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Introduction
As an important part of portable electronics and new energy vehicles, batteries have become 

an important factor restricting their rapid development. Of various available rechargeable 
batteries, lithium-ion batteries have been commercialized for large-scale applications due to 
their high specific capacity, long cycle life and good safety performance [1]. After continuous 
improvement, the current specific energy density of commercial lithium-ion batteries is 
approaching its theoretical value but still cannot meet the growing needs for higher energy 
densities. Normally, graphite is employed as an active intercalation anode material; during the 
charge process, the Li+ ions intercalate into the graphite, while the opposite occurs during the 
discharge process. Due to the limited space between graphite layers, its theoretical specific 
capacity is restricted to 372mAh/g [2]. As a result, an anode system with a higher energy 
density has to be found urgently. Studies on lithium metal anodes started in the 1970s. When 
lithium metal is used as the anode, its mechanism is based on deposition or stripping of Li+ 

ions, with its theoretical specific capacity reaching 3860mAh/g. Furthermore, because it has 
the lowest known reduction potential (-3.04 V vs S.H.E.) and low density (0.59g/cm3) [3], the 
theoretical specific capacity of the battery can be increased greatly, so that lithium metal is one 
of the most promising anode materials. However, the formation of lithium dendrites has been 
a major problem for lithium metal anodes for a long time. Suffering from the uncontrollable 
growth of lithium dendrites on the lithium metal anode, lithium metal batteries exhibit low 
coulombic efficiency and short cycle life. Even worse, lithium dendrites give rise to safety 
hazards because they cause short-circuits [4,5]. 

Much research has been conducted to understand the formation of lithium dendrites. 
To date, dendrite formation is understood as follows: due to the high chemical reactivity of 
lithium, the lithium metal reacts with the electrolyte to form a solid-electrolyte interface (SEI) 
layer, which can protect the lithium metal from side reactions after assembly of the lithium 
metal battery. During the charging process, the Li+ ions tend to plate in the form of an uneven 
and loose lithium deposition layer, so that the volume of the anode changes dramatically 
during the charge and discharge processes, inducing cracks in the fragile SEI. The exposed 
fresh lithium reacts with the electrolyte to repair the SEI, and the repeating process will lead 
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Abstract
Characterized by high theoretical specific capacity (3860mAh/g) and the lowest reduction potential 

(-3.04 V), the lithium metal anode has received much attention in the continuous pursuit of high-
performance batteries. However, the problems of uncontrollable lithium dendrite growth and the high 
chemical reactivity of lithium, which result in low coulombic efficiency and short cycle life of lithium 
metal batteries, have remained unsolved for decades. Even worse, the presence of lithium dendrites 
poses serious risks to battery safety. In recent years, much work has been conducted on the issue of 
lithium dendrites. In this review, we summarize the latest basic strategies for solving the lithium dendrite 
problem, including the choice of liquid electrolytes, the application of solid/gel electrolytes, modification 
on separator, and tailored surface and scaffold for lithium metal anode. In addition, challenges and 
prospects of lithium metal anodes are discussed.
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to a great loss of active lithium and electrolyte. Meanwhile, Li+ ions 
accumulate at the tip region of the deposition where there is a 
stronger electric field during electrochemical deposition, leading to 
rapid growth of dendritic lithium. On the one hand, the electrical 
contact between lithium dendrites and substrate is broken to 
form “dead lithium,” shortening the cycle life significantly. On the 
other hand, it is quite probable that dendrites will pierce through 

the separator and cause an internal short-circuit, posing a safety 
hazard [6-8]. Obviously, formation of a uniform and robust SEI is 
crucial to alleviation of the growth of lithium dendrites. In this 
review, we summarize some promising methods to inhibit lithium 
dendrite formation, including the aspects of electrolyte, separator, 
and anode. Furthermore, challenges and further directions for 
research are also discussed.

Choice of liquid electrolytes

Figure 1: (a) Illustration of Li deposition process based on the self-healing electrostatic shield mechanism [16], 
(b) SEM images of deposited Li metal on Li−Cu cells with KNO3 additive [17], 
(c) SEM images of the metallic Li electrodes cycled in 5M LiFSI/TMP electrolyte [18], 
(d) The top view SEM images after first cycle lithium plating [19], and 
(e) surface morphologies of the Li-metal anode in Li/Cu cells with 2M LiFSI+2M LiFTFSI electrolyte after 100 
cycles at 0.5mA/cm2 [21]. Reprinted with permission from Ref. [16-19,21]. Copyright American Chemical Society.
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Side reactions between lithium metal and liquid electrolyte 
cannot be avoided because of the high chemical reactivity of 
lithium, but the as-formed SEI is crucial because it does not only 
protect the lithium metal from side reactions but also influences 
the deposition morphology of lithium. Li+ ions will deposit 
preferentially on heterogeneous surfaces of the electrode with 
defects, causing an uneven lithium deposition and then triggering 
the growth of lithium dendrites. An ideal SEI should therefore 
exhibit high ionic conductivity, homogeneous composition and 
high elastic strength to accommodate the volume changes of the 
electrode. Because the solvents, lithium salts and additives have 
a significant influence on the formation of the SEI, it is feasible 
and convenient to regulate the SEI by optimizing electrolyte 
components [9]. Compared with carbonate solvents, ether 
solvents present better compatibility with the Li electrode and are 
commonly used as electrolyte solvent in lithium metal batteries; 
for example, 1,3-dioxolane (DOL), 1,2-dimethoxyethane (DME) 
and tetra(ethylene glycol) dimethyl ether (TEGDME) are prone to 
form oligomers in SEI layers [10]. Mostly LiClO4, LiCF3SO3 (LiTFS) 
and LiC₂F₆NO₄S₂ (lithium bis (trifluoromethanesulfonyl) imide, 
LiTFSI) serve as lithium salts [11]. Electrolyte additives also have 
an important effect on SEI formation, and can help to form a robust 
SEI by participating in the SEI-forming reactions. Fluoroethylene 
carbonate (FEC) [12], vinylene carbonate (VC) [13] and LiNO3 [14] 
are representatives of traditional additives that react preferentially 
with lithium to form a superior SEI film on the anode and thus 
reduce the consumption of electrolyte. Some metal cations with low 
reduction potentials, such as Na+, Cs+ and Rb+ [15,16] are also very 
effective electrolyte additives (Figure 1a). When lithium deposition 
starts to become uneven, the charge accumulation at the tip regions 
will attract these cations to gather at the protrusions, forming an 
electrostatic protective shield, impeding the local accumulation of 
lithium ions, and alleviating the growth of dendrites. Added KNO3 
has been shown to perform better than LiNO3. For example, in the 
case of 0.1M KNO3 in 1M LiTFSI (DME:DOL=1:1 v/v) electrolyte, a 
Li-S battery exhibits an average discharge capacity of 687mAh/g, 
higher than the 637mAh/g obtained with 0.1M LiNO3 additive. 
This enhancement can be attributed to the electrostatic shielding 
effect of K+, while the lithium deposit is more uniform due to the 
inhibition of lithium dendrite growth (Figure 1b) [17]. When 
electrons transfer faster than Li+ ions during the deposition process, 
there will be a concentration gradient near the surface of the anode, 
and lithium dendrites are expected to form easily at this time. High 
electrolyte concentrations (>2M) has been shown to alleviate this 
problem [18,19]. High lithium ion concentrations can lower the 
concentration gradient near the surface of the anode, so that the 
generation of space charge is suppressed (Figure 1c). The solvation 
of lithium ions is decreased, accelerating mass transfer, which is 
beneficial for the uniform deposition of lithium. By employing 4M 
lithium bis(fluorosulfonyl)imide (LiFSI)-DME electrolyte, improved 
coulombic efficiency and long cycle life are ensured. In a Li/Cu half-
cell using this electrolyte, an average coulombic efficiency of 98.4% 
over more than 1000 cycles at a current density of 4 mA/cm2 was 
obtained. The control half-cell using 1M LiFSI-DME electrolyte failed 
in just a few cycles with a highly fluctuating coulombic efficiency. 
The observation of nodule-like lithium deposition morphology by 

SEM showed that lithium dendrite formation was suppressed in 
4M LiFSI-DME electrolyte (Figure 1d) [20]. A dendrite-free Li metal 
anode was also attained using 7M LiFSI in FEC (Figure 1e) [21] and 
2M LiFSI+2M LiTFSI in DME [22].

An ionic liquid (IL) electrolyte is a type of low temperature 
molten salt, which is composed entirely of ions. In lithium metal 
batteries, IL electrolytes can be used to tune the SEI and promote 
the homogeneous deposition of lithium [23,24]. However, due to 
their high viscosity, which will decrease the ionic conductivity, it 
is usually necessary to use liquid solvents for dilution. The room 
temperature ionic conductivity of a diluted and solvated ionic liquid 
composed of tetraethylene glycol dimethyl ether solvent (G4) and 
LiFSI diluted to 50 vol% with DOL reached 4.8210-3 S·cm-1, and the 
Li/Cu half-cell using this optimized electrolyte exhibited excellent 
coulombic efficiency of greater than 99.98% at 5mA/cm2 [25]. 
Other solvents such as DME [26] and TEGDME [27,28] are also 
effective in increasing the ionic conductivity of ionic liquids and 
improving the characteristics of the lithium metal anode.

Use of solid or gel electrolytes
Characterized by excellent electrochemical and thermal 

stability, superior mechanical properties and relatively high lithium 
ionic conductivity, solid electrolytes are attracting more and more 
attention as a promising method to suppress the growth of lithium 
dendrites and obtain a safer lithium metal anode [29]. Solid 
electrolytes can be generally classified into inorganic and polymer 
electrolytes. Inorganic solid electrolytes include sulfides, oxides and 
phosphates such as Li10GeP2S12 [30], Li3PS4 [31], Li1.3Al0.3Ti1.7(PO4)3 
[32] and Li2P5O6N5 [33], while the main components of polymer 
solid electrolytes are polymers such as PAN, PEO, PMMA and PVDF 
[34]. However, solid electrolytes have some shortcomings, such 
as insufficient ionic conductivity, large interfacial resistance and 
poor compatibility with lithium metal, which hinder their direct 
use in lithium metal batteries [35]; some modification is needed. 
Doping is a common method to increase ionic conductivity. For 
instance, Li1.3Al0.3Ti1.7(PO4)3 results from doping of LiTi2(PO4)3 solid 
electrolyte with Al, which greatly increases the ionic conductivity 
to an order of 10-3 S/cm due to the increased lithium content 
and the densification of the solid electrolyte [32]. Similarly, the 
interfacial compatibility and stability between solid electrolyte 
and lithium metal anode can be improved by adding Li3PO4 and LiF 
[36,37]. Combining the advantages of the high ionic conductivity 
of a liquid electrolyte and the high safety of a solid electrolyte, 
gel polymer electrolytes (GPE) are an effective way to suppress 
lithium dendrites for safer lithium metal batteries. An example 
is the pentaerythritol tetraacrylate (PETEA)-based GPE. Its ionic 
conductivity is 1.13×10-2 S/cm at room temperature. Because of the 
reduced lithium dendrite formation and the strong immobilization 
of polysulfides in the presence of PETEA, the capacity retention 
ratio of the Li-S battery is 81.9% after 400 cycles at 0.5 °C. From the 
SEM images of the lithium deposition after 50 cycles, the electrode 
retains relatively smooth morphology [28]. However, higher 
mechanical stability is necessary for effective shape conservation. 
Hence, a great deal of modifications of polymer gel electrolytes 
have been carried out, such as adding nano-fillers (ZnO, MgO, 
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Al2O3, ZrO2) and compounding with plasticizers (polyethylene, 
polystyrene) [38-41]. Construction of multilayer solid electrolytes 
is another promising solution to inhibit Li dendrite formation. The 

Li-S battery applying LLCZN and PMMA bilayer solid electrolyte 
had an initial coulombic efficiency of 99.8%, maintaining 99% in 
subsequent cycles at 0.2mA/cm2 (Figures 2a & 2b) [42].

Modified separators

Figure 2: (a-b) Schematic of the garnet bilayer framework and cross-section SEM image of the bilayer sulfur 
cathode [42], 
(c) schematic illustration of Li nucleation on the bare Cu foil and PNIPAM grafted Cu substrates [52], 
(d) schematic illustration of the Cu3N+SBR composite artificial SEI [53], and 
(e) top-view SEM images after five galvanostatic plating/stripping cycles on Cu3N+SBR artificial SEI protected Cu 
foil [53]. Reprinted with permission from Ref. [41,52,53]. Copyright of RSC Publishing and John Wiley and Sons.

The separator plays an important role in isolating the anode 
and cathode and providing a path for ion transport. Due to the 
close contact between the anode and the separator in an assembled 
cell, in addition to the basic physical barrier function, constructing 
modified layers on the separator could add the functions of 
tuning lithium deposition and inhibiting the growth of dendrites 
to the separator. Several types of materials can be used to modify 
separators, including carbon materials [43-45], polymeric materials 
[46], inorganic materials [47-49] and composites. Most of the 
carbon materials such as porous graphene [43], super-P [44] and 
acetylene black [45] are coated on the separator surface to inhibit 
the growth of lithium dendrites. However, a new strategy has been 

proposed to transform lithium dendrites into dense lithium deposits 
by modifying the commercial separator with functionalized 
nanocarbon (FNC). Para-benzenesulfonic acid groups on the FNC 
surface can immobilize some Li+ ions during the initial cycle; in 
the subsequent cycles, dendrites will grow simultaneously on both 
the lithium metal anode and FNC coating. Once they make contact, 
the growth direction of the dendrites is changed, resulting in a 
dendrite-free uniform lithium deposition layer on the lithium metal 
surface. As shown in Figures 2a & 2b, the surface of the lithium 
metal anode is covered by a dense lithium deposit without obvious 
lithium dendrites. In sharp contrast, a great amount of lithium 
dendrites is formed on the control anode. From the perspective of 
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electrochemical performance, Li/LiFePO4 coin cells with modified 
separators can retain more than 80% of their initial capacity after 
800 cycles at 1 C in 1M LiTFSI (DOL:DME=1:1 v/v) [50]. The modified 
layer on the separator can also improve the interaction between the 
electrolyte and the separator to obtain better ionic conductivity and 
a higher lithium ion transference number, which will ameliorate the 
lithium ion deposition conditions and thereby suppress the growth 
of lithium dendrites and improve the performance of lithium 
metal batteries. For example, a polydopamine/octaammonium 
POSS (PDA/POSS) composite coating was applied on a PE polymer 
separator by mussel-inspired surface chemistry, which results in 
an increase in lithium ionic conductivity from 0.36 to 0.45 mS/
cm, while the Li+ transference number increases from 0.37 to 0.47. 
As a result, Li/LiCoO2 cells using a modified separator in 1M LiPF6 
(EC:EMC:DMC=1:1:1 v/v/v) show a discharge capacity retention 
of 83.4% after 200 cycles at 0.5 C, compared with 78.0% for the 
control batteries with pristine PE separator [51].

Tailoring surface and scaffold of lithium metal 
There is no doubt that direct modification of lithium metal 

anodes is the most effective strategy to limit lithium dendrite 
formation [52,53]. Currently, research is mainly focused on surface 
modification and 3D composite matrices. It is hard to achieve 
precise regulation of the SEI during the charge/discharge process, 
and inhomogeneity of components and morphology is unavoidable. 
Therefore, ex-situ artificial coating of the lithium metal anode 
is regarded as a facile and effective means to guide the uniform 
lithium deposition and suppress the volume change of Li metal 
anode during cycling. The protective layer(s) on the surface of 
lithium metal must have high ionic conductivity, good stability 
and mechanical strength. By fine-tuning the preparation process, 
carbon materials such as carbon nanofiber (CNF) [54], multi-
walled carbon nanotubes [55], ladder-like carbon nanoarrays [56] 
and nitrogen-doped amorphous carbon (a-CNx) films [57] were 
proven to be effective in inhibiting the growth of lithium dendrites. 
By electrospinning and magnetron sputtering techniques, a highly 
flexible semi-tubular carbon film was produced. This modified layer 
is highly insulated and has a densely interconnected semi-tube 
network structure, which helps to inhibit detrimental side reaction 
of the Li metal, and accommodates the huge volumetric change 
during the charge/discharge processes. Hence, the probability of 
lithium dendrite growth is greatly reduced. For Li/Cu cells using a 
modified anode in 1M LiTFSI (DOL:DME=1:1, v/v) electrolyte with 
1.0 wt% LiNO3, the coulombic efficiency was increased to 99.2% at 
0.5mA/cm2 within 125 cycles [58].

Due to the highly controllable functional groups on polymers 
and excellent wettability with the electrolyte, tailoring the lithium 
metal interface with flexible polymer coatings is another important 
direction for dendrite-free lithium metal anodes. To prevent the 
growth of lithium dendrites from the initial process, a 3D oxidized 
polyacrylonitrile (PAN) nanofiber polymer coating was prepared by 
co-electrospinning (Figure 3a). The polar functional group on the 
polymer provides a homogeneous lithium ion flux and prevents the 
uneven deposition of lithium; it also contributes to adsorption of a 

large amount of electrolyte, improving the affinity of the electrode 
for electrolyte. Furthermore, a 3D scaffold can better accommodate 
the volume changes of the deposited layer, which is conducive to 
uniform deposit morphology without dendrites (Figure 3b). The 
modified electrode was evaluated in a Li/Cu cell with 1M LiTFSI 
(DOL:DME=1:1, v/v) and 2 wt% LiNO3 as electrolyte. Cells with 
control electrodes had lower coulombic efficiencies and shorter 
cycle life, with the coulombic efficiency dropping to 70% after 
60 cycles at a current density of 3mA/cm2. In contrast, cells with 
modified electrodes had an increased coulombic efficiency of 97.4% 
for 120 cycles [59]. Application of lithium alloys such as Li-Mg [59], 
Li-Al (Figure 2c) [60,61], and Li-Sn [62] is also a very effective 
method to protect lithium metal anodes. Cu3N nanoparticles will 
form a fast ion conductor, Li3N, immediately when in contact with 
lithium metal. Fast lithium ion conductivity facilitates the rapid 
transport of lithium ions and ensures a uniform lithium ion flux near 
the electrode surface and inhibits the growth of lithium dendrites. 
A coating prepared by combining Cu3N nanoparticles and styrene 
butadiene rubber (SBR) adds good synergistic flexibility (Figure 
2d), so that a dendrite-free lithium metal anode is obtained (Figure 
2e). In Li/Cu cells, the Cu3N+SBR protects Cu to deliver a relatively 
stable coulombic efficiency over 100 cycles, while the coulombic 
efficiency of pristine Cu fell below 70% in only 50 cycles at 1mA/
cm2 in 1M LiPF6 (EC:DEC=1:1, v/v) electrolyte with 10 wt% FEC 
additive [53]. To alleviate the problem of local charge accumulation 
originating from uneven deposition and slow ion transport near the 
surface of the anode, 3D composite matrices have been proposed. 
On the one hand, the large specific surface area reduces the effective 
current density of the electrode, facilitates the uniform deposition 
and stripping of lithium, limits the lithium to a certain space, and 
greatly alleviates the drastic changes in the volume of the electrode. 
On the other hand, the loss of active lithium due to side reactions 
between electrolyte and metallic Li is reduced to some extent.

Reduced graphene oxide could bind with lithium strongly 
because of its good affinity with lithium, which guarantees the 
homogeneity of the layered Li-rGO composite electrode prepared 
by thermal infusion. Electrochemical tests showed that the Li-rGO 
electrode shows very small voltage hysteresis compared to the 
bare Li anode and the lithium stripping curve indicates that the 
composite anode can deliver a specific capacity of 3390mAh/g [63]. 
Highly cross-linked polymeric substrates also have 3D mesh frames 
and abundant pore channels where the Li+ ions can be transported 
rapidly. Also, the method of electrospinning ensures that the matrix 
has no reactive activity and will not decompose during the cycling. 
A porous substrate was made from polyimide (PI), a chemically 
stable polymer with high mechanical strength, by electrospinning. 
A lithiophilic layer (ZnO) was then applied to solve the problem 
induced by the high interfacial tension of lithium on polyimide. 
After infusing molten lithium metal into the matrix, a composite 
Li anode was obtained (Figures 3c & 3d). The electrochemical 
tests showed that the composite anode can be cycled stably for 
more than 100 cycles at a high current density of 5mA/cm2 in 1M 
LiPF6 (EC:DEC=1:1, v/v) [64]. In another direction, copper is well 
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regarded as an anode current collector, and in most cases, copper 
foil sheets are used as the anode current collector. The 3D structure 
of the electrode can reduce the local current density to form a 
uniform lithium deposit without dendrites and to inhibit the volume 
change of the lithium metal. For example, a 3D Cu/Li composite 
anode displayed a coulombic efficiency of 93.8% after 100 cycles at 
0.5mA/cm2, higher than the ordinary anode which exhibited only 
30.9% efficiency after 70 cycles [65]. A 3D structure can also be 

formed on the surface of common copper foil by simple chemical 
methods. Firstly, immersing a Cu foil in ammonia solution to form a 
layer of Cu(OH)2 on the surface, then dehydrating, and reducing the 
Cu foil, a Cu foil with 3D porous surface is prepared (Figure 3e). At a 
current density of 0.5mA/cm2, the modified anode had a coulombic 
efficiency of 97% after 50 cycles in 1M LiTFSI (DOL:DME=1:1, v/v), 
which is much better than that of the unmodified Cu foil [66].

Figure 3: (a) Schematic of the polymer nanofiber modified layer [58], 
(b) tilted-view SEM images of Li deposition on Cu-OxPA [58], 
(c) top-view SEM images of the Li-coated polyimide (PI) matrix after 10 cycles of stripping/plating in EC/DEC at 
a current density of 3 mA/cm2 [64], 
(d) electrospun PI is coated with a layer of ZnO by ALD to form core-shell PI-ZnO [64], and 
(e) schematic presentation of the procedures to prepare a 3D porous Cu foil from a planar Cu foil [66]. Reprinted 
with permission from Ref. [58,64,66]. Copyright ACS and Nature Springer.
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 Conclusion
Safe lithium metal anodes have been an objective of research 

since the 1970s. However, the uncontrollable growth of lithium 
dendrites and low coulombic efficiency during the charge/
discharge processes still result in unsatisfactory practical 
performance of Li metal batteries. In this review, we discussed the 
formation and growth of lithium dendrites and the latest research 
on lithium metal anodes are also introduced: optimizing the 
composition of liquid electrolytes, applying solid/gel electrolytes, 
coating separators with functional layers, modifying the surface 
of lithium, and providing a host for lithium deposition. Although 
various improvement methods have been proposed, there still 
remain many challenges to producing a high-performance lithium 
metal anode. The formation of lithium dendrites is related to many 
factors, so that the improvement strategy should be comprehensive 
to meet the practical needs. Owing to the highly controllable 
functional groups available on polymers, excellent wettability with 
the electrolyte and superior flexibility, various polymer materials 
are widely used in lithium metal batteries as a component of the 
modified layer on an electrode or solid/gel electrolyte. We believe 
that combining the unique advantages of polymeric materials 
with other multi-functional components is a promising strategy in 
improving lithium metal anodes. Our understanding of the growth 
of lithium dendrites is still inadequate, and the established models 
are also not perfect to guide further improvement. As technology 
advances, more advanced simulation, testing and characterization 
technologies are being developed in the research on lithium metal 
anodes, which will accelerate the development of Li metal batteries. 
There are good prospects for practical introduction of Li metal 
batteries in the near future.
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