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flexible energy storage system
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The demand for flexible lithium-ion batteries (FLIBs) has witnessed a sharp increase in the application of

wearable electronics, flexible electronic products, and implantable medical devices. However, many

challenges still remain towards FLIBs, including complex cell manufacture, low-energy density and low-

power density. To address these issues, researchers have widely conducted studies on the structure and

material design of flexible batteries. Among these efforts, the anode-free lithium metal battery (AFLMB)

stands out as a promising solution, offering potential new avenues for research in flexible battery design.

The anode-free full cell configuration removes excess lithium and combines the fully lithiated cathode

with a bare current collector (CC), which not only simplifies the production process and lowers the cost,

but also achieves light weight and high-energy-density. Nevertheless, AFLMBs are still confronted by

challenges including diminished coulombic efficiency (CE), shortened cycle longevity, and lithium

dendrite growth, which substantially impede the practical application of AFLMBs towards flexible

batteries. This review provides an overview of the latest developments in anode-free batteries,

particularly focusing on research strategies in electrolyte design and current collector modification.

Considering the characteristics of flexible batteries, the article also points out the challenges and feasible

research directions for the development of flexible AFLMBs. It is concluded that although there are

significant challenges in developing flexible AFLMBs, the design of gel electrolytes and polymer artificial

solid electrolyte interphases (SEIs) can expedite practical advancements, aiming to achieve safe, light

weight, cost-effective, and high-energy-density flexible batteries.
1. Introduction

The relentless pursuit of sustainable and efficient energy sour-
ces in recent decades has catalyzed signicant scientic inquiry
and technological development in the eld of green energy.
Among the various technological breakthroughs, lithium-ion
batteries (LIBs) with high power and energy density, a nearly
zero-memory effect and long cycle life, have emerged as the
major electrical energy storage system. They showcase their
immense application potential and value across a wide spec-
trum, ranging from large-scale grid energy storage and electric
vehicles to small-sized medical devices and portable electronic
products. Among numerous LIB types, exible LIBs (FLIBs) have
been widely developed as demand increases for novel exible
electronic products such as wearable and implantable medical
devices. Compared to traditional LIBs, FLIBs have signicant
advantages in resisting mechanical deformation. They can
withstand bending, stretching, twisting, and folding without
compromising their original battery performance. Therefore,
FLIBs enable electronic products to exhibit excellent
ing, Nanyang Technological University,

16268–16292
performance under severe conditions. However, exibility is
just one of the key parameters of FLIBs. To make FLIBs more
competitive, the manufacturing of FLIBs must utilize low-cost
materials and manufacturing methods. Additionally, FLIBs
should also possess characteristics such as high energy density
and power density, light weight, and high safety.

To enhance the performance of exible batteries, designing
novel battery structures has become a crucial research direc-
tion. Currently, various exible cell congurations, such as
coplanar, cable and node-type, have been developed. These
unique structures can accommodate high deformation states
while ensure outstanding electrochemical performance.
However, many of these novel battery structures are primarily
designed to enhance their mechanical performance, oen
neglecting metrics such as lightweighting and energy density.
The concept of anode-free lithium metal batteries (AFLMBs)
introduces a fresh perspective to battery structure design,
eliminating the need for an initial lithium anode.1,2 This
approach achieves both light weight and increased energy
density while also reducing battery production costs, making it
an ideal system for exible batteries.

The cycling stages of AFLMBs are depicted in Fig. 1, which
offer a promising alternative to conventional lithium-ion
batteries by eliminating the use of the traditional lithium
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The basic mechanism of anode-free lithiummetal batteries. (a) Schematic of AFLMBs. (b) Charge and (c) discharge processes of AFLMBs.
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anode. During the cell charge process, lithium ions are stripped
from the cathode, migrate across the electrolyte, and deposit
onto the anode current collector, creating a lithium layer. In the
subsequent discharge process, the lithium ions shuttle back to
the cathode, maintaining the energy cycle of the AFLMB.
Despite AFLMB's structural advantages mentioned above, its
practical application is hindered by poor reversibility of lithium
deposition and stripping. Additionally, “mossy” lithium
dendrites with high surface area grow severely and are prone to
detachment from the substrate, leading to the formation of
dead lithium during discharge processes and further causing
rapid capacity degradation.

The severe growth of lithium dendrites and poor coulombic
efficiency are also critical issues limiting the application and
development of AFLMBs in exible devices.3,4 Inactive materials
used in battery manufacturing, including electrolytes and
current collectors, play crucial roles in stabilizing lithium
deposition and maintaining lithium inventory. Simultaneously,
current collectors are employed to provide structural support
for exible battery electrodes and establish conductive path-
ways for active battery materials, thereby playing signicant
roles in ensuring both exibility and stability.5–8 Consequently,
the development of exible AFLMBs should focus on the current
status of electrolytes and current collectors, their interactions,
and the latest advancements that may benet the eld of ex-
ible batteries.

The review focuses on the latest breakthroughs in electro-
lytes and current collectors, aiming to promote the application
of exible AFLMBs. The discussion will traverse the critical
parameters of coulombic efficiency and capacity retention,
which are indicative of AFLMB systems' cycling stability and the
reversibility of lithium. In addition, a special focus is given to
novel electrolyte categories with their intrinsic features. And the
lithium nucleation overpotential is emphasized, which is
considered a crucial determinant of the compatibility between
the current collector and lithium. The review concludes by
emphasizing performance and manufacturing process-related
challenges relevant to the practical application of exible
lithium-based batteries, providing strategies for achieving
practical applications of exible lithium-based batteries, thus
presenting a realistic outlook.
This journal is © The Royal Society of Chemistry 2024
2. Electrolyte design to extend
cycling life of AFLMBs
2.1 The role and evolution of electrolytes

The kinetics of Li nucleation and growth are heavily impacted
by the composition of electrolyte, indicating the signicance
of developing electrolyte for achieving AFLMBs with excep-
tional performance.9 Electrolytes in battery systems serve
a dual role: they are the conduit for ionic conduction, allowing
for the transfer of lithium ions between the cathode and anode
during charge and discharge cycles, and they are instrumental
in the formation of the solid-electrolyte interphase (SEI). The
SEI is a nanostructured layer formed on the surface of the
electrode, and its composition, morphology and stability are
critical for the overall performance of the battery. This inter-
phase acts as a selective membrane that allows the passage of
lithium ions while blocking electrons, which is vital for pre-
venting short-circuiting and thermal hazards. Furthermore, an
uneven SEI will result in a non-uniform diffusion rate of
lithium ions, leading to uneven Li deposition. Progress has
been made from the early stages of battery development using
simple electrolytes to the current development of very complex
electrolytes.10 Initial electrolytes are generally reactive and
unstable, leading to erratic SEI formation and poor cycling
life. Over time, as the understanding of SEI dynamics
increased, the focus shied to designing electrolytes capable
of forming a stable SEI with high lithium-ion conductivity and
low reactivity to lithium metal.11

In AFLMBs, the role of the electrolyte and SEI will be more
evident where there is no lithium intercalation host to buffer
the lithium plating process. An ideal electrolyte for AFLMBs
should prevent lithium metal dissolution, promote lithium-ion
ow, and create an SEI that can dynamically adjust itself when
the volume of the cell is uctuating during the cycle. Electrolyte
formulations have evolved to complex mixtures containing
additives conforming to SEI properties, such as lithium
diuoro(oxalate)borate (LiDFOB) and lithium bis(oxalato)
borate (LiBOB), which promote the formation of a stable SEI
layer, and lithium nitrate (LiNO3), which is known to suppress
lithium dendrite growth.12
J. Mater. Chem. A, 2024, 12, 16268–16292 | 16269
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2.2 The composition and function of electrolytes

One core problem of AFLMBs originates from the reactivity of
electrolyte and lithium, and the goal is to create a SEI with both
decent Li ion conductivity and electrical insulation. An ideal SEI
should be mechanically strong yet exible enough to withstand
strains from lithium plating and stripping without cracking. In
addition, a comprehensive approach to electrolyte development
should be based on an understanding of not only the chemical
composition but also the physical interactions at the electrode–
electrolyte interface.13 Quantitative studies have shown that the
stability of the SEI is related to the lithium salt concentration of
the electrolyte. For example, a high concentration of lithium
hexauorophosphate (LiPF6) in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) has been found to improve
the mechanical properties of SEIs, but it can also increase the
viscosity, which may impede lithium-ion transport. Meanwhile,
the introduction of dual-salt systems has been found to create
a more homogeneous SEI with better mechanical integrity.14

The recent developments in electrolytes are summarized in
Table 1.

Comparatively, while solid-state electrolytes (SSEs) offer
a promising path towards safer AFLMBs, their ionic conduc-
tivities are typically much lower than those of liquid electro-
lytes. For example, typical solid-state electrolytes can exhibit
Fig. 2 Lithium galvanic corrosion and testing method. (a) The mechanis
collector. (b) The schematic of testing the galvanic corrosion. The current
to the current collector.16 Reproduced with permission. Copyright 2019,
different concentrations and tested with a capacity of 0.1 or 1.5 mA h cm−

M LiFSI (DME) with and without a 5-hour open circuit voltage (OCV).17 R

This journal is © The Royal Society of Chemistry 2024
ionic conductivities in the range of 10−3 to 10−4 S cm−1, which
is lower than the high conductivity of 10−2 S cm−1 oen found
in liquid electrolytes. Strategies to improve SSE ionic conduc-
tivity include doping with heterovalent ions or creating
composite electrolytes that combine polymers and ceramics to
get the best of both materials. Additionally, the stability of SSEs
can be determined from their electrochemical window, with
many electrolytes being stable up to 5 V relative to lithium
metal, while a 4 V stability limit is oen observed inmany liquid
electrolytes. Such quantitative measures are necessary to eval-
uate and compare the performance, safety, and cycling stability
of different electrolyte systems in AFLMBs.15 Therefore, the
scientic advancement of electrolytes for AFLMBs is a delicate
balancing act between enhancing ionic conductivity and
maintaining electrochemical stability. By combining experi-
mental data and comprehensive analysis, researchers aim to
develop electrolyte systems that can reliably support the high
energy density and cycling stability required for next-generation
battery technologies.

2.2.1 Liquid electrolytes. In the intricate system of the
anode-free lithium metal battery, the electrolyte's role extends
beyond mere ionic transportation—it is a vital component that
signicantly affects the battery's coulombic efficiency (CE) and
the structural integrity of the deposited lithium on the anode
CC. The corrosion between lithium and electrolyte is governed
m of galvanic corrosion through transporting electrons using a current
flow through an ammeter quantifies the corrosion rate of Li connected
Springer Nature. (c) Average CEs of cells assembled with LiFSI (DME) of
2. (d) Cycling performance of Cu‖LCO employing 1 M LiFSI (DME) and 3
eproduced with permission. Copyright 2023, Wiley-VCH.
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by electrochemical processes and can be categorized into two
main reactions: chemical corrosion, which stems from the
direct chemical reaction between lithium and the electrolyte,
and galvanic corrosion, as displayed in Fig. 2a, which involves
electron transfer from lithium to the electrolyte via the current
collector. Fig. 2b shows the schematic of a galvanic cell quan-
tifying the corrosion rate. By applying the same potential to Li
foil and a Cu substrate, the current ow recorded using an
ammeter will be purely from galvanic corrosion.16 Zhou et al.
highlighted the inuence of salt concentration and solvent
choice on the corrosion behavior within AFLMBs. As demon-
strated in Fig. 2c, higher salt concentrations can mitigate
chemical corrosion by promoting the formation of less soluble
corrosion products such as Li2O and LiF, yet they concurrently
escalate galvanic corrosion risk.17,18 In addition, this study
further conrmed that, overall, an increase in the salt concen-
tration will generally enhance the uniformity of lithium depo-
sition, thus improving the cycling performance (Fig. 2d).

To combat lithium corrosion, Zhou and co-workers devel-
oped a novel electrolyte consisting of 0.5 M lithium bis(-
uorosulfonyl)imide (LiFSI), 0.5 M LiDFOB, and 0.5 M LiNO3

in a dimethoxyethane (DME)/uoroethylene carbonate (FEC)
mixture at a 1 : 1 volume ratio, achieving a notably low CE loss
of 0.13%.17 The effectiveness of LiDFOB has been repeatedly
Fig. 3 Electrochemical performance of batteries with newly developed
electrolytes. (b) Capacity retentions of cells using different concentra
Reproduced with permission. Copyright 2020, Springer Nature. (c) SEM im
cycling pressures.21 Reproduced with permission. Copyright 2019, Spring
cells employing 1 M LiPF6 in EC/DEC (E1) and 2 M LiPF6 in EC/DEC (E2).30

Society. (f and g) Electrochemical impedance spectroscopy comparison
and i) Cycling performances of anode-free cells with the single salt an
trochemical Society, Inc.

16272 | J. Mater. Chem. A, 2024, 12, 16268–16292
linked to its impact on SEI composition and the morphology of
the deposited lithium.14,19–22 In a study by Weber et al., a high-
performance dual-salt electrolyte blend of LiDFOB with
lithium tetrauoroborate (LiBF4) in a FEC/DEC solvent mixture
exhibited a capacity retention of 80% over 90 cycles for
AFLMBs with LiNi0.5Mn0.3Co0.2O2 cathodes, shown in Fig. 3a.21

However, it was noted that using LiDFOB alone could result in
substantial gas generation and compromise the cut-off
voltage.23

In addition, Louli et al. then conducted rigorous testing on
dual-salt electrolytes with higher concentrations, specically
2 M LiDFOB and 1.4 M lithium tetrauoroborate (LiBF4).24 As
depicted in Fig. 3b, this electrolyte extended battery life up to
200 cycles when exposed to an operating pressure of 1170 kPa.
The improvement is attributed to not only the high concentra-
tion, but also the high-pressure environment which can reduce
the porosity of plated lithium, effectively minimizing the
depletion of the electrolyte by limiting its ow into the lithium's
pores. Generally, high pressure would constrain the structure of
the battery and induce a more compactly plated Li layer, which
is demonstrated in Fig. 3c.25,26

The recent shi towards concentrated electrolytes has been
catalyzed by their promising oxidative stability and high
lithium-ion availability.27–30 For example, a notable electrolyte
liquid electrolytes. (a) Cycling stability of cells with different ratios of
tions of LiDFOB and LiBF4 at various pressures and temperatures.24

ages of the Li layer in AFLMBs employing two different electrolytes and
er Nature. (d and e) Comparing CE and capacity retention of Cu‖NMC
Reproduced with permission. Copyright 2019, the American Chemical
of AFLMBs with a 3 M LiTFSI and a dual-salt of 2 M LiFSI + 1 M LiTFSI. (h
d the dual-salt.33 Reproduced with permission. Copyright 2019, Elec-

This journal is © The Royal Society of Chemistry 2024
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containing 4 M LiFSI in DME was produced and showed
excellent cycling stability. This electrolyte has been utilized to
assemble copper–lithium iron phosphate (Cu‖LFP) batteries
with a coulombic efficiency as high as 99.8% when the battery
was charged at 0.2 mA cm−2 and discharged at 2 mA cm−2 for
more than 100 cycles.31 Furthermore, Hagos et al. explored
a locally concentrated carbonate-based electrolyte, with 2 M
LiPF6 in a solvent mixture of ethylene carbonate and diethyl
carbonate (EC/DEC), which was diluted using 50% uoro-
ethylene carbonate.30 The function of the diluent in the
concentrated electrolyte is to reduce the viscosity, thus
increasing the conductivity and ion mobility.32 Finally, this
strategy led to an average coulombic efficiency of 97.8% and
a capacity retention of 40% over 50 charge–discharge cycles
(Fig. 3d and e).30 Beyene and colleagues also investigated the
synergistic effects of concentrated dual-salt electrolytes and
made a mixture of 2 M LiFSI and 1 M lithium bis(tri-
uoromethanesulfonyl)imide (LiTFSI) in DME/DOL solution.33

Dual-salt electrolyte with a positive synergistic effect will lead to
a higher concentration of inorganic components in the SEI. It
has been demonstrated that the SEI layers of batteries cycled in
dual-salt electrolytes have a high concentration of inorganic
Fig. 4 The influence of porosity and dual salt on cycling stability and Li n
Li layer employing a dual salt and baseline electrolyte. (b) Images of Li m
the control electrolyte. (c) Capacity versus the cycle number of the Cu‖
permission. Copyright 2023, Springer Nature. Overpotentials of Li nuclea
(e) with additives.39 Reproduced with permission. Copyright 2023, Wiley

This journal is © The Royal Society of Chemistry 2024
species such as LiF, Li2O, and Li2CO3.33 These inorganic
components are effective in conducting lithium ions and facil-
itate uniform lithium deposition. Moreover, these components
also possess robust mechanical properties that can withstand
the volume expansion that occurs during cycling processes,
thereby improving the cycling stability of the battery.34

Conversely, SEI layers from batteries cycled in single-salt elec-
trolyte contain a lower proportion of inorganic components and
a higher concentration of organic groups such as ROCO2

−,
which exhibit poorer conductivity. Additionally, the electro-
chemical impedance spectroscopy (EIS) spectra of the cells
deploying the single salt and the dual-salt were recorded and are
shown in Fig. 3f and g, which indicate the role of the dual-salt in
reducing interfacial resistance and improving ion transport.
When applied to Cu‖LiFePO4 cells, this dual-salt electrolyte
with a high-concentration not only achieved a much higher
average coulombic efficiency (98.9%) than cells with a concen-
trated single salt (3 M LiTFSI) but retained more than 50% of
capacity aer 50 cycles (Fig. 3h and i). These results are
particularly signicant, considering that high-concentration
electrolytes oen show viscosity and wettability problems,
which can lead to elevated impedance.33,35
ucleation overpotential. (a) The thickness and porosity of the deposited
orphology on a Cu substrate and separator in dual-salt electrolyte and
NCM811 pouch cell with the dual-salt electrolyte.36 Reproduced with
tion in Li‖Cu cells using LiPF6 (EC/DME/DMC) (d) without additives and
-VCH.
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However, the application of high-concentration electrolytes
is hindered by high impedance and solvation and dissociation
problems.36,37 To mitigate these undesired effects of high-
concentration electrolytes, Mao et al. developed an alternative
electrolyte formulation comprising 1 M LiBF4 and 1 M LiDFOB
in a mixed solvent of uorinated ethylene carbonate (FEC) and
bis(2,2,2-triuoroethyl) ether (tFEP). This formulation, by virtue
of its weak solvating power, encourages the formation of anion-
derived and inorganic-rich electrode–electrolyte interfaces,
which are generally more mechanically robust and exhibit
superior lithium-ion conductivity than their organic-rich
counterparts. The Li deposition layers utilizing the dual-salt
and control group (1 M LiPF6 EC/DMC) are shown in Fig. 4a.
The thinner and less porous Li layer formed in the dual-salt
system compared with that in the control group indicated its
stable and homogeneous Li deposition process. The reduced
porosity of the deposited lithium layer in dual electrolyte
systems decreases the surface exposure to liquid electrolyte,
thereby mitigating additional parasitic reactions that deplete
both the electrolyte and active lithium during cycling. As battery
cycles increase, more pores are generated within the lithium,
consumingmore electrolyte. In high-energy battery applications
where the amount of electrolyte is critically limited, only
minimal amounts of liquid can wet the newly exposed lithium
surfaces. These surfaces rapidly convert into dry SEI layers.
These dry SEI layers lack pathways for ion conditions, resulting
in increased internal resistance and a loss of battery capacity.38

Therefore, it is essential to decrease the porosity of the Li
deposition layer to obtain a compact and dense layer. Fig. 4b
compares the Li morphology on a Cu current collector and
separator with the aforementioned electrolyte and the control
electrolyte (1 M LiPF6 EC/DMC) aer cycling, showing the rm
bond between Li deposits and the Cu CC in 1 M LiBF4 + 1 M
LiDFOB tFEP/FEC. When the electrolyte was employed in
a pouch cell with the Cu‖NCM811 conguration, a high and
stable cycling voltage of 4.6 V and a capacity retention of 80%
were reached over 100 cycles (Fig. 4c).36

Recently, Wu et al. introduced additives (2% LiAsF6 and FEC)
to a LiPF6-based electrolyte in an EC/DEC/DMC solvent mixture.
Specically, they examined the lithium nucleation over-
potential, an important parameter of the energy required to
initiate lithium deposition on a current collector.39 The pres-
ence of additives was shown to reduce the nucleation over-
potential, as evidenced by the decreased voltage gap between
the initial nucleation and the growth regions, indicative of
a lower energy barrier and, consequently, more uniform lithium
growth.40 As shown in Fig. 4d and e, the lower overpotential for
the electrolyte with additives signies the decreased heteroge-
neous nucleation barrier energy, leading to a better lithium
plating surface. In this study, NMC523 was selected as the
cathode and bare copper was the CC anode. 75% of the initial
capacity was maintained for the cells employing the electrolyte
with the dual additives aer 50 cycles, and this is much higher
than that of the cells using its counterpart electrolyte (without
additives) which is also a recently commercialized electrolyte.

Additionally, Yu and co-workers designed a single-salt elec-
trolyte which employed LiFSI as the solute and uorinated 1,4-
16274 | J. Mater. Chem. A, 2024, 12, 16268–16292
dimethoxybutane (FDMB) as the solvent. When 1 M LiFSI-
FDMB was employed in Cu‖NMC532 pouch cells, a capacity
retention of 80% was demonstrated aer 100 charge–discharge
cycles. Moreover, this single-salt electrolyte exhibited a high
oxidative voltage of more than 6 V.41

Rigorous studies were conducted to examine the effects of
salt types, solvent types, salt concentrations, and additives on
the electrolytic environment within AFLMBs. Each modication
is thoroughly assessed for its contribution to improving the
operational efficiency and longevity of AFLMBs, ensuring that
the advancements in electrolyte chemistry are both rm and
replicable.

2.2.2 Ionic liquid electrolytes. Ionic liquids (ILs), with their
unique composition solely of cations and anions, present
distinct electrochemical properties conducive to battery
performance enhancements.42 The advantages of ILs, including
high ion conductivity and wide electrochemical window, have
been analyzed in the context of anode-free lithium metal
batteries. Their low volatility and thermal stability provide
advantages over conventional liquid electrolytes in terms of
stability and safety of AFLMBs.43

Gaetan and co-workers evaluated the performance of phos-
phonium bis(uorosulfonyl)imide (FSI-) ionic liquid electrolyte
(ILE). A series of characterization methods were employed to
illustrate the mechanism of SEI formation in ILE, and it was
found that the compounds in the SEI were mainly from the
decomposition of FSI- and could provide protection for lithium
(Fig. 5a).44 Pathirana et al.'s pioneering work on the incorpora-
tion of bis(uorosulfonyl)phosphonium into imide super-
concentrated ionic liquid electrolyte AFLMBs is another
signicant paradigm.45 They combined this ILE with a single
crystal nickel manganese cobalt oxide (sc-NMC622) cathode,
designing a Cu‖scNMC622 cell conguration. The results are
remarkable, with the battery retaining 53% of its initial capacity
over 100 cycles and achieving an average coulombic efficiency
(CE) of 99.4%. This study, depicted in Fig. 5b, demonstrates the
potential of ILEs and shows that even when lithium decay was
present, the initial stack specic energy of the AFLMB was
substantially higher than that of traditional lithium-ion
batteries, reaching upwards of 600 W h kg−1. These data show
that although CE and energy retention are promising, further
research is needed on longevity and the mechanism of capacity
fade during cycling. This could provide insight into the long-
term stability and performance of ILE in commercial AFLMB
applications.

To further investigate ILs, Liang et al. assessed an ionic
liquid electrolyte comprising a 4.5 M LiFSI solution in N-methyl-
N-propylpiperidinium bis(uorosulfonyl)imide (Py13FSI) with
1 wt% LiTFSI.46 This formulation not only expanded the elec-
trolyte's electrochemical window beyond 5 V but also facilitated
the formation of a stable, uorine-rich SEI layer. Additionally,
as shown in Fig. 5c and d, ionic liquid electrolyte possesses
a much higher thermal stability, indicating the improved safety
of cells with ILE. In this study, the strategic addition of a silicon-
polyacrylonitrile (Si-PAN) coating to the Cu current collector was
designed to enhance compatibility with the IL, exploiting the
synergistic effect of Si, PAN and Cu substrates to improve SEI
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Robust SEI, high thermal stability and cycling performance in an ionic-liquid electrolyte system. (a) SEI formation in ionic liquid elec-
trolyte.44 Reproduced with permission. Copyright 2018, the American Chemical Society. (b) Energy densities and cycling performances of the
AFLMB cell and Li-ion cell employing the phosphonium-based ionic electrolyte.45 Reproduced with permission. Copyright 2021, the Royal
Society of Chemistry. (c) Flammability test of ionic liquid and electrolyte with organic solvent. (d) Thermal stability test of 4.5 FSI-TFSI ionic liquid
and organic electrolyte. The morphologies of the deposited Li layer on the current collector of cells employing (e) 4.5 FSI-TFSI ILE, (f) EC/DMC
and (g) 1.0 FSI IL.46 Reproduced with permission. Copyright 2022, Wiley-VCH.
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integrity and cycling performance.47,48 The AFLMBs deploying
the aforementioned ILE and modied current collector show-
cased a high discharge voltage of 4.7 V and retained 80% of their
initial capacity following 120 cycles.46 From the scanning elec-
tron microscopy (SEM) images provided in Fig. 5e–g, the
morphological differences in lithium deposition across various
electrolyte compositions show the positive effect of ionic liquid
on the lithium plating process.46 These images demonstrate the
role of the ionic liquid electrolyte in determining the uniformity
and density of the plated lithium, which are crucial factors for
the long-term stability and performance of the AFLMB.

In conclusion, the emergence of ILs in AFLMBs represents
a transformative development of electrolytes with the potential
to address some long-standing problems in battery technology.
However, a comprehensive and critical analysis of their long-
term performance, fabrication costs and comparative results
remains essential to determine their role in future applications.

2.2.3 Gel polymer electrolytes. In the dynamic environment
of anode-free lithiummetal batteries, the electrode will undergo
This journal is © The Royal Society of Chemistry 2024
large volume changes due to the cycling process of lithium
plating and stripping. Conventional solid-state electrolyte
interphases (SEIs), rich in lithium uoride (LiF) and lithium
oxide (Li2O), while mechanically sound, oen fail to adapt to
these changes, leading to rigidity-induced failure and contin-
uous lithium loss.49 To provide SEIs with the necessary exi-
bility and robustness, researchers have pivoted towards gel
polymer electrolytes (GPEs) and have amalgamated polymers
into liquid electrolytes to impart the necessary mechanical
exibility and robustness to SEIs. These hybrid electrolytes
demonstrate excellent electrode–electrolyte interfacial contact
and reduced electrical impedance compared with pure solid-
state electrolytes, which are also essential factors in maintain-
ing the integrity and functionality of AFLMBs throughout their
lifespan.50–52

Polyvinylidene uoride–hexauoropropylene copolymer
(PVDF-co-HFP), known for its semi-crystalline structure, has
emerged as a formidable component in the construction of
GPEs due to its ability to provide solvent stability and
J. Mater. Chem. A, 2024, 12, 16268–16292 | 16275
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mechanical support in the electrolyte matrix.53 Although its
application in AFLMBs has been documented, predominantly
in the context of the production of articial SEIs under strict
laboratory conditions, the full potential of PVDF-co-HFP in
practical batteries remains to be investigated in detail.54–56

Lin et al. advanced this eld by fabricating a GPE (FN-GPE)
composed of PVDF-co-HFP, lithium hexauorophosphate
(LiPF6), and lithium nitrate (LiNO3) in a binary solvent system of
uoroethylene carbonate (FEC) and dimethoxyethane (DME).50

This GPE was compared with various LiPF6 and LiNO3

concentrations in FEC-DME (F-LE and FN-LE) to assess the
impact of the polymer on lithium deposition morphology. As
shown in Fig. 6a, the SEI formed in the FN-GPE system has
a higher content of Li3N and Li2O, which indicates the
enhanced Li ion conductivity in the layer. Additionally, Fig. 6b
illustrates the electrostatic potential of organic solvents and
Fig. 6 Electrochemical performance of gel polymer electrolytes. (a) Impa
(b) Illustration of the electrostatic potential surface of different electrolyte
performance of Cu‖LFP cells employing tGPE, tLE and dLE.58 Reproduce
SEM image of composite gel polymer electrolyte (CGPE). (e) EDS images
Springer Nature.

16276 | J. Mater. Chem. A, 2024, 12, 16268–16292
PVDF-co-HFP, and it has been concluded that the positive
region (deep blue) of PVDF-co-HFP will bond with negative ions,
thus improving Li+ transfer efficiency. Scanning electron
microscopy shows that FN-GPE can induce a denser lithium
layer with a minimum thickness, suggesting a homogeneous
plating process. Atomic force microscopy (AFM) studies also
conrmed the mechanical elasticity of the SEI layer formed in
GPE, which displayed a notable elasticity and resistance to
structural collapse.50

The incorporation of poly(2-hydroxyethyl methacrylate)
(PHEMA) into the GPE framework of PVDF-co-HFP presents
a strategic advancement.57,58 The polar side chains of PHEMA
enhance the regulation of lithium ion ow, promoting the
formation of compact lithium deposition. A ternary-salt GPE
(tGPE) with a blend of PHEMA and PVDF-co-HFP developed by
Lin's team, integrating LiTFSI and LiPF6 with a minor
ct of FN-FPE electrolyte on electrochemical performance of batteries.
s.50 Reproduced with permission. Copyright 2023, Elsevier. (c) Cycling
d with permission. Copyright 2022, the Royal Society of Chemistry. (d)
of elements in CGPE.62 Reproduced with permission. Copyright 2022,

This journal is © The Royal Society of Chemistry 2024
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proportion of LiNO3 in DOL-DME, showcased improved ionic
conductivity and fostered the development of a durable,
lithium uoride-rich SEI.58 Although LiPF6 may undergo
undesired reactions in ether-based solvents because the PF5
from the decomposition of LiPF6 can trigger the polymeriza-
tion of DOL, the presence of LiNO3 will curtail such side
reactions, enabling a stable electrolyte system.58–61 The CujtG-
PEjLFP AFLMBs utilizing this electrolyte formulation displayed
a commendable capacity retention of over 62% aer 100 cycles
of charge–discharge cycles at 1 mA cm−2 current density
(Fig. 6c). In addition, Liu and co-workers developed
a composite gel polymer electrolyte (CGPE) composed of
LiTFSI in PVDF–HFP and Ti3C2Tx MXene. As shown in Fig. 6d
and e, the resulting CGPE has a porous structure, which not
only enjoys excellent Li ion conductivity but also offers
a satisfactory mechanical strength.62

These studies emphasize the crucial role that polymers play
in enhancing the mechanical and electrochemical performance
of SEIs within AFLMBs. The combined experimental evidence
from SEM and AFM analyses provides a convincing narrative for
the adoption of GPEs in AFLMBs, marrying mechanical exi-
bility with electrochemical efficiency. It is clear that the future
of AFLMB electrolyte development will hinge on a balance of
polymer chemistry and electrolyte formulation to optimize both
the mechanical integrity and ionic transport within the battery
architecture.
Fig. 7 Recent designs of solid-state electrolytes. (a) Schematic of an a
nanocomposite anode layer.63 Reproduced with permission. Copyright 20
Reproduced with permission. Copyright 2020, Wiley-VCH. (c) Arrheni
Li9.54Si1.74P1.44S11.7Cl0.3.67 Reproduced with permission. Copyright 2026
solid-state Li ion battery and solid-state anode-free battery.65 Reproduc

This journal is © The Royal Society of Chemistry 2024
2.2.4 Solid-state electrolytes. Solid-state electrolytes (SSEs)
are at the cutting edge of anode-free lithium metal battery
innovation, providing a revolutionary change towards batteries
that are not only durable and safe, but can reduce the likelihood
of leakage and ammability problems associated with liquid
electrolytes. However, the development of solid electrolyte in
the application of AFLMBs also faces severe challenges. A key
issue is the creation of robust interfacial contact between the
solid-state electrolyte and electrodes. This interface is critical as
it dictates the ion transfer efficiency which in turn affects the
overall battery performance. Poor interfacial contact results in
high resistance to ion ow, leading to inefficiencies that can
manifest as reduced power output and increased charge times.
Lee et al. reported a Ag–C composite layer (Fig. 7a), which can
effectively regulate Li deposition and thus lead to uniform and
dendrite-free Li plating.63 As a result, lithium metal pouch cells
assembled with the layer and Li6PS5Cl SSE achieved high energy
density (>900 W h L−1) and long cycle life (1000 cycles). Simi-
larly, Huang et al. designed multi-functional layers to achieve
long-term operation in terms of the garnet-based solid-state
AFLMB (Fig. 7b). The multi-functional layers include a LiC6

layer with high Li ion conductivity, a ductile lithiated polyacrylic
acid polymer layer with interfacial self-adaption ability and a Ag
nanoparticles layer with regulated Li deposition.64

Another signicant challenge is the inherently lower ionic
conductivity of SSEs compared to liquid electrolytes, which
ll-solid-state battery composed of a NMC cathode, SSE and a Ag–C
20, Springer Nature. (b) Schematic of a garnet-based anode-free cell.64

us conductivity plots for the sulfide electrolyte family Li9.6P3S12 and
, Springer Nature. (d) Comparison of the solid-state Li metal battery,
ed with permission. Copyright 2020, Springer Nature.
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requires advanced material engineering to create ion pathways
that are both conductive and stable.60,65 Generally, sulde elec-
trolyte shows a high ionic conductivity of >10−3 S cm−1 and is
regarded as a kind of promising SSE.66 Kanno et al. reported
a lithium superionic conductor containing sulde with high
ionic conductivity (25 mS cm−1) and high stability (∼0 V vs. Li
metal).67 In addition, oxide electrolytes are also promising
because they show higher electrochemical stability and less
reactivity towards lithium.68 Wang et al. showed the potential
for AFLMBs using Li7La3Zr2O12 (LLZO) electrolytes, and the
fabricated battery only has a much smaller volume, shown in
Fig. 7d, around half of the corresponding Li ion battery.65 A full
cell consisting of in situ formed Li, LLZO and NCA showed
a high capacity retention of 75% aer 50 cycles.

Moreover, the complexity of fabricating SSEs with precise
structural and compositional integrity surpasses that of
synthesizing liquid electrolytes, representing another layer of
complexity in the mass production of AFLMBs with SSEs. This is
compounded by the necessity for strict control over the
manufacturing environment to prevent contamination and
ensure consistency. Despite these challenges, the promise of
solid electrolytes is too signicant to ignore. They are expected
to play an important role in the development of next-generation
AFLMBs, particularly in applications where safety is paramount.
As the eld evolves, the focus remains on overcoming the
challenges inherent to solid-state electrolytes, with the ultimate
goal of delivering batteries that offer not just improved safety,
but also superior energy density, longevity, and reliability.
3. Development of current collectors
towards homogeneity of lithium
deposition
3.1 Copper current collector

Copper's role as a current collector is essential in lithium-based
batteries, valued for its high conductivity and stability.
However, its tendency to promote unregulated lithium deposi-
tion causes serious problems such as dendrite and loose
lithium layers, shown in Fig. 8a, affecting the performance and
safety of the battery. To combat this, surface modication
techniques are signicant.69 By alloying copper with metals that
have a high affinity for lithium, applying conductive coatings,
Fig. 8 Schematic diagrams of Li nucleation and growth on (a) bare Cu a

16278 | J. Mater. Chem. A, 2024, 12, 16268–16292
and creating micro- or nano-scale structures, a lithiophilic
surface can be cultivated to encourage uniform lithium nucle-
ation and growth. The mechanism of the lithiophilic surface is
shown in Fig. 8b.70,71 In addition, the development of other
types of current collectors, such as carbon and zinc, is also
increasing. A summary of recent current collector modication
strategies is shown in Table 2.

3.1.1 Metal coatings. The adoption of prelithiation tech-
niques has emerged as a means to counteract copper's poor
lithiophilicity. By inlling grain boundaries of a current
collector with lithium, a more uniform deposition landscape
can be created. Huang et al. found that during the Li deposition
process, Li ions can diffuse into grain boundaries of Cu,
resulting in the formation of nanoscale Li on the Cu CC and
uneven Li coating on the CC surface.72 Therefore, they pre-
lithiated the Cu CC to ll up the inside nanogap and success-
fully improved the Li nucleation on the Cu CC (Fig. 9a). Besides,
researchers conducted other methods, such as introducing
lithiophilic elements to current collectors. At the beginning, the
lithium nucleation overpotential is reduced by adding inert and
conductive metals (such as gold and silver) to the copper CC
because the energy required for the lithium nucleation on
lithiated gold or silver is very small.73,74 However, such methods
are not without trade-offs. For example, metals such as gold and
silver, while initially reducing nucleation overpotential, may
ultimately dissolve into Li metal and lead to the disintegration
of these conductive aids and the subsequent collapse of the
battery's architecture. Therefore, more stable methods to
fabricate Cu CCs with other metals that are insoluble or slightly
soluble in Li have been investigated.7,75–77

Advancements in copper surface treatment, such as tin (Sn)
coatings via magnetron sputtering, have achieved considerable
success. The formation of a Li–Sn alloy during the initial
lithium depositing process drastically lowers the nucleation
barrier. Recently, Wang et al. tested a Sn-coated Cu CC via
magnetron sputtering (Cu/S–Sn).7 Their design relies on the
formation of the Li–Sn alloy (Li22Sn5) in the rst lithium plating
process (Fig. 9c and d), which largely increases the affinity of the
current collector for lithium. It is worth noting that the Li–Sn
alloy will be stable and the Li in the alloy will not be used in the
following cycles. Moreover, as shown in Fig. 9b, the Li deposi-
tion layer on the modied Cu/S–Sn CC is much more stable.
nd (b) Cu with a lithiophilic layer.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Lithium nucleation and the effect of metal coatings. (a) Illustrative diagrams showcasing lithium nucleation on bare copper and pre-
lithiated copper.72 Reproduced with permission. Copyright 2023, Wiley-VCH. (b) Bonding strength testing for the Li deposition layer on Cu/S–Sn
and bare Cu. The Li plating process on (c) Cu@Sn and (d) bare Cu.7 Reproduced with permission. Copyright 2022, Elsevier. (e) Cycling stability of
pouch cells of NCM811‖Cu and NCM811‖Li4.4Sn@Cu.78 Reproduced with permission. Copyright 2022, the Royal Society of Chemistry.

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

4.
02

.2
02

6 
22

:4
8:

59
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Aer 50 charge–discharge cycles, the Li plated on Cu/S–Sn still
stuck to the CC while Li deposited on bare Cu dispersed heavily
in the electrolyte under mechanical shaking. The obtained Cu/
S–Sn CC with a carbonate-based electrolyte and lithium-rich
manganese-based cathode system showed good electro-
chemical stability (average CE 94.1%) for 400 cycles at a current
density of 1 mA cm−2. Lin et al. developed a Cu CC with a liquid
metal (LM) layer composed of Ga, In, and Sn, which also relies
on the alloying reaction with Li to reduce the energy barrier.75

The GaInSn@Cu‖NCM 811 pouch cell delivered a capacity of
150 mA h cm−2 with a decent retention of 84% aer 50 cycles.

Zhang et al. prelithiated Sn@Cu and obtained a Li4.4Sn@Cu
current collector.78 They compared the electrical conductivity
(EC) of Li4.4Sn@Cu and Cu foil by AFM and found that the EC of
Cu foil is even less than that of Li4.4Sn@Cu. This is because
some regions of Cu foil have higher EC while other regions
possess lower EC, which will result in concentrated charge and
inducing excess Li deposition in certain areas. The pouch cells
deploying the modied CC and NCM811 cathode showed
a capacity retention of 85.5% aer cycling 50 times with an areal
capacity of 4 mA h cm−2 (Fig. 9e).

3.1.2 Metallic compound coatings. The strategic integration
of metallic compounds in anode-free lithium metal batteries
marks a remarkable shi from conventional materials to more
lithiophilic alternatives. For example, the deployment of zinc-
based compounds in existing products presents a critical devel-
opment. Thismaterial can form a homogeneous lithium–zinc (Li–
Zn) alloy when lithium is deposited, making the lithium layer
ordered and potentially curbing the notorious issue of dendritic
growth.79 Lithium compounds, such as LiF or Li3N, will also be
formed during cycling by utilizing the anions from metallic
compounds. These lithium compounds are known for their high
lithium-ion conductivity and are indicative of more stable lithium
deposition—a cornerstone for durable and safe battery operation.
16280 | J. Mater. Chem. A, 2024, 12, 16268–16292
The trend of employing metallic compounds such as
aluminum uoride (AlF3), zinc oxide (ZnO), and titanium
carbide (TiC) is not an arbitrary choice.71,80,81 Their lithiophilic
nature leads to a deliberate goal: to reduce lithium nucleation
energy, thus promoting amore efficient lithium plating process.
The effect is signicant, as the current collectors can not only
support the quality of lithium plating but also extend battery life
by exhibiting high reliability and electrochemical stability.
Additionally, Xia et al.'s work on depositing cuprite nano-
particles on the surface of copper current collectors (HCu) by
a simple atmospheric heating process points to a practical and
cost-effective way to improve the electrochemical performance
of AFLMBs.82 During cycling, the HCu will react with Li ions and
produce Cu nanoparticles and Li2O. The formed nanoparticles
increase the specic surface area of the current collector
(Fig. 10c), thus providing more Li plating sites and inducing
a smooth Li plating layer (Fig. 10a). Li2O is produced as an
articial SEI, which could facilitate Li ion transport and
enhance the electrode kinetics of the CC. A battery utilizing this
novel approach achieved a capacity retention of 41% aer 100
cycles at 0.5C (Fig. 10b) when the modied Cu CC was coupled
with NCM523, indicating a signicant enhancement in elec-
trode kinetics.

A critical examination of Zhu's modication of a copper
current collector with a zinc nitride (Zn3N2) lm highlights the
feasibility of application for these metallic compounds.83 The
relatively low nucleation overpotential on Zn3N2@Cu shown in
Fig. 10d and e demonstrates the lithiophilic properties of the
fabricated layer, thus stabilizing the Li nucleation process on
the modied CC. This study demonstrated a reduction in
dendrite growth, a persistent problem that affects cell integrity
and function. The zinc nitride lm has two functions. It actively
interacts with lithium ions to form a Li–Zn alloy, which helps
promote uniform lithium plating, and it helps form Li3N
This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Metal compound coatings on a copper current collector with their unique performance. (a) Homogeneous conical lithium deposition on
the Cu CC with cuprite nanoparticles. (b) Cycling performance of Cu‖NCM23 and HCu‖NCM523. Reproduced with permission. (c) SEM images
of the Cu current collector and heated-Cu current collector (HCu) and the insets show the optical images.82 Copyright 2023, Elsevier. (d) Li
nucleation overpotential on bare Cu and modified Cu. (e) Nucleation barrier versus current density for bare Cu and modified Cu.83 Reproduced
with permission. Copyright 2023, the American Chemical Society.
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compounds during deposition. The presence of Li3N is partic-
ularly important due to its high lithium-ion conductivity, which
is necessary for efficient and stable lithium deposition. Full
cells incorporating Zn3N2@Cu with lithium iron phosphate
(LFP) cathodes exhibited a commendable capacity retention of
63.1% over 100 cycles and an average CE of 98.8%. Besides, it
has been shown that the utilization of metallic compounds will
increase the inorganic content in the SEI, suggesting the
formation of a more robust and stable interphase. Therefore,
the battery industry is systematically unraveling the complexity
of lithium deposition through rigorous analysis of the interac-
tion between lithium and metal compounds.

3.1.3 Other novel coatings for current collectors. In recent
years, the application of polymer coating on existing materials
has become an effective way to improve the stability and
performance of the solid electrolyte interface (SEI) in lithium
metal batteries. This advancement has great potential to solve
SEI degradation, a long-standing problem in anode-free lithium
metal batteries. In particular, polymer systems such as poly-
ethylene oxide (PEO) and polyvinylidene uoride (PVDF) have
been used to form protective layers on current collectors,
effectively redistributing lithium ions during coating and
minimizing direct contact with electrolytes. Tamwattana et al.
synthesized a LiF@PVDF coating with a high dielectric constant
for a Cu current collector.84 The high dielectric coating will
provide a dipolar layer, guiding a more uniform Li+ ux, thus
suppressing the Li dendrite growth (Fig. 11a). Additionally, the
impedance spectra in Fig. 11b show that the high dielectric
LiF@PVDF layer enjoys a smaller charge transfer resistance
compared with pure PVDF. Similarly, Assegie et al. coated
This journal is © The Royal Society of Chemistry 2024
a polyethylene oxide lm on copper current collectors
(Cu@PEO), providing a homogeneous ux of lithium ions and
shielding deposited lithium from electrolytes, thereby
promoting the formation of a thin and robust SEI.85 Full cells
incorporating the Cu@PEO anode CC with an LFP cathode
demonstrated an average CE close to 100% over 200 cycles at 0.5
mA cm−2.

Moreover, Zhao et al.'s innovation involving zinc-doped
nitrogen–carbon structures interlaced with carbon nanotubes
coated on a Cu substrate (Zn-NC-CNT-Cu) has introduced
another research shi in current collector fabrication. A dras-
tically low nucleation overpotential (4.2 mV) was observed with
these coated copper foil pieces and this is because of the
homogeneous distribution of lithiophilic Zn on the Cu CC, as
depicted in Fig. 11c, which will then induce uniform Li depo-
sition. Besides, at both current densities of 1 mA cm−2 and 2mA
cm−2, cells fabricated with Zn-NC-CNT-Cu always exhibited
higher CEs (Fig. 11d).86 Recently, Kim J. et al.'s ultrathin lith-
iatable layer (ULL) application demonstrated a lower charge
transfer resistance and a richer Li2O SEI composition compared
to traditional copper current collectors. In Fig. 11e, the blue
layer aer partial lithiation suggested that the ULL reacted with
lithium, forming a layer with a higher Li affinity. The full cell
with ULL@Cu led to a marked increase in capacity retention up
to 98.5% over 50 cycles (Fig. 11f).87

These developments represent a revolutionary framework for
current collector functionality in AFLMBs. Each novel coating
and process will be evaluated not only for its immediate impact
on electrochemical performance, but also for its long-term
impact on battery life and safety. The synergistic combination
J. Mater. Chem. A, 2024, 12, 16268–16292 | 16281
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Fig. 11 Recent designs of current collector coatings. (a) Schematic of Li dendrite growth and Li dendrite suppression from a high dielectric
coating. (b) Comparison of impedances in a-PVDF, b-PVDF, and LiF@PVDF.84 Reproduced with permission. Copyright 2021, the American
Chemical Society. (c) Schematic of Li nucleation and plating on a Zn-NC-CNT-Cu substrate. (d) Coulombic efficiencies versus cycle numbers in
three different systems at 1 mA cm−2 and 2 mA cm−2.86 Reproduced with permission. Copyright 2021, the American Chemical Society. (e)
Photographs of Li deposition on a bare Cu CC, ultrathin non-lithiatable layer (UNL)@Cu CC and ULL@CuCC. (f) Cycling Performance of cells with
the bare Cu CC and modified Cu CC.87 Reproduced with permission. Copyright 2023, Elsevier.
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of advanced coatings and innovative current collector engi-
neering holds great promise for the future of lithium metal
batteries, paving the way for enhanced performance in energy
storage systems.
3.2 Three-dimensional current collectors

The evolution towards three-dimensional (3D) current collec-
tors in AFLMBs represents a fundamental breakthrough in
tackling the formidable challenges linked with volume expan-
sion and charge distribution. Engineered to accommodate the
signicant volume uctuations between lithium plating and
stripping, 3D current collectors exhibit a larger surface area,
fostering a more uniform distribution of charge—a critical
factor for both mechanical and electrochemical stability within
batteries.

Recent studies comparing 2D and 3D collectors have
unveiled the potential of the latter to mitigate concentrated
charge ux, thus reducing the likelihood of non-uniform
lithium plating. Despite these encouraging ndings, ensuring
consistent high lithiophilicity across the intricate structures of
3D collectors is still a persistent challenge. Through an
insightful analysis of the correlation between surface area of 3D
16282 | J. Mater. Chem. A, 2024, 12, 16268–16292
Cu current collectors and dead lithium, Adhitama et al. eluci-
dated the relationship between surface area and charge ux
concentration, underlining the potential of larger surface areas
to alleviate inhomogeneous lithium plating.88 They compared
three types of Cu current collectors (Fig. 12a) and found that the
modied 3D Cu CC with a high-depth microstructure or large
surface area can induce better electrochemical properties, dis-
played in Fig. 12b and c. Nevertheless, despite the increased
nucleation sites, the problem of low lithiophilicity of Cu persists
in current 3D collectors.

Kim et al. conducted a comprehensive investigation into the
effects of 3D current collectors, comparing the performance of
2D Cu current collectors (Cu foil) against 3D Cu current
collectors (Cu mesh) and their counterparts predeposited with
Au on the surface (Fig. 12d). Fig. 12e illustrates the Li nucle-
ation overpotentials on the four different CCs and it has been
found that Au@3D Cu has the smallest value (6.5 mV) among
the various CCs. Their research demonstrated that Au@3D Cu
current batteries incorporated with a LFP cathode achieved
a critical capacity of 45% aer 100 cycles, as shown in Fig. 12f,
and an average coulombic efficiency as high as 98.9%.89 In
addition, even aer 100 cycles, the morphology of the Au@3D
This journal is © The Royal Society of Chemistry 2024
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Fig. 12 3D current collectors of AFLMBs and their effects on overpotential and other performances. (a) SEM images of the planer Cu CC (Cu/A)
and 3D Cu CC with low-depth (Cu/B) and high-depth (Cu/C) channels. (b) Voltage versus areal capacity of Li cycling of the three Cu CCs (Cu/A,
Cu/B and Cu/C). (c) The coulombic efficiency during the first cycle of the cells assembled with the three Cu CCs.88 Reproduced with permission.
Copyright 2023, the Royal Society of Chemistry. (d) Schematics of 2D-Cu (foil), 3D-Cu (mesh), Au@2D-Cu, Au@3D-Cu. (e) Overpotentials
measured at 50 mA cm−2 of the four CCs. (f) Cycling performance of the cells employing 2D-Cu, 3D-Cu, Au@2D-Cu, Au@3D-Cu. (g) Current flux
and voltage distribution of 2D-Cu and 3D-Cu shown using COMSOL.89 Reproduced with permission. Copyright 2023, Elsevier. (h) The structure
of amorphous carbon transformed from resorcinol formaldehyde (RF). (i) XPS images of 3D modified copper mesh.90 Reproduced with
permission. Copyright 2023, Elsevier.
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Cu current collector remained remarkably ordered and
uniform, which resulted from a uniform Li+ ux and an even
voltage gradient for 3D Cu (Fig. 12g). Furthermore, Li et al.
introduced a groundbreaking innovation with the develop-
ment of a super-three-dimensional resorcinol formaldehyde
copper mesh (referred to as a-RF@3D CM) using resorcinol
formaldehyde. Resorcinol formaldehyde will rst transform
into amorphous carbon with function groups holding oxygen
(Fig. 12h) and then be engineered onto copper mesh. This
fabricated structure is lled with CuOx nanoparticles, which
use the attraction of oxygen ions from themselves to facilitate
dendrite-less lithium coating. Consequently, an a-RF@3D CM
whole cell coupled with the LFP cathode exhibits a retention
capacity of 60.66% and an average coulombic efficiency of
99.5% over 100 cycles.90 Besides, as displayed in Fig. 12i, the
increased content of LiF and the decreased Li2CO3 signied
that decomposition of organic electrolyte was suppressed. The
emergence of three-dimensional current collectors has led to
changes in the design and structure of the AFLMB, providing
a direction to improve the exibility of AFLMBs.
This journal is © The Royal Society of Chemistry 2024
3.3 New materials for current collectors

Although copper remains the predominant material for anode
current collectors, the investigation of other materials such as
nickel, chromium and carbon nanobers (CNFs) is gaining
momentum. Moving to alternative materials provides a direct
way to tune the lithium nucleation overpotential and lithium
affinity of current collectors, with various Fermi levels inu-
encing electron ow direction and electrolyte consumption
control.

Kwon et al. reported multivacancy defective carbon paper (d-
CP) current collectors which can improve the cycling stability of
their corresponding AFLMBs.91 Compared with cells assembled
using pristine carbon paper (p-CP), cells employing d-CP CCs
enjoyed a thinner and smoother SEI that is approximately
one-third of the one formed in p-CP cells. Additionally, as
shown in Fig. 13a, the SEI formed in the AFLMB with d-CP
possesses a larger amount of LiF, indicating improved Li ion
conductivity and exibility compared with the control group.
The obtained d-CP cell delivered a capacity retention of 90% at
a current density of 2.0 mA cm−2 aer 50 charge–discharge
J. Mater. Chem. A, 2024, 12, 16268–16292 | 16283
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Fig. 13 New types of current collector and their performance. (a) The proposed SEI chemical composition on the p-CP CC and d-CP CC. (b) Li
plating efficiency on bare Cu, p-CP and d-CP at 2 mA cm−2.91 Reproduced with permission. Copyright 2021, Springer Nature. (c) Advantages of
the Zn–N-CNF CC over traditional CCs. (d) Cycling performance of a Zn–N-CNF‖LFP full-cell over 120 cycles.70 Reproduced with permission.
Copyright 2024, Elsevier. (e) Reversible Li ion deposition on PI@Au. (f) Energy dispersive spectroscopy (EDS) images of PI@Au.93 Reproduced with
permission. Copyright 2023, Elsevier.
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cycles. The ultralight 3D structures promise high gravimetric
and volumetric densities and support the formation of
a dendrite-free and dense lithium layer, signicantly reducing
the nucleation energy required for lithium deposition.86,92 The
AFLMBs employing these nanobers have achieved impressive
capacity retentions, indicating a substantial enhancement in
battery life.

Zhang et al. designed a Zn–N-carbon nanober (Zn–N-CNF)
for the anode CC of AFLMBs.70 The obtained CC provides a lower
Fermi level, which helps prevent the transfer of electrons to the
electrolyte, consequently slowing electrolyte depletion. Fig. 13c
demonstrates the advantages of Zn–N-CNF. The SEI formed in
the Zn–N-CNF CC battery is much thinner than the one formed
in the traditional system, indicating its inhibitory effect on
electrolyte decomposition. Moreover, the lithiophilic properties
of the material facilitate the formation of a more uniform and
denser lithium deposition layer, which is vital for improving the
performance of AFLMBs. Therefore, cells of the CC coupled with
an LFP cathode exhibited a very satisfactory capacity retention of
91% aer 120 cycles at 0.5C (Fig. 13d).

Wu et al. fabricated an ultralight (0.54 g cm−3) 3D polyimide
nanober with a thin Au coating (PI@Au), which represents
another groundbreaking development.93 Due to its low specic
mass and thickness, exceedingly high gravimetric and
16284 | J. Mater. Chem. A, 2024, 12, 16268–16292
volumetric densities can be achieved, 475 W h kg−1 and 1199 W
h L−1 respectively, and its structure is shown in Fig. 13e. The
EDS images in Fig. 13f indicate the uniform distribution of Au
in the polyimide nanober. Unlike Cu foil CC, the 3D PI@Au CC
will deposit lithium onto its nanober rst and then form
a dendrite-free and dense Li plane. Furthermore, during the Li
plating process, a thin layer of gold will react with Li and form
a gold–lithium alloy, thus largely reducing the nucleation
power. Consequently, the AFLMB employing this PI@Au and
a NCM811 cathode exhibited a capacity retention of 86% aer
100 cycles, providing an areal capacity of 6.4 mA h cm−2. The
investigation of alternative anode current collector materials
provides an excellent way to improve the performance and
durability of AFLMBs. These advancements provide unique
advantages such as improved cycling stability, reduced elec-
trolyte consumption, and enhanced lithium deposition unifor-
mity, enlarging the research area in the battery industry.
4. Key parameters to develop high-
performance AFLMBs

In the pursuit of enhancing the cycling stability of anode-free
lithium metal batteries, researchers face the dual challenge of
This journal is © The Royal Society of Chemistry 2024
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Fig. 14 Strategies for enhancing cycling stability in anode-free lithium metal batteries.
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managing the limited supply of lithium and addressing the
issues arising from inhomogeneous Li deposition. The cong-
uration of AFLMBs offers multiple avenues for modication,
each with the potential to signicantly impact cell performance.
Fig. 14 illustrates various research directions and acknowledges
the ones associated with the efficacy of the cells. Research and
development are prioritized, such as nding advanced
Fig. 15 Challenges of anode-free lithium metal batteries.

This journal is © The Royal Society of Chemistry 2024
diagnostic tools to better understand and improve battery
performance and using cutting-edge technology for long battery
life. Protocols, such as stack pressure and temperature during
cycling are also considered, as they affect the electrode–elec-
trolyte interface and ionic conductivity of AFLMBs deeply.
Additionally, the detailed challenges of AFLMBs are summa-
rized in Fig. 15.
J. Mater. Chem. A, 2024, 12, 16268–16292 | 16285
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4.1 Enhancing lithium utilization and retention

One of the main goals of the development of AFLMBs is to
maximize the utilization and retention of lithium. The pursuit
of enhanced lithium utilization in AFLMBs is a multidimen-
sional endeavor that integrates the development of electrolyte
with the strategic use of sacricial agents (Table 3).94–96 This
dual approach aims to mitigate lithium loss while improving
cell efficiency, thereby improving the overall performance of
AFLMBs. It is crucial that the introduction of sacricial agents
be meticulously managed to preclude deleterious reactions that
could lead to gas formation, which imperils battery integrity.

In parallel, the stabilization of the solid-electrolyte inter-
phase (SEI) is critical for the longevity of AFLMBs. By exploring
electrolyte components and electrolyte additives, efforts are
being made to fortify these interphases against strains from
extensive cycling. These stable interphases are anticipated to
sustain the integrity of battery operation, providing a reliable
platform for efficient ion transport and extended battery life.
Innovation in the current collector design is also critical to the
advancement of AFLMBs. A range of strategies have been
explored to improve the compatibility of current collectors with
the lithium deposition process. From alloying copper with
lithiophilic metals to applying conductive coatings and struc-
turing surfaces at the micro or nanoscale, these efforts are
geared towards promoting uniform lithium nucleation and
circumventing dendrite formation. Moreover, the exploration of
alternative materials such as zinc and titanium and three-
dimensional current collectors is opening up new paths for
performance benets and potential cost reductions.83 This
transition is expected to bolster the overall stability of AFLMBs,
marking a signicant stride towards batteries that can reliably
power the future.94,97
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4.2 Pursuing homogeneity in lithium deposition

Inhomogeneous lithium deposition poses a signicant chal-
lenge in optimizing anode-free lithium metal batteries, threat-
ening battery structural integrity and cycling behavior.
Addressing this issue requires focused modications of current
collectors, which are crucial for lithium plating. Strategies to
enhance lithiophilicity, such as combining collectors with
lithophilic materials or utilizing coatings and surface tech-
niques, have been explored. However, ensuring modications
do not consume active lithium remains a challenge. Therefore,
developing current collectors that sustain full lithiation
throughout battery life is essential. Engineering inherently
stable and fully lithiated current collectors from the outset is
promising, aiming to avoid issues with fast lithium decay.
Ultimately, these advancements can unlock the full potential of
anode-free lithium metal batteries across various applications
through innovative materials science and engineering.
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4.3 Rening operational protocols for optimized
performance

In the quest for optimized performance of anode-free lithium
metal batteries, operational protocols play a decisive role,
16286 | J. Mater. Chem. A, 2024, 12, 16268–16292 This journal is © The Royal Society of Chemistry 2024
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comparable in importance to the material components of the
batteries themselves. The careful calibration of operational
parameters such as stack pressure, cut-off voltage, and current
density is essential in enhancing the battery's life span,
improving coulombic efficiency, and ensuring overall perfor-
mance. In addition, to ensure the ultra-thin structure of exible
anode-free lithium metal batteries, deep charge is oen
required.

Rening protocols involves a deep understanding of the
electrochemical interplay within the battery system. For
instance, stack pressure can signicantly affect the intimate
contact between the electrode and electrolyte, inuencing the
uniformity of lithium deposition and the integrity of the solid-
electrolyte interphase (SEI).59,60 Similarly, cut-off voltage
settings are instrumental in dening the depth of discharge,
which can prevent lithium depletion and mitigate the risk of
dendrite formation, thereby prolonging battery life and main-
taining safety standards. Indeed, experimental evidence from
the work by Genovese et al. illustrates the delicate balance
required in setting these parameters.98

Moreover, the ultra-thin structure of exible AFLMBs
necessitates a thorough analysis of how the depth of discharge
(DoD) impacts battery performance. DoD is determined using
a lower cutoff voltage, where reducing this cutoff voltage
increases the battery capacity. Nevertheless, an increased DoD
may adversely affect the cycling performance due to challenges
in forming a stable lithium reservoir.99 Typically, aer the
initial deep charge and discharge (1.25 V–4.5 V), anode-free
batteries undergo cycling within a standard voltage range
(3.5–4.5 V).100 The lithium initially extracted from the cathode
during the rst charging cycle is deposited onto the current
collector, creating a lithium reservoir. This reservoir compen-
sates for lithium loss during cycling, consequently improving
the battery's longevity. An intermittent high DoD protocol has
been developed by researchers, where the battery predomi-
nantly cycles at a lower discharge depth of 50% and periodi-
cally experiences deeper discharges of 80%.100 This strategy
represents a balance between improving energy density and
maintaining the lithium reservoir to extend the battery's cycle
life. An alternative method involves a steady DoD, while
implementing an asymmetric charging protocol that features
a slower charge rate compared to the discharge rate.101 This
slower charging rate facilitates even lithium deposition, and
the faster discharge rate will promote selective lithium
extraction from the tip of the lithium reservoir, helping the
removal of uneven Li deposits.102

The implication is clear: beyond the composition of the
battery itself, the longevity and efficiency of AFLMBs can also be
signicantly inuenced by operational protocols. This has been
a new frontier in battery research, where the focus is not solely
on material innovation but also on the renement of cycling
parameters. Such optimization requires rigorous testing and
validation to establish protocols that not only maximize
performance but also maintain it consistently over time. The
future of AFLMBs thus hinges not only on the advancement of
materials science but also on the strategic manipulation of
operational parameters.
This journal is © The Royal Society of Chemistry 2024
5. Challenges and strategies for
implementing application of flexible
AFLMBs

As mentioned earlier, the AFLMB possesses advantages such as
high energy density, high power density, light weight, and high
safety, making it a promising battery structure for the devel-
opment of exible devices. Addressing issues such as low
coulombic efficiency and severe dendrite growth in AFLMBs,
this review focuses on both the current research strategies and
recent developments, primarily from the perspectives of the
current collector and electrolyte. To further advance exible
AFLMBs for applications in wearable devices, articial skin, and
other exible devices, considerations should also include the
mechanical properties of the devices and safety concerns
arising from bending. This section elaborates on potential
directions and strategies for developing exible AFLMBs
(Fig. 16), focusing on electrolytes and current collectors, while
also providing insights into the challenges encountered during
the manufacturing process of AFLMBs.103–106
5.1 Gel polymers avoiding leakage under deformation

Liquid electrolytes are fundamental for uniform lithium metal
deposition and exhibit high ionic conductivity, with lithium
salts and organic solvents aiding in the formation of a solid
electrolyte interface (SEI) layer. Nonetheless, their use in exible
AFLMBs presents signicant safety risks. For instance, during
frequent mechanical deformation of exible devices, stress
concentrates near bent areas, causing physical battery damage
that may lead to electrolyte leakage and battery short circuits.
Thus, gel and solid-state electrolytes prove more suitable for
exible devices. Ceramic solid-state electrolytes encounter
challenges such as high brittleness, low ionic conductivity, and
complex manufacturing processes. In contrast, gel electrolytes,
comprising a polymer matrix and liquid electrolyte, offer both
good ionic conductivity and mechanical exibility, rendering
them better suited for exible devices.

The selection of polymer matrices and liquid electrolytes is
crucial in designing gel electrolytes. Noteworthy electrolyte
systems suitable for AFLMBs include Jeff Dahn's dual-salt
electrolyte and Li et al.'s localized high-concentration electro-
lyte.21,107 As for polymer matrices, options range from long-
chain polymers such as PVDF-HFP to polymer monomers with
vinyl functional groups such as PEGDA. Criteria for selecting
these polymers encompass exhibiting good compatibility with
the polymer matrix, maintaining stability with lithium, and
preventing side reactions. Additionally, the polymer's spatial
network should maximize electrolyte accommodation.
5.2 Current collector modication for high exibility

In exible AFLMBs, the current collector plays a crucial role not
only in facilitating lithium deposition and stripping efficiency
but also inmaintaining the battery's exibility and stability under
repeated bending stress. In addition, lithium directly deposits
onto the current collector in this system. Therefore, preventing
J. Mater. Chem. A, 2024, 12, 16268–16292 | 16287
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lithium detachment from the current collector is essential in
designing exible AFLMBs. Generally, three-dimensional current
collectors have a porous microstructure and abundant nucle-
ation sites, enabling uniform lithium deposition/stripping while
experiencing volume change. Moreover, 3D CCs are light weight
and exhibit excellent mechanical exibility. Therefore, the
development of exible three-dimensional current collectors is
viewed as a promising strategy for realizing the application of
exible AFLMBs. Kandula et al. designed a nano-accordion
framework using elastic Ti3C2Tx and single-walled carbon nano-
tubes as the anode host.108 Similarly, Gao et al. used carbon
nanotubes and PVDF–HFP to create exible and free-standing
current collectors.109 These innovative designs improve the
cycling coulombic efficiency while increasing the exibility of
anode-free batteries. Such advancements are pivotal in the
ongoing development of exible anode-free batteries.

As previously mentioned, signicant efforts have been
dedicated to improving current collectors, aiming to design
a stable SEI layer to achieve effective lithium plating and
stripping. An ideal SEI in a exible battery should possess good
mechanical properties to withstand the expansion and
contraction during lithium plating and stripping processes.
16288 | J. Mater. Chem. A, 2024, 12, 16268–16292
Furthermore, the SEI should maintain adhesion to the current
collector and its own integrity during battery cycling.110

Furthermore, to accommodate the bending deformation of
exible devices, the SEI also needs to exhibit good exibility.
Therefore, polymer materials with excellent ion conductivity,
processability, and high exibility emerge as promising SEI
materials for application in exible AFLMBs. The selection of
these ion-conducting polymer articial SEI lms is approached
from four aspects: polymers with non-polar functional groups,
polar functional groups, charged groups, and multiple ion-
conducting functional groups.111
5.3 Trade-off between performance and exibility

Research has shown that applying external pressure can effec-
tively enhance the cycling lifespan of AFLMBs.112 This is because
pressure can efficiently constrain lithium growth and induce
dendrite plastic deformation to maintain a atter morphology
and a lower surface area.113 However, for exible devices,
applying signicant external pressure is challenging as it
compromises their exibility.

During the repeated bending processes, the performance of
exible batteries is impacted by mechanical strain, which is
This journal is © The Royal Society of Chemistry 2024
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determined from both the radius of bending curvature and the
battery's thickness.114 The theoretical maximum strain (3m) in
exible batteries is proportional to the cell thickness (T),
expressed using the formula:

3m = T/2rb (1)

The minimum radius of bending curvature is dened as
rb.115,116 Generally, the maximum strain (3m) is a more reason-
able parameter than rb for evaluating the exibility of battery
components and batteries themselves. Larger strains experi-
enced during bending can lead to irreversible plastic deforma-
tion, which impairs the integrity of electrodes, potentially
causing cracking of the battery and thus increasing the internal
resistance 3m of the battery. Furthermore, mechanical stresses
such as twisting can promote the growth of dendrites. Extensive
dendrite formation not only diminishes battery capacity quickly
but also increases the possibility of piercing the separator,
leading to short circuits and raising safety issues.

Therefore, there is a need to balance mechanical pressure
and exibility. Researchers have developed a composite model
to address issues related to mechanical strain in exible
batteries. In the model, a 3D current collector functions as
a structural support and ller, while the electrode material acts
as a matrix, effectively releasing stress applied to the matrix
during bending processes.117 Inspired by this, in exible anode-
free batteries, utilizing a 3D exible current collector instead of
a traditional copper current collector can not only provide active
sites for uniform lithium deposition/stripping, improving
battery lifespan and cycling stability but also reduce electrode
thickness, enhancing the mechanical exibility of exible
batteries. Another feasible approach is process improvement by
selecting suitable casing/packaging. For instance, multi-layer
packaging structures designed by Argonne National Labora-
tory and polymer package for thin batteries effectively protect
the integrity of battery components.118 These structures are ex-
pected to ensure exibility in exible AFLMB applications while
effectively reducing battery capacity loss.
6. Conclusion

This review briey summarizes the latest research progress of
AFLMBs, focusing on the development of advanced current
collectors and innovative electrolytes, aiming to explore the
potential for developing exible AFLMBs. The anode-free
battery is characterized by light weight, low-cost, high-energy
density, and high safety and has become the basis and
premise for constructing ideal exible devices. This review is
based on the characteristics of exible devices and selects the
most suitable method for developing exible anode-free
batteries among various strategies towards enhancing the
performance of anode-free batteries. It is concluded that the
utilization of gel electrolytes and mechanically robust ion-
conductive polymer articial SEI layers effectively enhances
the cycling life and exibility of exible AFLMBs. Simulta-
neously, innovative manufacturing processes ensure that ex-
ible AFLMBs remain competitive in practical applications.
This journal is © The Royal Society of Chemistry 2024
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