLMBs have cell configura-
tion in the form of anode CC | separator | cathode material |
cathode CC (Fig. 1C), in which there is no anode material (or
zero-excess Li anode during the initial discharged state cell as-
sembly), have attracted rapid attention recently, due to its sim-
plified cell structure, low manufacturing cost and can achieve
maximum possible energy density [67–71]. Since the anode-free
cell design discards the use of any anode materials (e.g. a Li-
cation host or a Li metal sheet), the energy is stored/released
during charging/discharging relies only on the Li-metal plating/
stripping at the anode CC, apart from the Li-ion de-insertion/in-
sertion at the cathode material. Such a design comes along with
a series of significant improvements compared with other cells,
mainly including the following aspects:

1. the price of AFLMBs is estimated to be significantly lower
since no raw electrode materials, solvents, additives and
processing is required [72, 73];

2. the costs and challenges in transporting, storing and han-
dling Li-metal sheets are also eliminated;

3. since the conventional anode electrode configuration is now
replaced just by a metal foil, the weight and volume of
AFLMBs can be significantly reduced, resulting in nearly the
highest theoretical possible specific and volumetric energy
densities.
The prototype of anode-free cells was initially demonstrated

by Neudecker et al. [74] in 2000, showing the feasibility of an
anode-free Cu/solid lithium electrolyte/LCO thin-film battery.
Later, in 2016, Zhang’s group [70] reported AFLMBs based on a
Cu|LiFePO4 (LFP) cell structure with an extremely high CE (>99.8%)
in a liquid electrolyte, opening up new prospects for practical
high-energy-density batteries. The significant contributions in
this direction were realized by J. Dahn ’s group, wherein they have
developed a dual-salt lithium difluoro(oxalato)borate (LiDFOB)/
LiBF4 with a practical concentration (�1.2 M) liquid electrolyte for
high-performance anode-free lithium-metal pouch cells (80% ca-
pacity retention after 90 cycles) [2]. They have also demonstrated
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AFLMBs with LiNi0.5Mn0.3Co0.2O2 (NMC532) positive electrode as-
sembled with bare copper foil as negative were shown to achieve
a stack energy density of 1200 Wh L�1. This is a 60% increase
when compared with 700 Wh L�1 of conventional LIBs, relying on
the same cathode electrode [69].

However, similar to other battery technologies with great en-
ergy metric promises, the AFLMB design comes with many tech-
nical challenges before any commercial application can be
envisioned. For instance, the best performing prototype AFLMBs
can sustain 100 cycles, far too low for the current industry tar-
gets of more than 2000 cycles lifetime. The main challenge
comes from the still hard-to-master Li-metal interface, with the
additional challenge of Li-metal nucleation and growth on cop-
per metal foil, and associated first cycle losses.

In this review, we summarize the current work effort strate-
gies of AFLMBs, with the main emphasis on electrolyte chemis-
tries and electrochemical test conditions. Given the limited
capacity of commercial cathode materials [75], and that these
are the only Li-cation sources in the cell, only if the CE of
AFLMBs can be augmented to values close to >99.95%, these
may claim practical application value. There have been three
main directions approached so far to improve the performance
of AFLMBs, including modification of electrolyte, design of CC
and optimizing the test protocol. However, relying on exotic
structuring techniques or the use of protective films (such as
poly(ethylene oxide) [76]) to suppress interface reactions is not
yet economically viable. Thus, in this review, we focus primarily
on the optimization of test (and especially the cell formation,
first cycle) protocols as well as look at how the electrolyte

Figure 1: Schematic representation of (A) Li-ion battery (LIB), (B) Li-metal battery (LMB) and (C) anode-free Li-metal battery (AFLMB) and their corresponding operational

mechanisms while charging (right side).
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chemistry can push the boundaries of conventional batteries.
So far, AFLMBs developments were relying on inorganic metal
oxides cathode materials, but recent advances in the organic
battery materials generate hopes for also organic AFLMBs, with
the additional advantages of sustainability.

OPTIMIZATION OF TEST PROTOCOLS

One key performance metric of an electrochemical energy stor-
age device is the coulombic efficiency (CE), which measures the
reversibility of redox processes at both electrodes. For a lithium
metal plating/stripping process, the CE is expressed as

CE ¼ Qs

Qp
; (1)

wherein Qp is the amount of charge passed in the external cir-
cuit for a certain amount of Li metal to be plated (electrodeposi-
tion) onto a substrate and Qs is the amount of charge passed in
the external circuit to strip (electrodissolution) the respective Li
metal amount from the Cu substrate (usually done by fixing the
anodic cut-off voltage at þ1 V versus Liþ/Li0). This method of
calculating CE remains the most used in the literature due to its
simplicity [60].

A lithium-ion battery consists of inorganic cathode material
[such as LCO, LFP, Li[NixMnyCoz]O2 (NMCxyz, xþ yþ z¼ 1),
LiNi0.5Mn1.5O4, etc.), electrolyte with separator and an anode
material like graphite or silicon–graphite systems [38, 77–79].
The cathode material is typically deposited on an aluminum
foil, whereas the anode material is coated on a copper foil, as
these metals are stable at the working anodic and cathodic
potentials, respectively. During charging, Li-cations are
extracted from the cathode and intercalated in the graphite,
forming a C6Lix complex (Fig. 1A). The Li is thus stored as an ion
which leads systems to run more than 1000 cycles without
much loss of active lithium (�90% capacity retention) [80, 81].
The losses take place at both electrodes so that the overall CE is
a combination of reversible processes taking place at both, cath-
ode and anode.

An AFLMB is composed of a cathode material (like a LIB), an
electrolyte with a separator and a bare copper foil that will act
as a negative electrode. For these considerations, it is estimated
to provide the highest energy density. During the first charge
(formation cycle) of an AFLMB, the Li-cations are released at the
cathode and lithium metal is electrodeposited on the copper
substrate (Fig. 1C). Considering the highly reactive nature of
lithium metal surface toward the electrolyte constituents, it is
of paramount importance to know the efficiency of stripping
lithium for a particular electrolyte. In fact, for both, LMB and
AFLMB, the efficiency of the lithium metal plating and stripping
is accounted as the main limiting factor on the cycling stability.
Thus, the formation of a stable SEI layer to block further electro-
lyte decomposition is essential to any LMB or AFLMB [82]. A sys-
tem with constant CE over cycles is expected to have a 10-fold
increase in cycle number lifetime if an increase of CE from 90%
to 99% is attained, as estimated by Nanda et al. [65]. However, in
their work, a constant CE is assumed from the beginning of cy-
cling which is often far from reality but can provide a reason-
able estimation of the lifetime of an LMB and AFLMB. In most
cases, CE is stabilized after a few initial cycles, and depending
on SEI stability, it can either reach values above 99.5% or stabi-
lize below 99%. For example, Yu et al. [83] have reported a
designed single solvent (fluorinated 1,4-dimethoxylbutane)
with 1 M lithium bis(fluorosulfonyl)imide (LiFSI) attained fast

passivation and reached a CE of �99.52% within five cycles,
while an electrolyte composition made of 0.3 M lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) with fluoromethane
(CH3F, FM)-based liquefied gas electrolyte was shown to achieve
an average CE of 98.6% after 100 cycles [84]. The CE has a huge
impact on the cycle lifetime since a CE of >99.5% can provide
100 cycles with 80% capacity retention, whereas a CE < 99% can
only sustain 20 cycles if a limited Li source is available [59, 70].
Thus, based on the electrolyte composition and its ability to ef-
ficiently passivate Li-metal surface, the number of cycles re-
quired to get a stable CE also varies, leading to continuous
increment of discharge capacity until reaching a stable regime.

Recently, many efforts have been focused on attaining CE of
>99% of lithium metal yet whose distinctive bulk mechanical
properties are often neglected, still expected to have a major in-
fluence on the performances of AFLMB [65]. Although various
strategies have been applied, such as CC modification or protec-
tive coatings on the CC, none of the above brings the fundamen-
tal reason for cell failure [85]. The inhomogeneity and high
dynamic nature of the Li-metal surface, especially while plating
and stripping, makes it difficult to understand the basic cause
of the poor performance of cells qualitatively as well as quanti-
tatively [86]. Nevertheless, there is a growing consensus that
the mechanical properties of Li have a strong influence on den-
drite formation, which results in SEI layer breaking and separa-
tor penetration which finally causes short-circuit and cell
failure [87, 88]. It has been found that the application of me-
chanical stress or pressure can effectively suppress the dendrite
growth [89–91]. The model proposed by Monroe and Newman
[92] suggests that the distribution of elastic stresses at the elec-
trode/electrolyte interface drives the dendrite growth and can
be suppressed by the utilization of solid polymer electrolytes
(SPEs) having shear modulus greater than two times that of Li.
This study shines light in the direction of the usage of solid or
polymer electrolytes in batteries, which can provide sufficient
compression on the anode surface and may induce Li-deforma-
tion (create flat Li-morphology), owing to the low yield strength
and large plasticity of lithium [88, 93]. Louli et al. [94] have
shown an enhanced cycling performance and lithium plating
efficiency of (NMC532|Cu) anode-free cells, while increasing the
initial average pressure from 75 to 2200 kPa. In addition to this,
they have also observed that the cell cycling performance is not
equally benefited under increased pressure when different sol-
vents are involved, rather it also depends on the physical prop-
erties of electrolytes. Moreover, owing to the relatively low
melting point (453 K) of Li-metal, the mechanical properties are
strongly dependent on the temperature and strain rates [95]
and also due to the low activation energy for self-diffusion of
solid Li, the dislocation creep (power-law creep) is found to be
dominant at room temperature [96, 97].

Dasgupta’s research team has conducted comprehensive
studies related to the mechanical response of Li over a wide
range of temperature and strain rates [87]. They observed that
the strain hardening only occurs at high strain rates and low
temperatures, which illustrates that the power-law creep is the
significant deformation mechanism in Li-metal over a wide
range of current densities and battery-operating conditions. So
far, researchers have empirically optimized the best working
current density to find the optimal CE without emphasizing the
reason behind it. Here, in the above work, an electrochemical–
mechanical relationship has been described between the strain
rate and current density, indicating that dislocation creep is
controlled by the current density, which will impact the Li-
morphology and ultimately influence the CE. They have also
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shown that the creep stress decreases at high temperature,
which facilitates the plastic deformation quality of the Li metal,
and produces planar morphology as Li follows power-law creep
dislocation mechanisms [87].

By considering the above results and the other studies
[98, 99], showing an improved effect of temperature on the cy-
cling stability of lithium metal coin cells, Genovese et al. [100]
have proposed a unique protocol named ‘Hot Formation’ for
NMC 532 | Cu anode-free lithium metal pouch cells, with a
LiDFOB/LiBF4 dual salt electrolyte composition. In this protocol,
before cycling the anode-free pouch cell at low temperature, it
is subjected to two initial high temperature (40�C) cycles (C/10
charge C/2 discharge). It is found that these two initial high-
temperature cycles have a profound effect on the cycling stabil-
ity of anode-free cells, showing improved capacity retention of
80% for 60 cycles compared with 18 cycles without hot forma-
tion at low-pressure (Fig. 2A). This improved cell performance is
attributed to the favorable lithium morphology formation due
to the increased creep dissolution at higher temperatures and is
also attributed to the increased gas (CO2) generation which is
found to be a better SEI film-forming additive in the lithium
metal cells [101]. In addition, a high stacking pressure (1200 KPa)
further improves the cell performance (showing 85% capacity
retention at 100 cycles after the hot formation cycle), by taking

into account the improvement in the seeded lithium nucleation
processes under high pressure [102, 103]. After the careful opti-
mization of the current density used for the formation cycle
and subsequent cycling, a performant and stable AFLMB has
been attained in Dahn’s laboratory. Lithium-ion cells or half-
cells (in particular in laboratory testing conditions) are typically
cycled at equal charge and discharge current and there is no
particular reason to apply different rates between charge and
discharge current (yet, this is being done in practice). Louli et al.
[104] have found that asymmetric charge-discharge currents
can influence the cell cycling behavior of AFLMB. Three differ-
ent conditions have been tested such as symmetric charge-
discharge, asymmetric fast charge (AFC) and asymmetric slow
charge (ASC) (Fig. 2B). It has been found that the asymmetric
protocols with the charge being slower than the discharge rate
are better for high-performance anode-free cells (Fig. 2C). As it
is quite intuitive that the smooth SEI layer formation can be
attained only during slow charging. At a high charge current
density (i.e. corresponding to lithium plating at the anode), lith-
ium deposition is uneven at boundaries or surfaces due to the
generation of a concentration gradient or non-uniform pressure
development, leading to the formation of porous or dendritic
structures. On the other hand, asymmetric fast discharge was
found to mitigate the loss of active lithium, the so-called dead

Figure 2: (A) Cycling stability of NMC 532kCu anode-free cell under low (75 kPa) and high (1200 kPa) pressure at 20�C and 40�C without hot formation as well as at 20�C

with a hot (40�C) formation protocol. Reproduced from Ref [100]. (B) Voltage profile showing different charge–discharge rate tests: symmetric charge–discharge, AFC

and ASC. (C) Cycling stability of NMC 532kCu anode-free cell at different charge–discharge protocols: symmetric charge–discharge (blue color), AFC (green color) and

ASC (orange color). The cells were cycled in the voltage range of 3.6–4.5 V at 40�C under low pressure (170 kPa) in the electrolyte formulation of 0.6 M LiDFOB þ 0.6 M

LiBF4 in FEC:DEC (1:2). Reproduced from Ref. [104].
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lithium. For instance, after a fast discharge step (i.e. lithium de-
posit dissolution), a uniform surface is left on the anode CC,
which was suggested to favor the deposition at the next step.
Thus, a combination of slower charging and faster discharging,
in particular, 2.5 times faster discharging than charging, mini-
mizes the lithium inventory loss while plating and stripping,
which seems to be more advantageous. Hence, by maintaining
this charge–discharge ratio, faster charging should be possible
for AFLMBs without significantly compromising their perfor-
mance. Along with this technique, creating and making use of a
lithium reservoir [e.g. by limiting the discharge capacity or the
depth of discharge (DoD)] has been seen to be beneficial for the
long cycle life of AFLMBs. Therefore, by implementing an inter-
mittent high DoD protocol, it is possible to extend the lifetime
of AFLMBs while maintaining the ability to occasionally provide
high energy density.

MODIFICATION OF ELECTROLYTE
Liquid electrolyte

The chemistry of the electrolyte has probably the most impor-
tant influence on the stability of AFLMBs, as the lithium metal
nucleation and possible dendrite growth, as well as the quality
of the SEI layer and ultimately the CE are all intimately depen-
dent on this [3, 105–107]. As a direct product of electrolyte de-
composition, SEI plays an essential role in the electrochemical
performance of AFLMBs. An ideal SEI should be an electronic in-
sulator as well as dense and compact (to thus completely sup-
press undesirable side reactions between the electrolyte and
metallic lithium), while at the same time having a high ionic
conductivity. Therefore, electrolyte modification strategies for
better AFLMBs are being discussed in this section, including the
choice of solvents, salts combination and use of SEI film-
forming additives.

Solvent chemistry
Carbonates [ethylene carbonate (EC), propylene carbonate (PC), di-
methyl carbonate (DMC), ethyl methyl carbonate (EMC), diethyl
carbonate (DEC), etc.] and ethers [dimethoxyethane (DME), 1,2-
dioxolane (DOL), diglyme, etc.] are the two main classes of organic
solvents used for battery electrolytes [108, 109]. Among these, the
most conventional, also applied in the commercial LIBs, are the
carbonate-based electrolyte with 1.2 M LiPF6 as salt and a variety
of additives [110, 111]. However, carbonates have high reactivity
with lithium metal electrodes, greatly restricting their application
in AFLMBs [110, 112, 113]. In contrast, ether-based electrolytes
have higher compatibility with lithium metal, due to better passiv-
ation of the lithium metal surface [2, 114, 115]. However, the low
anodic stability of ether-based solvents hinders their practical ap-
plication, especially when targeting high potential cathode materi-
als (>4 V versus Liþ/Li0). At the same time, the carbonate-based
electrolytes can be used up to >5 V (versus Liþ/Li0) due to their
higher electrochemical stability window and also film-forming
ability at the cathode surface [116].

To enable these both classes of solvents to be compatible
with 4V—class cathodes, and also to stabilize the Li-metal sur-
face (and thus eventually suitable for AFLMBs), high concentra-
tion electrolytes (HCEs) have been suggested and tested as a
feasible solution [114, 117]. Unlike the conventional electrolyte
used in LIBs with a salt concentration of 1� 1.5 M, HCEs have
concentrations of more than 3 M, depending on the salt solubil-
ity in the given solvent. The major change of HCEs when com-
pared with diluted systems is that beyond a certain

concentration threshold, all solvent molecules are being located
in the primary solvation shell of the Li-cations, thus no (or a
negligible amount of) free solvent molecules are available
(Fig. 3A). Being strongly bound, the solvent molecules are kineti-
cally and thermodynamically stabilized, with thus anions being
preferentially decomposed and leading to anion-derived SEI
films. The function of anion chemistry, the SEI composition
may be consequently enriched by inorganic species such as LiF
and Li2O, known as more suitable than organic or polymeric
species formed by the decomposition of solvents. The LiF-rich
SEI layers are more suitable than the solvent-derived SEI layers,
thus higher salt concentration can fundamentally change the
SEI composition to improve the anode stability and achieve a
higher CE [118, 119]. Furthermore, an inorganic-rich SEI can ef-
fectively inhibit the formation of lithium dendrites and guide
the two-dimensional growth of lithium metal [112, 120–124].

Qian et al. [112] have reported the use of ether-based HCEs in
lithium metal anodes and have confirmed the good compatibil-
ity between lithium metal and 4 M LiFSI in DME, which exhibits
high-rate cycling stability with a high CE (up to 99.1%) without
dendrite growth. The utilization of this HCE formulation also
enables the Cu|lithium cell to cycle more than 1000 cycles with
an average CE of 98.4% at a current density of 4 mA cm�2. This
improved performance is ascribed to the relatively high electro-
lyte reductive stability due to low solvent content, high compact
SEI layer induced by anion decomposition and increased Li-ion
concentration (enables high-rate Li plating/stripping with high
CE) of HCEs compared with the diluted electrolytes. Further, this
electrolyte composition was used in a Cu|LFP AFLMBs, which
can maintain 60% capacity retention after 50 cycles with an av-
erage CE of more than 99% (Fig. 3B), at a current density of 0.2
mA cm�2 and an initial charge capacity of 1.7 mAh cm�2 (corre-
sponding to a specific capacity of 148 mAh g�1) [113].

HCEs based on carbonate solvents have also been found to
improve the cycling performance of AFLMBs as Nilsson et al.
[114] demonstrated. A Cu | Solupor | LFP cell (Solupor 3P07A
single-layer polyethylene membranes used as separator here as
it is easily wet by 6 PC and EC-DEC and instantly wet by DOL-
DME and also acts as a barrier toward dendrite growth) in a
LiTFSI-6EC [LiTFSI: EC¼ 1:6, molar ratio (MR)] as electrolyte was
constructed and shown to maintain 41% capacity retention after
30 cycles, at a current density of 1.0 mA cm�2 after the initial cy-
cle at 0.1 mA cm�2, with a capacity density of 3.5 mAh cm�2

(Fig. 3C). Although these HCEs can improve the performance of
carbonate-based and ether-based electrolytes, they still suffer
from many disadvantages including high cost, high viscosity,
poor ability to wet polymer separator and low ionic conductiv-
ity, which will affect their application in AFLMBs [127].

Recently, a new concept of localized high-concentration
electrolytes (LHCEs) has been introduced and attracted tremen-
dous attention due to in particular potentially low costs of such
systems [128]. By introducing a low-polarity diluent in HCEs, the
concentration and viscosity are decreased without changing the
Liþ solvation structure. In conventional diluent electrolytes, Liþ

is mainly solvated as solvent-separated ion pairs (SSIPs) struc-
ture since there are sufficient solvent molecules (Fig. 3A1).
Instead, a large fraction of anions coordinates with Liþ ion
through contact ion pairs (CIPs, anion coordinating to a single
Liþ cation) or cation–anion aggregates (AGGs, anion coordinat-
ing to two or more Liþ cations) in the HCEs and LHCEs as shown
in Fig. 3A2 and A3. Thus, the LHCEs can inherit the excellent
performance of HCEs, but greatly reduce the salts concentration
of the entirety electrolyte.
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Figure 3: (A) Schematic of electrolyte structures of (A1) state-of-the-art (SOA) electrolyte, (A2) high-concentration electrolyte (HCE) and (A3) LHCE. Reproduced from

Ref. [117]. (B) Electrochemical performance of CukLFP AFLMB with 1-M LiPF6-EC/DMC and 4-M LiFSI-DME electrolyte formulations. Reproduced from Ref. [113]. (C)

Discharge capacity (above) and CE (below) for CukSoluporkLFP cells. Reproduced from Ref. [114]. (D) Comparison of retention capacity (%) (above) and CE (below) of

CukNMC111 AFLMB using E1 (LiPF6 in EC/DEC 1:1 v/v ratio) and E2 [LiPF6 (EC/DEC) 1:1 v/v ratio, diluted by 50% FEC] electrolytes. Reproduced from Ref. [125]. (E) Cycling

performances of CukNMC811 cells in different electrolytes. Reproduced from Ref. [126].
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Hagos et al. [125] use fluoroethylene carbonate (FEC) diluent
(but most certainly also acting as an SEI film-forming additive)
in a 2-M LiPF6 in EC/DEC (v/v: 1/1) electrolyte, which allowed a
Cu|LiNi1/3Mn1/3Co1/3O2 AFLMB (NMC111 cathode with a mass
loading of �2 mA h cm�2) to cycle with an average CE of 97.8%
and 40% retention capacity after 50 cycles at a current density
of 0.2 mA cm�2 (Fig. 3D). Compared with the HCEs, AFLMBs with
LHCEs show the same stable cycling performance but lower vis-
cosity and thus higher ionic conductivity. Ren et al. [126] investi-
gated LHCEs based on ether solvent, employing an electrolyte
consisting of LiFSI salt in DME within a MR of 1:1.2 (correspond-
ing to 8 M), with the addition of 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (TTE) as the diluent. The final molar
composition ratio was 1LiFSI–1.2DME–3TTE and was found to
sustain stable cycling over 70 cycles with a capacity retention of
77% in a Cu|NMC811 (LiNi0.8Mn0.1Co0.1O2) AFLMB configuration
(Fig. 3E).

The modification of the solvent chemistry and composition
can also affect the stability of the lithium striping and plating
process. It has been shown that LiF-rich SEI shows higher
toughness than organic-rich SEI [129]. Therefore, the introduc-
tion of fluorine elements into the solvent structure can result
in the generation of higher amounts of LiF upon the decompo-
sition of solvent molecules on the anode surface. Markevich
et al. [130] have tested symmetrical lithium metal cells at a
high current density (2 mA cm�2) and high areal capacity (3.3
mAh cm�2) with 1 M LiPF6 in EC/DMC and 1 M LiPF6 in FEC/DMC
electrolytes and found that for the FEC containing cells,
cycling over more than 1000 cycles was possible (Fig. 4A).
Based on this electrolyte formulation, Li|LiNi0.6Co0.2Mn0.2O2

(NMC622) cell with high mass loading cathode (3.3 mAh cm�2)
have shown capacity retention of �88% over 90 cycles, far
higher than for the EC-based electrolyte (�10% after 90 cycles,
Fig. 4B). The better lithium metal compatibility with

Figure 4: (A) Galvanostatic cycling profile for symmetric LikLi cells in 1 M LiPF6/FEC/DMC (above) and 1 M LiPF6/EC/DMC (below) electrolytes cycled with a current density of 2

mA cm�2. (B) Compare the cycling stability of LikNMC cells in FEC- and EC-based electrolytes at a current density of 0.5 mAcm�2. Reproduced from Ref. [130]. (C) CE profile of

Li metal plating/stripping in the LikCu cell cycled at a current density of 0.1 mA cm�2 in the first cycle and then 0.2 mA cm�2 in MR of LiFSI:TEP is 1:1.5 electrolyte. Inset:

Voltage profile of the LikCu cell at selected cycles. Reproduced from Ref. [139]. (D) Cycling performance of LijMOPEjNCM622 cell. Reproduced from Ref. [140].
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FEC-based electrolytes was attributed to the formation of a sta-
ble and LiF-enriched SEI.

Generally, cyclic carbonate such as EC and ether-based elec-
trolytes can form stable SEI. Still, due to its intrinsic flammabil-
ity, abusive battery operation or failure can lead to fire or even
explosion if proper protection is not adopted. Recently, organic
phosphates electrolytes (OPEs) have attracted considerable at-
tention due to their intrinsic fire-retardant ability, low cost and
suitable physicochemical properties (high dielectric constant
and high solubility in various salts), which could intrinsically
eliminate fire hazards and improve battery safety [131, 132].
However, the main drawback of OPEs is that most linear chain
phosphates do not form a stable SEI film and are thus not com-
patible with graphite, silicon or lithium metal anodes when ap-
plied as electrolyte solvents at low salt concentrations [133–
136].

To improve the performance of OPEs, Zheng et al. [137] intro-
duced the fluorinated strategy on phosphates groups by fusing
the cyclic carbonates (form stable SEI) with organic phosphates
(that can trap hydrogen radicals and prevent combustion). They
have synthesized a five-membered fluorinated cyclic phosphate
called 2-(2,2,2-trifluoroethoxy)-1,3,2-dioxaphospholane 2-oxide
(TFEP) and found an enhancement in the anodic stability, as
well as significantly improve the SEI stability at low potential
working electrodes. The designed TFEP solvent molecule thus
integrates a phosphate group (for nonflammability) and a tri-
fluoromethyl group to engender an F-rich SEI [137, 138].

It is found that the stability of non-flammable phosphate
electrolytes is improved by adjusting the MR of Li salt to solvent
[132]. Xiao et al. [139] reported the use of LiFSI-triethyl phos-
phate (LiFSI-TEP, MR ¼1:1.5) electrolyte in Li|Cu cells provides a
stable lithium plating/stripping up to 350 cycles with a high CE
of 99.3% (Fig. 4C). Tan et al. [140] modify the OPEs with a nitrid-
ing interface strategy via lithium nitrate modified organic phos-
phate electrolytes (MOPEs). The synthesized MOPEs consist of 1
M LiTFSI in TEP with 2% vinylene carbonate (VC) and 5% lithium
nitrate (LiNO3) as the additive. The use of MOPEs in Li| NMC622
showed a capacity retention of 94.7% even after 200 cycles
(Fig. 4D). This improved cell performance is ascribed to the
inorganic-rich SEI formation in the lithium metal surface, due
to the decomposition of LiNO3.

Even though many advances are happening in the realm of
phosphate-based electrolytes, no studies have been conducted
so far on the utilization of these electrolytes in AFLMBs. The
continuous improvement of lithium deposition efficiency and
the intrinsic flame-retardant advantages makes this chemistry
one of the preferred choices for AFLMBs electrolytes.

Salt and anion chemistry
Salt, particularly anion chemistry, is another important part of
the electrolyte since it directly participates in SEI formation.
The most common salts mainly rely on PF6

�, FSI� and TFSI� an-
ion chemistries. The LiPF6 is the most widely used salt, largely
applied in commercial cells, due to its proven electrochemical
and physico-chemical properties and low costs. It induces the
formation of high electronic resistive LiF in the SEI layer (which
increases the impedance of the cell) and is also sensitive to
moisture [113, 115]. LiFSI and LiTFSI salts can also form a LiF-
rich SEI to passivate the lithium metal surface and improve the
compatibility, but the costs remain high. Moreover, these salt
chemistries are known to corrode the aluminum CC at high vol-
tages (>3.7 V versus Liþ/Li0) [141]. Therefore, it has become im-
portant to develop novel salt chemistries, cope with both

drawbacks and find optimal multi-salts combinations in elec-
trolytes for better performance of AFLMBs.

Dahn et al. [2, 69] have reported a dual-salt carbonate-based
electrolyte with 1 M LiDFOB and 0.2 M lithium tetrafluoroborate
(LiBF4) in FEC:DEC (volume ratio of 1:2), in cell pairing a single-
crystal LiNi0.5Mn0.3Co0.2O2 (NMC532, 94% active, 16 mg cm�2, 3.5
g cm�3) positive electrode with a bare copper foils CC. The cell,
cycled under 40�C, C/5 charge and C/2 discharge, between 3.6
and 4.5 V conditions, maintained 80% of the initial capacity over
90 cycles (Fig. 5A). It is worth mentioning that such a significant
advance for the AFLMBs concept is achieved in a practical large-
area pouch cell under lean electrolyte conditions, with an elec-
trolyte amount to capacity ratio of 2 g Ah�1. The remarkable
AFLMBs performance in this dual-salts electrolyte was attrib-
uted to the robust SEI formation with an optimal ratio of inor-
ganic and organic components. The decomposition of LiDFOB is
rich in organic boronated and fluorinated components and the
LiBF4 is prone to decompose to inorganic components such as
LiF. Although such a dual-salt electrolyte allowed for a signifi-
cant breakthrough in extending the cycle lifetime of AFLMBs,
the continuous consumption of LiDFOB and LiBF4 during cycling
remains a central issue to be solved. Dahn’s group further
reported another dual salt electrolyte with optimized salt com-
position and concentration in 2020 [69]. A high-concentration
dual-salt electrolyte made of 2 M LiDFOB and 1.4 M LiBF4 in FEC/
DEC (volume ratio of 1/2) was found to improve the cycle life-
time of NMC532|Cu pouch cells of up to 200 cycles with 80% ca-
pacity retention. This work attained one of the highest energy
density AFLMBs with the longest lifetime (Fig. 5B). It was sug-
gested that the optimal ratio of LiDFOB to LiBF4 promotes the
formation of a smooth mosaic of tightly packed lithium col-
umns, assigned as beneficial to the uniform deposition and
high CE of lithium deposits. However, the lithium morphology
is prone to degradation due to continuous salt consumption
and upon major/significant salt exhaustion, the cell fails to cy-
cle further.

Dual salts systems can also be applied with ether-based
electrolytes as Alvarado et al. [127] reported with a 2.3-M LiTFSI
and 4.6-M LiFSI salt system in DME. The NCM622|Cu coin cell us-
ing this electrolyte composition have a residual capacity of 90.9
mAh g�1 and CE of 98.6% after 54 cycles, at C/10 during the
charge cycle and C/3 during the discharge state. While only 54.8
mAh g�1 and a CE of 97.4% for 4.6-M LiFSI in DME, and quickly
fades with no remaining capacity for 1.0-M LiPF6 in EC/EMC 3:7
after 30 cycles (Fig. 5C). It is worth noting that a similar concen-
tration single salt electrolyte of 6.9 M LiFSI in DME shows a sig-
nificantly faster capacity fade than the 6.9 M dual salt
electrolyte in Fig. 5C. Although the HCEs have been confirmed
to improve the high-voltage stability of ether-based electrolytes
in the previous paragraph, the synergy effect of FSI� and TFSI�

plays a more crucial role in the batteries cycling stability here.
Based on the modeling predicted by the authors, the TFSI� can
slow the reaction rate of FSI� decomposition by absorbing elec-
trons from the metal, leading to a slowly aggregate of LiF and
other LiFSI reduction products during the SEI forming process in
dual salts electrolyte, as opposed to rapid and excessive LiFSI re-
duction in the single salt HCEs. Such a unique anion decomposi-
tion mechanism in dual salts electrolyte results formed a more
uniform and robust SEI, which allows the lithium stable
deposition.

The detail of the deposited Li metal on Cu foil (Li|Cu coin
cell) was further analyzed by cryogenic-focused ion beam (cryo-
FIB) and SEM imaging (Fig. 5D). A significant difference in the
electroplated Li-metal morphology is observed between these
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Figure 5: (A) Capacity retention for NMC532kCu anode-free pouch cells using electrolytes with different lithium salts. Cells were cycled at 40�C, C/5 charge and C/2 dis-

charge, between 3.6 and 4.5 V, with an areal capacity was about 2.4 mAh cm�2 and a total pouch cell capacity was about 250 mAh. Reproduced from Ref. [2]. (B)

Normalized capacity versus cycle number for NMC532kCu anode-free pouch cells cycled under high pressure at 20�C, C/5 charge and C/2 discharge, between 3.6 and 4.5

V, the areal capacity of the positive electrode was about 3.1 mAh cm�2. Reproduced from Ref. [69]. (C) Electrochemical testing of NMC622kCu coin cells with various

electrolyte formulations. Plated at C/10 and stripped at C/3. Reproduced from Ref. [127]. (D) Top-view SEM images of the initial morphology of plated lithium and their

corresponding Cryo-FIB cross-sectional cuts when cycled in (D1, D4) 1.0 M LiPF6 in EC/EMC 3:7(Gen II); (D2, D5) 4.6 M LiFSI in DME (SSEE) and (D3, D6) 4.6 M LiFSI þ 2.3 M

LiTFSI in DME (BSEE). Reproduced from Ref. [127]. (E) Capacity retention and CE of LFPkCu coin cells cycled in the 2-M LiFSIþ1-M LiTFSI in DME/DOL dual salt electrolyte

between 3.0 and 3.8 V versus Li/Liþ, at current densities of 0.2 mA cm�2. Reproduced from Ref. [142].
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three electrolytes. In the single salt carbonate-based electrolyte
[1.0 M LiPF6 in EC/EMC 3:7 (Gen II)] used as a baseline reference,
the lithium grows as dendrites, consistent with most previous
reports [143]. In the 4.6 M LiFSI in DME single salt ether electro-
lyte (SSEE), the high salt concentration is beneficial to forming a
microporous, closely packed nodular Li metal morphology.
However, small pores are still present close to the Cu interface,
indicating inhomogeneities in the areal current density distri-
bution in the single-salt system. In contrast, the bisalt ether
electrolyte (‘BSEE’, 4.6 m LiFSI þ 2.3 m LiTFSI in DME) allows for
much uniform, dense and conformal lithium deposition with-
out dendrites.

According to the same rationale, yet relying on a lower con-
centration electrolyte, Beyene et al. [142] used a 2-M LiFSI with
1-M LiTFSI dual-salt system in DME/DOL (vol. 1:1) solvents. A
Cu|LFP AFLMB with such electrolyte was able to sustain stable
cycling for 100 cycles with a high CE of 98.9% and retain more
than 50% of its initial capacity after 50 cycles at an areal current
density of 0.2 mA cm�2 (Fig. 5E). According to the authors, the
limited amount of LiTFSI added to the dual salts system
increases the conductivity of the electrolyte to 7.91 mS cm�1,
higher than the 2.65 mS cm�1 of 3 M LiTFSI in DOL/DME and
5.26 mS cm�1 of 3 M LiFSI in DOL/DME single system electro-
lytes. Meanwhile, the less stable FSI� tends to decompose and
conduce to form a more compact SEI layer. The improved elec-
trolyte conductivity and the formation of good SEI synergisti-
cally improved cycle life and CE of the AFLMBs.

Electrolyte additives
Compared with the modification of solvents and salts, adding
additives to improve the performance of electrolytes in lithium
metal anode is considered a more economical and simple way.
There are no clear definitions as to what concerns the amount
of additive to be considered as co-solvent or co-salt in the elec-
trolyte. Thus, we define components in the electrolyte with a
volume or mass ratio lower than 10% as additives, thus distin-
guishing these from dual-salt or dual-solvent systems dis-
cussed in previous chapters [70, 144–147].

The electrolyte additives can be grouped according to their
main function, which may include the most common flame-
retardancy, film-formation, self-healing, redox mediation and
the self-discharge limitation [70, 148–152]. Because most of the
capacity fade occurs in AFLMBs attributed to the uneven deposi-
tion of lithium metal, thus, here we have summarized and dis-
cussed additives below through the improvement of the
morphology of the deposited lithium. Although certain addi-
tives can have functions simultaneously, we focus mainly on
the film role and analyze the mechanism in detail.

Zhang et al. [153] found that rubidium fluoride (RbF) additive
can effectively inhibit lithium dendrite growth. Due to higher
electropositive properties, the authors suggested that Rbþ are
attached to the prominent dendrite tips, forming an electro-
static shield at the surface, thus lithium depositing evenly to
form a smooth and compact morphology (Fig. 6A). As a result, a
Li|Li symmetrical cell could cycle over 1000 cycles with CE above
90% in 1 M LiPF6 in EC/DMC (vol. 1/1) electrolyte with 0.05 M RbF
as additive. Choi et al. [154] used the ionic liquid additives
namely 1-dodecyl-1-methylpyrrolidinium (Pyr1(12)þ) bis(fluoro-
sulfonyl)imide (FSI�) to improve the lithium deposition. The
Pyr1(12)þ cation was also suggested to repel the Li-ions flux via
electrostatic repulsion since it can maintain a positive polarity
during charging, thus alleviating Li dendritic growth (Fig. 6B1)
[150]. Moreover, the author supported that the nonpolar ali-
phatic chain attached to the pyrrolidinium can provide a

‘lithiophobic’ effect, which can further guide lithium deposition
to avoid the formation of lithium dendrites. It is worth mention-
ing that the FSI� anions can help to form an inorganic-rich SEI
to suppress interface reactions. Thus, through the synergistic
effect of anion and cation in the electrolyte, the LFP|Li coin cell
sustained 74.6% capacity retention over 500 cycles at a current
density of 0.8 mA cm�2 (Fig. 6B2). A similar strategy was pro-
posed by Sahalie et al. [155]. They used potassium nitrate (KNO3)
as an additive. They found improved cycling stability of Cu|NMC
AFLMBs, with 40% of the initial capacity retention after 50 cycles
in the 1-M LiPF6 EC/DEC (1:1 v/v) electrolyte, while only 40% ini-
tial capacity retention after 15 cycles in 1-M LiPF6 EC/DEC (1:1 v/
v) without additives. According to the authors, K-ions were also
suggested to have an electrostatic shielding effect on Liþ, result-
ing in the formation of a uniform and dense lithium deposit
morphology (Fig. 6C).

Tuning the SEI composition and properties by using addi-
tives is another method to stabilize the lithium deposition pro-
cess. The nitrate (NO�3 ) anions have been shown to play an
important role in the SEI regulation//formation since the de-
composition was confirmed to generate nitrogen-containing
species such as Li3N, which possesses a high Liþ ion conductiv-
ity (>10�4 S cm�1) and can thus significantly decrease the inter-
facial resistance [140, 156, 157]. However, the drawback of LiNO3

is its low solubility and compatibility with the carbonate solvent
systems. To circumvent this issue, Lucht et al. [158] used trie-
thylphosphate (TEP) as a co-solvent in EC/DMC electrolyte (ratio
of TEP:EC:DMC is 8.4:8.4:83.2, by volume), attaining a solubility
of 0.2-M LiNO3 in the nominal formulation of 1 M LiDFOB in EC/
DMC. The CE of the assembled Cu|LFP anode-free coin cell with
this electrolyte composition reached 99% after 15 cycles, with
80% loss of the initial capacity after 65 cycles (Fig. 7A) [158]. The
same group also used 5% (by mass) VC as additives in 1.2 M
LiPF6 in EC/EMC (3:7, vol%) electrolyte, resulting in the main
components of SEI changing from lithium ethylene di-
carbonate (LEDC), Li2CO3 and LiF to primarily poly (VC). The au-
thor suggested that the increased polymeric species in SEI can
improve the plating/stripping performance of lithium metal in
carbonate electrolytes, thus significantly improving the electro-
chemical performance of Cu|LFP AFLMBs (Fig. 7B) [159].
However, the performance improvements are accompanied by
an increased voltage hysteresis owing to the high resistance of
polymeric species in SEI. Thus, an SEI with an optimal balance
of organic and inorganic components is still needed to keep
exploring.

Solid-state electrolyte

Similar to traditional liquid LMBs, one of the obstacles to the de-
velopment of AFLMBs is the growth of Li dendrites/whiskers
during the Li plating process, which would result in Li loss due
to low reversibility and internal short circuits in the battery and
further trigger a series of safety issues such as fire hazards and
even explosions [160–162]. This has led to widespread interest
in developing and using solid-state electrolytes (SSEs) for LMBs
and AFLMBs, for their several advantages such as non-
flammable properties, high mechanical strength and modulus,
as well as relatively good interfacial compatibility toward Li
metal [65, 163–165].

However, despite these promises, the development of solid-
state AFLMB still faces many challenges [166–169]. First, most of
the SSEs, such as Li7La3Zr2O12 (10�4–10�3 S cm�1 @ 25–60�C)
[170], Li1þxAlxTi2�x(PO4)3 (10�5–10�3 S cm�1 @ 25–60�C) [171],
Li3xLa2/3�xTiO3 (10�5–10�3 S cm�1 @ 25–60�C) [172],
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Figure 6: (A) Schematic illustration of (A1) lithium dendrites growth process and (A2) lithium dendrites growth process inhibited by the use of RbF additives. SEM

images of the lithium deposition morphology in Cu anode for the 50th deposition (A3, A4) without RbF and (A5, A6) with 0.05 M RbF. Reproduced from Ref. [153]. (B) B1,

Schematic representation shows the effect of ionic liquid additive on the stability of Li metal interface and B2, the capacity retentions of the LikLFP coin cells in differ-

ent electrolytes cycled at a current density of 0.8 mA cm�2. Reproduced from Ref. [154]. (C) C1, Schematic illustration of lithium decomposition in different electrolytes.

The (C2) discharge capacities and (C3) coulombic efficiencies of CukNMC anode-free coin cells with (w/) and without (w/o) KNO3, cycled at 0.2mAcm�2. Reproduced

from Ref. [155].
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Li1þxAlxGe2�x(PO4)3 (10�4–10�3 S cm�1 @ 25–60�C) [173], LixPOyNz

(LiPON, x¼ 2y þ 3z � 5, 10�8–10�6 S cm�1 @ 25–60�C) [174], poly-
ethylene oxide (10�7 - 10�3 S cm�1 @ 25 - 60�C) [175, 176], etc.,
have relatively low ionic conductivity at room temperature.
Even with additional optimization (e.g. elemental doping [177,
178], ionic substitutions [179], tuning synthesis conditions [180,
181], etc.), it is still difficult to achieve the current ionic conduc-
tivity levels of liquid electrolytes. Therefore, these SSEs require
high-temperature operation (above 60�C) to attain suitable elec-
trochemical performance, with however high-temperature con-
ditions hindering their practical application prospects. Sulfide-
based SSEs possess higher ionic conductivities, comparable to
liquid electrolytes, with thus more practical prospects.
However, their high reactivity requires handling and cell assem-
bly to be carried out in an inert atmosphere (Argon, nitrogen,
dry-air) since these are known to react rapidly with moisture to
decompose and form toxic H2S gas. Their electrochemical sta-
bility window is also narrower and in contact with Li metal sul-
fide SSEs are prone to reduction and generation of ionically
blocking films, which will increase the cell impedance.

Another considerable disadvantage of SSEs is the high inter-
facial resistance due to the poor mechanical contact between
SSEs and electrode materials. Moreover, with the volume ex-
pansion and contraction of the electrode materials during cy-
cling, the interfacial contact may be gradually lost. Finally, the
manufacturing process of the SSEs remains thus far compli-
cated, resulting in high costs. For example, oxide-based SSE
requires high-temperature sintering to reduce the grain

boundary resistance. Therefore, despite the great promises of
this technology, there is still a long way to go to realize the prac-
tical applications of solid-state LMBs and AFLMB.

Nevertheless, the realization of SSE-based LMBs and AFLMBs
has been attempted already decades ago, particularly driven by
the need to develop solid-state micro-batteries. For example, as
mentioned in the ‘Introduction’ part, in 2000, Neudecker et al.
[74] used LiPON-SSE. They designed a Li-free thin-film battery,
with the LCO |LiPON|Cu|Overlayer configuration (Fig. 8A), by us-
ing a radio frequency magnetron sputtering thin-film deposi-
tion technique [74]. The overlayer consists of either 0.3–1 lm of
LiPON-SSE or 6 lm of parylene C and it was deposited onto the
Cu anode CC. The authors found that the cell without an over-
layer exhibits fast capacity decay due to the generation of
blossom-like features on the Cu surface. They believe that the
plated Li on the Cu anode CC during the charging process will
diffuse through the grain boundaries in the Cu anode CC and re-
action with the residual O2 and H2O in the Ar-filled bottle to
form Li2O and LiOH, respectively. This is plausible because our
previous study has revealed that Li can diffuse into Cu CC
through three types of diffusion: (i) A-Type, Li directly diffuses
from the surface into Cu through the lattice (bulk); (ii) B-Type, Li
first diffuses along grain boundaries and subsequently diffuses
from these defects into the bulk and (iii) C-Type, Li predomi-
nately diffuses along grain boundaries. Moreover, the diffusion
through grain boundary is much faster than through lattice
[182]. A gastight overlayer deposited onto the Cu anode CC
would eliminate exposure of the plated Li underneath the

Figure 7: Stripping capacity (above) and CE (below) versus cycle number for (A) a series of electrolytes and (B) 1.2-M LiPF6 salt in EC:EMC (1:1, v:v), EC:EMC with 1% wt.

VC, EC:EMC with 5% wt. VC and VC solvent (VC-S) electrolytes for LFPkCu anode-free cells at a current density of 0.1 mA cm�2. Reproduced from Refs. [158, 159].
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Figure 8: Schematic cross-sectional views of (A) a Li-free thin-film battery [74] and (B) a coin-type anode-free half-cell. Reproduced from Ref. [183]. (C, E) In operando opti-

cal microscopy images and (D, F) schematic diagram showing the uneven Li-ion flux triggered by surface geometry and the corresponding inhomogeneous Li plating

(C, D), and Li redistribution through the Au layer and Li nucleation (E, F). Reproduced from Ref. [183]. Schematic of Li plating–stripping on the CC (G) without and (H)

with Ag–C nanocomposite layer during charging and discharging processes. Reproduced from Ref. [68].
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anode CC to residual O2 and H2O and thereby avoid the thermo-
dynamic potential for the plated Li to diffuse to the surface of
the Cu anode CC. So, they also called this overlayer ‘Li diffusion
blocking overlayer’. The cell achieved excellent capacity reten-
tion of 80% after 1000 cycles at a current density of 1.0 mA cm�2,
which is an important progress in combining SSEs with AFLMBs
configuration. However, targeting the micro-battery application,
the cell was designed with a low areal capacity of 100 lAh cm�2,
implying high costs and batch manufacture, thus not compati-
ble with large-scale applications as required for electric vehicles
and portable devices. However, this work provided valuable in-
sight into the future design of similar systems. For instance, by
investigating the surface morphology of the Cu anode CC after
cycling, the authors found that the overlayer is essential for en-
abling cycling stability as it can suppress the formation of Li
dendrites. Without the overlayer, the cells exhibited fast capac-
ity decay due to the generation of a large amount of Li
dendrites.

Kim et al. [183] explored the Li deposition behavior at the in-
terface of an LLZO-based solid-state AFLMB by also directly vi-
sualizing the Li deposition morphology using in-operando
optical microscopy (Fig. 8B). As shown in Fig. 8C and schema-
tized in Fig. 8D, the Li deposition was found to be affected by the
surface morphology of LLZO, in contact with the Ni CC, with the
surface defects acting as the preferred sites for Li nucleation.
The authors noted that the morphological defect sites (e.g.
small scratches, holes and cracks) could trigger localized high
electric fields with concentrated Li-ion flux at these locations,
resulting in Li metal deposition as islands rather than as uni-
form thin films, with further grow and fuse to form filamentary
Li. In contrast, an LLZO SSE modified with an artificial litho-
philic interlayer (e.g. Au and Ag) induced a uniform electric field
and Li-ion flux. For example, LLZO coated with a thin (�5 nm)
Au layer will first form a Li–Au alloy (Fig. 8E and F), which was
suggested to enable rapid diffusion of Li ions out of defective
sites, resulting in relatively uniform Li deposition. In addition,
the authors also explored the effect of different interlayer mate-
rials, such as Au, Ag and Si, on the Li deposition/dissolution be-
havior. It is shown that the Ag interlayer has the lowest Li
nucleation barriers and the fastest Li deposition/dissolution ki-
netics and induces a much more uniform and homogenous Li
deposition/dissolution reactions among the three interlayer
materials. The better efficacy of the Li deposition/dissolution
behavior with the Ag interlayer was further confirmed by the
electrochemical testing of solid-state AFLMBs including half-
cell configuration (CC|interlayer|LLZO|Li) and full cell configura-
tion (CC|interlayer|LLZO|NMC111). The cells with Ag interlayer
exhibited much better CEs in both cases. The excellent Li depo-
sition/dissolution behavior endowed by the Ag interlayer might
be attributed to its high solubility of Li, which can offer low in-
terfacial energy between Li and Ag by forming a chemically
compatible interface during the nucleation process of Li metal,
thus influencing the Li deposition behavior and kinetics favor-
ably [183]. This study broadens the understanding of the elec-
trochemical Li deposition/dissolution behavior in solid-state
AFLMBs and highlights the importance of exploring suitable
interlayer materials as an alternative strategy for regulating Li
deposition/dissolution process in solid-state AFLMBs.

Relying on this rationale, Lee et al. [68] reported a high-
performance solid-state AFLMBs, with the overall structure of
NMC|SSE|Ag–C|Cu, by using Li6PS5Cl (LPSCl, 10�3–10�2 S cm�1 @

25–60�C) as SSE and LiNi0.90Co0.05Mn0.05O2 (NMC) as cathode ma-
terial. To maintain the interfacial stability between the high-
voltage NMC and LPSCl, the surface of the NMC particles was

coated with a thin layer of Li2O–ZrO2 by the sol–gel method. On
the anode side, a nanocomposite layer of Ag nanoparticles (�23
wt.%) and carbon black with a total thickness of 5 lm was used
between the SSE and the stainless-steel CC serving as a buffer
layer, but also presumably as lithium-ion storage material.
According to the authors, the carbon black acts as a physical
separator (despite remaining an electron conductor) to prevent
the SSE from direct contact with Li metal thus preventing the
decomposition of LPSCl SSE (Fig. 8G and H). The Ag nanopar-
ticles were suggested to serve as nucleation seeds for Li deposi-
tion by forming an Ag–Li alloy first in the Ag–C nanocomposite
layer and then part of the Ag moves to the CC and forms a solid
solution with Li metal, thereby realize uniform, dense and
dendrite-free Li plating on the CC surface (Fig. 8H). The respec-
tive AFLMB was shown with excellent electrochemical perfor-
mance in a 0.6-Ah class pouch cell format. Specifically, after 600
and 1000 cycles at a current density of 0.5 C (i.e. 3.4 mA cm�2)
with a cathode capacity loading of 6.8 mAh cm�2, the cell
retained 95% and 89% of the initial capacity, respectively, with
an average CE greater than 99.8%. However, these excellent cell
performances were attained under the combined conditions of
high temperature (60�C) and extra external pressure (a uniaxial
stack pressure of 2–4 MPa) during the cell operation. The operat-
ing temperature plays a critical role in the Li-ion conductivity of
SSE and interfacial resistances of solid-state LMB. As the tem-
perature decreased, the resistance of solid-state LMB increased
and the Li-ion conductivity of SSE decreased and the capacity
decreased accordingly. The discharge capacity at 25�C de-
creased to 90.7% which is lower than that attained at 60�C
(99.5%) under a current density of 0.1 C. On the other hand, extra
external pressurization is essential for a uniform interface for-
mation and stable Li deposition in solid-state LMB. It can im-
prove the solid–solid interface characteristics and the contact
loss problems during cycling. Without external pressure, the
cell shows a slightly lower discharge capacity at a low current
density (0.1 C). The technical drawbacks are that a temperature
of 60�C and an additional external pressure were required for
the cell operation to attain a good cycling performance.

The current technological status of solid-state AFLMB is still
in the early development stage, with only a few relevant reports
thus far. Further efforts should be devoted to the following
aspects:

1. Interfacial contact issue between SSEs and anode CC:
Generally, the surface of bare CC is tougher than that of Li
metal, so the anode/SSE contact interface in solid-state
AFLMB is commonly much worse compared with solid-state
LMB, resulting in a high interfacial resistance, which will
greatly decrease the kinetics of the electrochemical reac-
tions. Currently, the main solution to improve interfacial
contact between SSE and anode CC to reduce the interfacial
resistance is to apply external pressure during cell opera-
tion. On the other hand, increasing the cell operation tem-
perature can also reduce the interface resistance to some
extent. However, the external pressure and high operation
temperature will also become the key technical drawbacks
in practical applications. Therefore, future research should
focus on finding a much more suitable technical solution
that can maintain good interfacial contact to get rid of the
constraints of working conditions such as additional exter-
nal pressure and high temperature. For example, designing
a suitable solid-state AFLMB testing device that can provide
sufficient internal pressure to maintain good SSE/CC interfa-
cial contact without extra external pressure. Besides, the
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introduction or in situ fabrication of a soft artificial inter-
phase layer between the CC and the SSE is also an effective
strategy to decrease the interfacial resistance due to confor-
mal contact [184, 185].

2. Li nucleation and growth behavior at SSE/anode CC inter-
face: The Li deposition behavior on the anode CC will affect
the CE and thus the performance of solid-state AFLMB [183].
The formation of Li dendrites/whiskers during the Li plating
process will lead to Li loss due to low reversibility (e.g. easy
to convert into dead Li during cycling) [186, 187]. Therefore,
reversible and uniform Li plating/stripping on anode CC is
required for solid-state AFLMB to attain good performance.
Unlike liquid electrolytes, the Li nucleation/growth in solid-
state AFLMB is affected by the type of CC and the surface
defects of SSE [183]. In terms of anode CC, the most widely
used Cu CC commonly exhibits a high Li nucleation barrier
which results in large overpotential accordingly. The Li nu-
cleation barrier will be significantly lower when using CC
materials with a higher solubility of Li, such as Au, Ag, Mg,
Zn, etc. [68, 183, 188]. For the SSE, as mentioned above, the
morphological defect sites (e.g. small scratches, holes and
cracks) will lead to the formation of filamentary Li [183].
Thus, future studies should also focus on designing/modify-
ing the anode CC or SSE interface to achieve a highly revers-
ible, stable and dendrite-free Li plating/stripping process.
For example, designing new CC material with high Li solubil-
ity or modifying Cu CC with a lithophilic coating layer, as
well as developing effective strategies (e.g. polishing and
coating) to reduce the SSE surface defects.

3. Interfacial stability between SSE and plated Li: Li-ions will sink
during the anodic reaction to form a stable SEI and are unavail-
able for further battery cycling. This should be avoided in
solid-state AFLMBs as it directly reduces the Li inventory.
Therefore, a stable or chemically inert SSE/plated Li interface is
theoretically required for a solid-state AFLMB. However, most
of the SSEs are thermodynamically unstable against Li metal.
This means that the plated Li might first be used to form the
SEI until the stable SSE/plated Li interface is formed, resulting
in Li loss in the subsequent cycles. Thus, future research
should develop more strategies to improve this issue. Such as
designing new SSEs that are intrinsically stable against Li
metal and performing an artificial SEI or a protective coating
that is stable against Li metal on SSE/anode CC surface.

4. Transfer/calibrate laboratory-level solid-state AFLMB knowl-
edge/techniques/strategies to practical application-level
solid-state AFLMB systems: For the anode side, many strate-
gies for improving solid-state AFLMB have been successfully
confirmed at the laboratory level. However, in most cases,
directly transferring these strategies to practical cell systems
is a great challenge and some are not very suitable. For ex-
ample, although the lithiophilic coating or protective layer
on the anode CC/SSE surface can improve the cycle stability
of laboratory-level solid-state AFLMBs, its application in
practical cell systems may greatly reduce the energy density
and weaken the actual advantages of solid-state AFLMBs.
Therefore, future studies should also pay more attention to
rational application techniques to realize these solutions in
practical battery systems.

OUTLOOK AND PERSPECTIVES

AFLMB design sets very challenging targets, with aspects such
as high energy metrics, low costs and simple manufacture being
mostly advanced. However, the dismissal of graphite anode (for

a Li-ion) or Li-metal film (for LMBs) brings further advantages
of, for instance, better raw (and potentially critical raw) material
economy. Pushing further this rationale and also driven by so
much controverted Cobalt sourcing, Nickel price soaring, one
can also consider replacing the conventional inorganic cathode
materials with more sustainable alternatives. Organic electrode
materials emerge as one of the most promising candidates for
future energy storage devices, given their generally green and
sustainable raw materials supply, low environmental footprint,
high chemical diversity as well as competitive energy and
power performances [189–198]. Depending on the electrochemi-
cal redox center functionality reported in the literature thus far,
there are 10 classes of organic electrode materials [192, 199].
Further, these can be divided into p-type materials (anions used
for charge compensation) and n-type materials (cations used
for charge compensation) [200].

However, despite the richness of organic electrode chemis-
tries, with nearly a thousand compounds tested and reported
thus far, no organic positive electrode materials have been ap-
plied thus far to build AFLMB. The main reason behind this
stalled progress is, in fact, the lack of suitable positive electrode
materials. For an anode-free cell design to be operational, a Li-
containing or Li-reservoir n-type cathode must be used, like for
conventional Li-ion inorganic cathode materials (Fig. 9A).
Another alternative is the use of p-type organic cathode (Fig. 9B)
materials, resulting in dual-ion cells, with the cathode material
upon assembly required to be in the reduced state. It has to be
also noted that the n-type organic cathode materials in the oxi-
dized state (Li-host, alike the most used so far organic battery
materials) are suitable only for LMB assembly.

The dual-ion mechanism of p-type organic cathodes is in
principle feasible but requires an excess amount of electrolyte
to compensate for the electrolyte depletion during cell opera-
tion. The electrolyte concentration variation as well as other of-
ten neglected parameters (e.g. the amount of electrolyte, cell
architecture and electrode preparation during charge/discharge)
may also affect the plating/stripping efficiency [203]. Another
practical drawback of the dual-ion cell based on an organic p-
type cathode is that the mass of counter anions should be also
considered for specific capacity calculations, which will lower
the energy density of the battery cell.

Thus, the most suitable organic cathode candidates for the
AFLMB design remain the n-type Li-reservoir materials (Fig. 9A)
[192, 204–206]. Despite the early stages of research on these
types of materials, there are two emerging classes of organic n-
type Li-reservoir compounds reported thus far: conjugated phe-
nolates [204–206] and conjugated sulfonamides [192]. From the
energy density point of view, these can reach a specific capacity
of 100–230 mAh g�1 and operate at a redox potential of 2.4–3.5 V
versus Liþ/Li, with thus energy density ranging from 250 to 500
Wh kg�1 [192, 204–209].

Finally, one must consider the fundamental and practical
difficulties of the organic cathode-based AFLMBs. Organic cath-
odes generally have low redox potential and high material solu-
bility, which could lead to lower energy density and CE resulting
in short battery life compared with inorganic cathodes. If or-
ganic AFLMBs are to emerge in the future commercial market,
these problems should be addressed properly. By proposing an
anode-free organic battery, we hope 1 day in the future, the por-
table batteries will be constructed in a much greener route with-
out having much complex processing.

Apart from the hitherto advances that happened in AFLMBs,
many challenges have to be addressed to meet the benchmark
requirements to ensure their commercialization. One of the
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primary concerns resides in the accomplishment of a high aver-
age CE of >99.98%, to withstand the cell above 1000 cycles with
>80% of the initial capacity retention. A profound electrochemi-
cal–mechanical understanding of the lithium metal coupling
with different battery conditions is highly desirable to develop
various fabrication and testing protocols, including stacking
pressure, initial formation step, charge/discharge cycles, etc.,
that can efficiently mitigate the various undesirable Li-
inventory losses, such as ‘dead Li’ formation and inhomoge-
neous creation of mossy Li, etc., which leads to cell failure.
Further, optimization of different electrolyte formulations that
can induce a smooth, compact, inorganic-rich SEI layer, which
can effectively inhibit the lithium dendrite formations, is highly
required to improve the CE and long-term cycling stability of
AFLMBs. An integration of dual-salt electrolytes, with the con-
cept of LHCEs, which inherit the excellent lithium stabilization
property of HCEs with low viscosity and high wettability of con-
ventional electrolytes, might be a promising strategy to stabilize
the lithium striping and plating process that can enhance the
cell performances. Additionally, tuning the SEI layer composi-
tions and properties via modifications in the solvent structure
with fluorinated compounds or via the addition of electrolyte
additives such as FEC, VC, etc., can be considered. Further, to
ensure the scalability of AFLMBs, more emphasis should be
given to developing these innovative strategies in such a way
that they can be fitted with the practical cell parameters such
as large-area pouch cell and lean electrolyte conditions.
Developing SSE formulations attains special attention toward
the development of highly safe, non-leaky solid-state AFLMBs.

In solid-state AFLMBs, many efforts should be devoted to tack-
ling various issues related to the large interfacial resistances be-
tween the SSEs and anode CC, instability of SSE with the plated
Li and surface defects at the SSE as well as the anode CC. In ad-
dition to the application of high external pressure and high
temperature, different approaches such as fabrication of soft ar-
tificial interphase layer or protective coating between the anode
CC and SSE to decrease interfacial resistances, modification of
anode CC with ‘lithiophilic’ materials to increase reversibility
with high CE and polishing SSE electrolyte surface to reduce
defects, are greatly appealing toward the advancement of solid-
state AFLMBs. However, the direct transfer of these technologies
from the laboratory level to the practical application level
remains highly challenging, which requires strenuous effort to-
ward developing novel rational application techniques to real-
ize the solid-state AFLMBs convenient to the practical battery
levels. Furthermore, selecting suitable cathode material is also
essential and requires advanced investigations, especially while
switching from inorganic to organic material, which is greener
in the path of developing sustainable and environmentally
friendly next-generation anode-free batteries. Finally, it is quite
inevitable to amalgamate various interdisciplinary research
areas, for instance, customizing in situ microscopic and spectro-
scopic techniques in synchronization with the electrochemical
charging/discharging provides real-time insights into the Li
electrodeposition/dissolution and SEI layer formations, which
could be corroborated by developing new theoretical models,
which would unlock novel directions to realize substantial
advances in both liquid and solid-state AFLMBs. We hope this

Figure 9: Schematic drawing of the working principle of organic positive electrode materials with potential applicability for AFLMC. Two classes of organic electrode

materials are compatible with this cell design technology: (A) Li-reservoir n-type materials, like conventional inorganic Li-ion cathodes [201] and (B) p-type materials,

resulting in the fabrication of dual-ion cells [202].
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review will open new prospects in the area of anode-free
batteries.
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