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Abstract 

Lithium metal batteries (LMBs) enable much higher energy density than lithium-ion batteries (LIBs) 

and thus hold great promise for future transportation electrification. However, the adoption of lithium 

metal (Li) as an anode poses serious concerns about cell safety and performance, which has been 

hindering LMBs from commercialization. To this end, extensive effort has been invested in 

understanding the underlying mechanisms theoretically and experimentally and developing technical 

solutions. In this review, we devote to providing a comprehensive review of the challenges, 

characterizations, and interfacial engineering of Li anodes in both liquid and solid LMBs. We expect 

that this work will stimulate new efforts and help peer researchers find new solutions for the 

commercialization of LMBs.  

1. Introduction 

Lithium metal batteries (LMBs), by adopting lithium (Li) metal as their anodes, promise a much 

higher energy density than that of state-of-the-art lithium-ion batteries (LIBs). They are highly 

regarded for boosting the market share of electric vehicles (EVs). Li metal has a theoretical 

specific capacity of 3860 mAh g–1, which is significantly higher than conventional graphite 

anodes' capacity of 372 mAh g–1. Additionally, it has the lowest negative electrochemical 

potential (-3.04 V vs. standard hydrogen electrode (SHE)).[1] All these make Li metal an ideal 

anode. In LMBs, the anode's energy storage mechanism involves plating and stripping Li metal, 

unlike other types of anodes found in lithium-ion batteries (LIBs) that use intercalation, alloying, 

or conversion reaction. The high reactivity of Li metal can cause severe reactions with almost 
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all liquid and solid electrolytes (LEs and SEs) with the production of solid electrolyte interphase 

(SEI). There are several reasons why Li metal can fail in a battery: (1) continuous increase in 

internal resistance due to the formation of suspicious SEI and incompatibility between Li anode 

and LEs and SEs, (2) unavoidable volume change during the plating/stripping cycle due to 

dendrites formation, (3) dead lithium formation resulted from uneven and irreversible Li 

plating/stripping.[2] All these reasons create two significant problems in liquid-based LMBs: 

continuous formation of SEI and uncontrolled dendrite formation with increased dead Li. Both 

of these factors lead to decreased cyclability and low Coulombic efficiency (CE) of all the 

LMBs. They all are interface-determined. Adopting SEs could improve the safety of LMBs. 

However, the SEs can also suffer from interface issues similar to LEs, along with new void 

formation at the interface between Li metal and an SE.[3] It is worth noting that all the physical 

and chemical properties of an SE are related to interface stability, including ionic conductivity, 

chemical stability, mechanical strength, and electrochemical stability window.[4] To mitigate the 

afore-discussed problems of Li anodes in LMBs, surface modification of Li metal remains a 

widely used strategy.[5]  

Stimulated by the great potential of LMBs, we conducted this summary on recent studies of Li 

anodes. We aimed at providing insights into new technical solutions of LMBs. Previously, 

several review articles have focused on different specific aspects of Li metal anodes, such as 

interfacial complications,[6] characterization tools,[7] or mitigation techniques.[8] This review 

provides a comprehensive overview on the fundamentals of interfacial complications, 

characterization tools, and their corresponding mitigation techniques. We begin by introducing 

the interface issues and their significance to battery performance. We then summarize various 

microscopic and spectroscopic characterization tools. Finally, we focus on the efforts reported 

for addressing the interface issues of Li anodes via surface engineering methods. We conclude 

this review by providing some outlook on future studies. Figure 1 summarizes the recent studies, 

including Li metal surface complications and characterizing tools, as well as the design of 

mitigation techniques for surface complications. 
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Figure 1. Schematic illustration of the issues of Li metal anodes, advanced characterization tools, and 

general strategies for tackling the issues. 

2. Interfacial complications  

Before LMBs can be considered a reliable technology, they need to overcome significant 

interface obstacles. Some of the most difficult challenges are the constant formation of SEI, the 

formation of voids in the Li//SE interface, and Li dendrites growth. These issues can negatively 

impact the battery's coulombic efficiency and increase its internal impedance. 

2.1. Origin of SEI formation 

Lithium ions in lithium metal have higher hydration energy than electrolytes and a tendency to 

lose electrons (strong reducing agent). Hence, the contacted electrolyte will unavoidably be 

reduced (reductive decomposition) on the Li surface, resulting in the formation of SEI. The 

decomposition of an electrolyte highly depends on its electrochemical stability, which is 
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reflected as reduction and oxidation at negative and positive electrodes, respectively, during the 

charging state.[9]  

The electrochemical stability window of an electrolyte is represented by the energy levels of the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of its solvent molecules. Goodenough claimed that an SEI layer forms when the redox 

potential of the electrodes in a battery lies outside the electrolyte electrochemical window.[1a, 10] 

However, the electrochemical stability window of a complex electrolyte is entirely different 

from its HOMO-LUMO energy gap. Pekka et al.[11] explained how the electrolyte stability 

window differs from the HOMO-LUMO energy gap and is related to the SEI formation. The 

electrochemical stability window of an electrolyte is always lower than its HOMO-LUMO 

energy gap based on the Fermi level concept. In fact, the calculated HOMO energies of common 

battery solvents are -10.51 and -9.64 eV for ethylene carbonate (EC) and dimethyl carbonate 

(DMC), respectively, while their corresponding oxidation potentials are 7.87 and 7.07 V vs. 

absolute vacuum scale (AVS) (6.14 and 5.53 V vs. Li+/Li), respectively.[12] These values are too 

far from the experimental oxidation values of EC and DMC solvents. After adding lithium 

hexafluorophosphate (LiPF6) to the carbonate solvent complex, the electrolyte will oxidize at 

lower potentials on the positive electrode (cathode) surface while forming hydrofluoric acid 

(HF). The AVS scale's theoretical oxidation potential decreases to 6.4 - 6.6 V (5 - 5.2 V vs. 

Li+/Li), and after multiple steps, the experimental oxidation potential can still be lower than the 

theoretical values. Hence, the oxidation of complex electrolytes occurs at 2 V lower than the 

energy levels where the oxidation of the isolated solvents theoretically occurs.[13] In the same 

way, complex electrolyte reduction will occur at a higher voltage than its actual voltage on the 

negative electrode (anode) surface. Figure 2a shows the electrolytes' HOMO-LUMO energy gap 

and practical electrochemical stability window. SEI is a film formed by the reductive 

decomposition of electrolytes, including components of organic solvents and Li salt, on an Li 

metal surface. It is an ionically conducting but electrically insulating protective film.  
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Figure 2. a) the negative and positive potential limits for the electrolyte stability and the energy levels 

of HOMO and LUMO. Reproduced with permission from ref. [11], Copyright 1990, Royal Society of 

Chemistry. b) Schematic illustration of the surface film formation on lithium electrodes in alkyl 

carbonates and in 1-3 dioxolane solutions. Reproduced with permission from ref. [14], Copyright 2000, 

Elsevier.  
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Theoretically, this passive layer could ideally permit the migration of Li+ ions but prevent any 

further electrolyte decomposition, enabling stable cycling performance of LMBs in the 

subsequent cycles. As discussed extensively, SEI is understood to be a highly complicated Li+ 

ion conducting layer consisting of many different decomposed products. These decomposed 

products include both inorganic and organic components, such as Li2CO3, Li2O, LiCO2R, LiF, 

and Li alkoxides.[14]  Figure 2b illustrates the surface films formed on Li electrodes in alkyl 

carbonates (EC, DMC, etc.) and 1,3-dioxolane (DOL). The suitable permeable electrode 

surfaces ensure relatively low electrode/electrolyte interfacial resistance. Using electrolyte 

additives and high-concentration electrolytes (HCEs) has been proven to be effective in 

stabilizing the formed SEI layered.[15] Multiple additives have higher reduction voltages than 

bare electrolyte compositions, which decompose on the Li surface before other electrolyte 

components to create a passivation layer.[16] Similarly, HCEs are proposed to regulate interface 

properties via their distinct solvation structures. In HCEs, the anions are sacrificially reduced 

prior to forming a stable anion-derived inorganic-rich SEI product, with the resultant formed 

SEI deemed to be ionically more conductive.[17] The high Li+ concentration leads to a 

thermodynamically favorable Li plating/stripping process. In addition, the high concentration 

of Li salts suppresses dendrites' generation by delaying Li ions' depletion during the plating.  

SEs have been highly regarded as an ideal solution to the issues associated with LEs, considering 

their benefits in safety and potential for new electrochemistry (such as Si and Li as anodes). The 

resultant all-solid-state batteries (SSBs), however, also suffer from serious interfacial issues. 

The rigid contact between an SE and Li metal makes it difficult to achieve well-proportioned 

interfacial Li+ redox processes, resulting in increased interfacial resistance and decreased 

electrochemical performance during cycling. In other words, it is important to secure good 

wettability between SEs and Li metal, but the high elastic rigidity nature of Li metal renders 

poor interfacial contact with SEs solid electrolytes, leading to unsatisfactory interfacial ionic 

transportation.[18] The composition of SEI layers in SSBs is highly related to which type of SEs 

are adopted and their electrochemical stability window. There are two commonly used types of 
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SEs: polymeric (pSEs) and inorganic solid electrolytes (iSEs). pSEs are more flexible and 

maintain a stronger connection with electrodes during cycling. They can reduce the formation 

of SEI at the interface between Li metal and SEs, compared to iSEs. However, their practical 

applications are limited due to their narrow electrochemical stability window and low ionic 

conductivity at room temperature.[19] iSEs can be further classified into two main types based 

on their compositions: sulfides and oxides. In general, sulfide-based SEs enable a higher Li-ion 

conductivity than that of oxide-based SEs. Li10GeP2S12 (LGPS), for instance, has one of the 

highest Li-ion conductivities (12 mS cm−1) at room temperature, which also exceeds that of most 

Les.[20] LGPS is soft and easily deformed, enabling a highly densely packed electrolyte with low 

grain boundary resistance. At the interface between a sulfide-based SE and Li metal in SSBs, 

several low ionic conductive phases have been observed, such as Li2S, Li3P, Li17Ge4, and 

polyphosphate compounds.[21] In addition, most of the sulfide electrolytes are prone to react with 

moisture and release toxic H2S gas due to their extremely hygroscopic nature. Hence, surface 

coating is a widely used strategy to protect Li metal from undesirable interfacial reactions (more 

details described in section 4).[22] Among oxide-based SEs, several types have been undergoing 

intensive investigations, including garnet, perovskite, sodium superionic conductor 

(NASICON), and lithium superionic conductor (LISICON). Compared to sulfides, oxides 

typically have lower ionic conductivities but better electrochemical stability with lithium metal 

anode. For instance, garnet SEs like Li7La3Zr2O12 (LLZO) exhibit a relatively low ion 

conductivity (∼10–4 S cm−1), but it is very stable with Li metal. They are relatively stable in air 

but liable to degrade with the formation of an insulative carbonate layer under an atmosphere of 

moisture and carbon dioxide.[23] Perovskite-type and NASICON-type conductors possess poor 

stability with Li metal[24] Electrolytes like Li1+xAlxTi2-x(PO4)3 (LATP) and Li3xLa2/3-xTiO3 

(LLTO) contain Ti3+, which can easily be reduced to Ti2+ when in contact with Li metal. 

LISICON-type Li conductors are poor in ionic conductivity at room temperature and can enable 

very high ionic conductivities at high temperatures. For example, LiZnGeO4 is reported only to 

have 10–7 S cm−1 at room temperature and exhibit its highest conductivity (0.125 S cm−1) at 300 
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◦C. This is because that mobile Li+ ions have been trapped in the structure at lower 

temperatures.[25]  

2.2. Void or pore region formation  

Void formation at an Li metal/SE interface is another failure mechanism in SSBs.[26] During a 

stripping process, Li atoms are separated from the surface of Li metal and transferred into SEs 

as Li+ ions. This process creates Li-vacancies on the surface of Li metal. The pace at which 

these vacancies are generated is governed by the applied electrical current. The accumulation of 

Li-vacancies leads to voids at the interface, which decreases the contact between Li metal and 

SEs and raises some interfacial resistance.[27] According to Ieuan and his coworkers,[28] the void 

formation is closely related to the interfacial work of adhesion (Wad) and the surface energy of 

Li metal (γm). If Wad is greater than or equal to 2γm, it can prevent void formation at the interface 

between Li metal and SE. Otherwise, if Wad is less than 2γm, the stripping current will decrease 

due to loss of interfacial contact between Li metal and SE, which will cause further hole 

formation and interfacial failure. Above all, current density plays a role in void formation. A 

low current density will lead to large critical void nuclei and slow void growth with highly 

effective areal stripping capacities. A high current density induces more void nucleus sites with 

small sizes. As a consequence, the voids grow fast, resulting in rapid contact loss in the porous 

Li metal.[29] Yang et al.[30] used the Li7P3S11 SE to visualize microscopic void defects under 

different stripping conditions and their morphological changes. The schematics of the optical 

observation and plasma-focused ion beam scanning electron microscope (PFIB-SEM) method 

to probe the void morphology.  Furthermore, they observed variations in polarization curves 

during the formation of voids during the stripping reaction. Zhao et al.[31] present a mechanistic 

theory for predicting void evolution in the Li metal electrode during the charge and discharge 

of SSB cells (Figure 3a). The formation of voids on Li metal starts with the generation of nano-

sized pores at the Li//SE interface that cannot be repaired by the bulk Li metal.[32]  
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Many researchers demonstrated that a suitable stack pressure and temperature could allow 

uniform lithium plating and stripping by reducing void and non-wetting regions at the SE/Li 

interface.[33] Doux et al.[34] reported that, at a stack pressure of 5 MPa, the Li/Li6PS5Cl/Li 

symmetric cell was successfully cycled for 1000 hrs of plating and stripping without any short 

circuit. Initially, they fabricated symmetric cells at 25 MPa to allow lithium to creep and fill the 

pores along the interface. During the measurement, the pressure was decreased to 5 MPa, which 

was enough to enable good contact of lithium with the electrolyte during the cycling but yet not 

high enough to cause lithium creep through the electrolyte and induce cell shorting, as seen at 

25 MPa. They displayed how stack pressure affects Li metal SSBs' shorting behavior and 

impedance values. Figure 3b displays how stack pressure affects Li metal SSBs' shorting 

behavior and impedance values. 

 

 

 

 

 

Figure 3. a) Numerical experiments on a Li metal anode-LLZO electrolyte system under realistic 

conditions: predictions of void evolution and current distribution for several stripping and plating 

cycles. Reproduced with permission from ref. [31], Copyright 2022, Elsevier. d) Schematic of the effect 

of the stack pressure on the shorting behavior of Li metal solid-state batteries along with the symmetric 

cell impedance drop. Reproduced with permission from ref. [34], Copyright 2020, Wiley.   

 

 It needs to be pointed out that the external stack pressure could suppress the formation of voids 

during Li-stripping but might also lead to faster cell failure due to high mechanical stress.[35] 

The interfacial resistance could significantly decrease to near 0 Ω cm2 with a high external 
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pressure of 400 MPa in a Li//LLZO//Li symmetry cell as estimated by EIS analysis.[32] In 

practice, battery engineers have adopted pressure-sensitive tapes and compression pads, both 

single- and double-sided, to maintain structural integrity and guarantee appropriate pressure for 

cell-to-cell bonding. 

Temperature is another important factor for SSBs. It facilitates and enhances the ionic transport 

in both an SE and Li metal, as well as charge transfer across their interface. It also alters the 

mechanical properties (elastic, plastic, and viscous) of Li metal.[36] In addition to increasing the 

ionic conductivity of SEs, an increased temperature also has positive effects on stable Li plating 

and stripping. Increasing temperature increases the critical current density (the current density 

at which the cell fails due to short circuits) and reduces the polarization during stripping.[32, 37] 

It was demonstrated that the heat treatment of the Li//LLZO//Li symmetry cell at 180 °C for 1 

h led to the reduction of the interfacial resistance by 40 times, compared to the pristine room 

temperature cell.[38] In Li metal, the rate of plastic deformation increases exponentially with 

increasing temperature.[39] Furthermore, the cell temperature also has a critical value to avoid 

pore formation with low deformation in Li metal electrodes. To prevent the formation of voids, 

it is advisable to choose SE materials that possess high Wad values. However, it is important to 

exercise caution when using materials with excessively high Wad values, as this may lead to the 

formation of metal Li dendrites at SEs’ grain boundaries. This is due to the fact that the energy 

of these boundaries is closely tied to the surface energy of SEs.[40] A proven and effective 

method for preventing void formation at the Li//SE interface is the introduction of conductive 

interlayers with high Wad selectively. This technique modifies the surface of the Li metal without 

causing any alteration to the SE grain boundary energetics. Ilias and his co-worker successfully 

removed the formed pores at the interface between Li// Li6.25Al0.25La3Zr2O12 (LALZO) by using 

non-destructive electrochemical pulse method. Later, it was systematically demonstrated 

reduction of interfacial charge transfer resistance in a 

Li//Li6.4La3Zr1.4Ta0.6O12(LLZTO)//LiNi0.6Mn0.2Co0.2O2 (NMC622) full cell.[41]   

2.3. Dendrite formation 
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In a conventional LE-based cell, the LE is readily reduced by Li metal and forms an SEI layer 

once they come into contact during the cell preparation.[42] However, the SEI is mosaic in 

composition and brittle. Thus, it cannot endure evident changes in the shape and volume of the 

Li metal electrode. In a charging (Li plating) process, the SEI layer is prone to rupture. This also 

likely causes fresh Li to be exposed to the LE because of the newly forming Li. Fresh Li reacts 

and consumes the LE, deteriorates CE, and increases cell impedance with increased SEI 

thickness. The ruptured SEI also provides an inhomogeneous surface during Li plating, which 

can trigger the potential differences on the surface, eventually resulting in dendrite formation 

and dead Li. The Sand equation shown below indicates that the time for lithium dendrite 

formation is inversely proportional to the applied current density.[43]  

 

 

 

where ze is the charge number of the cation (ze = 1 for Li+), Co is the bulk salt concentration, F 

is the Faraday's constant, and J is the current density. The tLi and ta (= 1− tLi) are the transference 

numbers of lithium cations and associated anions. τ is the time for Li dendrite to start to grow 

(onset time).[44] The onset time will be delayed as the current density decreases.[45] The 

morphology of Li dendrites varies with changes in current density. High-density results in mossy 

dendrite formation, while low density leads to needle-like dendrites. These are more likely to 

penetrate the porous separator (porosity ∼40-60%) and touch the cathode, causing short-circuit 

and thermal runaway, i.e., uncontrollable exothermal reactions between the components of the 

cell, forming highly flammable toxic gases. Eventually, the internal cell pressure will lead to 

explosion and ignition.[46] This brought the safety concerns of rechargeable LMBs to public 

notice, motivating the development of much safer and low-capacity carbon anode materials. 

This finally contributed to the delivery of LIBs in the 1990s. Initially, researchers thought that 

replacing LEs with SEs could restrain Li dendrite growth because of the large Li+ transference 

number (tLi ∼1) and high mechanical strength.[47] Figure 4a shows the electrochemical stability 

𝜏𝜏 = 𝜋𝜋𝐷𝐷𝐿𝐿𝐿𝐿
(𝑍𝑍𝑒𝑒𝐶𝐶𝑜𝑜𝐹𝐹)2

4(𝐽𝐽𝑡𝑡𝑎𝑎)2  
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ranges of various solid electrolyte materials. If SEs have an Li-ion transference number close to 

one, it can prevent extensive local ion depletion during the current load. Therefore, extensive 

Li+ concentration differences inside the SE cannot account for non-uniform electrodeposition 

observed in LEs and pSEs.[48] It was suggested that a desirable shear modulus of SEs should be 

two times larger than that of Li metal (4.8 GPa at 25 °C) for suppressing Li from dendritic 

growth. In practice, however, Li dendrites can still grow in SEs and lead to a short circuit.[49] 

 

 

 

 

 

 

 

 

 

 

Figure 4. a) Electrochemical stability ranges of various solid electrolyte materials grouped by anion, 

with corresponding binary for comparison. Reproduced with permission from ref. [47], Copyright 2016, 

American Chemical Society. b) growth mechanism of Li dendrite in solid electrolytes. Reproduced with 

permission from ref. [51], Copyright 2018, American Chemical Society. 

 

In SSBs, the interface between an SE and Li metal creates a strong depletion region (space 

charge region) that can impede the movement of Li. However, it is worth noting that the 

interfacial resistance between the SE and Li metal can be high due to the limitations of the Li 

atoms in these two solid-state materials. The Li atoms cannot reorient themselves as freely as 

they can in a liquid electrolyte/electrode interface, resulting in a higher resistance between the 

SE and Li metal interface. At the interface of Li metal and the SE, there exist many non-wettings 
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(void) and wetting areas (as described in section 2.2). Because of the potential difference 

between these two areas, dendrites may start to grow in wetting areas first. Even though 

sufficient pressure is applied to the cell to eliminate the non-wetting areas, there is still a chance 

for dendrite growth along the SE grain boundaries.[50] The Li+ diffusion rate is higher at the 

boundary of SE grains, resulting in the preferential plating of Li dendrites along the grain 

boundary and leading to the penetration of SEs by Li dendrites. Figure 4b presents the growth 

mechanism of Li dendrite in SEs. In addition, some external factors, such as stacking pressure 

and current density, affect the growth of Li dendrites.[51] Too high or too little pressure can affect 

the internal structure of SEs, causing cracks inside SEs and thus facilitating the penetration of 

Li dendrites.[52] Hence, it is critically important to gain an improved understanding of the charge-

carrier interactions within SEs and how solid-solid interfacial properties affect the structure and 

chemical composition of the materials at the interface. Numerous studies on SEs have focused 

on correlating performance with macroscale properties, such as grain properties, ionic 

conductivity, and grain boundary effect.[53] Several reports were on whisker dendrite formation 

between Li metal and iSEs.[53-54] From the studies, whisker growth was assigned to specific 

surface sites and defects and exposed non-polished grains.[55] Furthermore, Li metal grows 

through iSEs by interconnected pores in low-dense ceramics and grain boundary regions.[56] 

Short circuits were also found to be caused by crack initiation, propagation, and crack filling 

with SE materials.[57] Furthermore, internal Li plating in isolated pores was observed.[58] 

Significant pressure is necessary during the assembly to prevent dendrite and void formation in 

the Li/SE interphase of high-power SS-LMBs. However, the automotive industry is cautious 

about using high pressures for battery fabrication, as brittle SEs may not be able to endure it 

while there will be high cost and weight incurred for battery packs. Thus, reducing the required 

stack pressure is crucial for using SS-LMBs. To address this issue, researchers have developed 

new surface modification techniques for Li metal anodes, which improve the interface between 

Li//SE, as described in section 4. 

3. Characterization techniques  
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Characterizing the surface of Li metal after charge/discharge cycles (ex-situ) is challenging, not 

only due to the high reactivity of Li metal with air and humidity but also because of the presence 

of electrolyte traces. However, it is essential to examine the Li metal's surface to better 

understand the initial stages of Li plating and stripping, as well as the subsequent growth of Li 

dendrites. Additionally, the presence of the SEI layer that passivates the Li metal surface adds 

the complexity of this task. The SEI layer comprises unstable organic and inorganic compounds, 

highly sensitive to the incident beams used in the analysis process under normal atmospheric 

conditions. To avoid contacting with air, researchers used In-situ/operando techniques. 

Developing reliable In-situ methods can be difficult and requires special electrochemical cells 

and probing equipment. It is crucial to implement targeted measures to ensure accurate analysis. 

In this section, we extensively summarize the progression and proliferation mechanisms of Li 

dendrite growth using various imaging techniques. We review imaging techniques such as 

optical, electron, scanning probe, neutron, and resonance-based methods. Our findings show 

that ordinary light and resonance-based techniques have the least spatial resolution, while the 

neutron-based method show some improvement. On the other hand, the electron microscope 

method has the highest spatial resolution.[59] We have compiled a table in order to compare the 

advantages and challenges of various characterization techniques for observing dendrite growth. 

See Table 1 for more details. 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 
 

Table 1: Different characterization techniques and their advantages and challenges in order to observe 
the dendrite growth. 

 Characterization techniques Advantages Challenges 
1 In-situ optical microscope Simple cell set-up. Visibility and air-tight cell glass window 

cell. 
2 Transmission electron microscopy 

(TEM) 
Accurately finding the nature and chemical 
composition of dendrites. 

Use of Low vapor pressure LEs. 
Nano-size battery. 

3 In-situ Scanning Transmission Electron 
Microscope (STEM) 

Accessible to the nature and chemical 
composition of dendrites. 

Use of low vapor pressure LEs. 
Nano-size battery. 

4 In situ electrochemical Atomic Force 
Microscope 

Precisely measuring dimensions of dendrites. Measurement should be in an inert 
atmosphere. 
Non-stick surface. 

5 Raman scattering microscope 3D stimulated Raman scattering Image, Li-ion 
concentration on electrode/electrolyte 
interface. 

Top and bottom glass window special cell. 

6 In situ Nuclear Magnetic Resonance 
spectroscope (NMR) 

Detection of Li dendrite formation as well as 
dead Li. 

Complex NMR cell design. 

7 In situ Magnetic resonance imaging 
(MRI) 

3D imaging of dendrites formation. Complex cell design. 

8 Electron paramagnetic resonance 
(EPR) 

Accurate surface analyses and lithium 
dendrite distributions. 

Ex-situ measurement. 

9 Surface Plasmon Resonance (SPR) Investigate the initial process of dendrite 
formation. 

Complex SPR cell design. 

 

3.1. Microscopic techniques 

3.1.1. In-situ optical microscope:  

In-situ optical microscopy technique has been extensively used to study the deposition behaviors 

of Li and its dendrite growth. This technique is convenient as it uses a simple sealed glass cell 

set-up, making it the most preferred imaging method.[60] By analyzing the galvanostat data in 

conjunction with microscope observations, one can gain insights on the rate of Li dendrite 

growth and surface concentration. The length of the dendrites is controlled by ionic mass 

transfer and follows a linear growth rate with a square root of dendrite initiation time. It is worth 

to mentioned here that surface Li+ concentration is not the only factor responsible for the 

evolution of Li dendrites.[61] In a separate study, Yamaki et al.[62] developed a model for the 

growth and formation of Li dendrites in an electrolyte of lithium perchlorate (LiClO4) dissolved 

in propylene carbonate (PC), based on the observation on an Li foil half-cell by an In-situ optical 

microscope . They observed an Li dendrite tip moving from left to right and found no change in 

the tip morphology. In an experiment by Brissot et al.,[63]  the growth of Li dendrites was 

observed in Li||Li symmetric cells containing polyethylene oxide-lithium 
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bis(trifluoromethanesulfonyl)imide (PEO-LiTFSI) pSE. The symmetric cells were cycled at 

different current densities of 0.2, 0.7, and 1.3 mA cm–2. As a result, needle-like dendrites, tree-

like dendrites, and bush-like dendrites were formed, respectively. Studies have shown that 

dendrites tend to grow in accordance with the projections of the Chazalviel diffusion model [64]. 

According to this model, a decrease in current density can prevent the formation of Li dendrites. 

In return, this can extend Sand's time. It has also been observed that there has a maximum length 

for dendrites. Any extension beyond this limit increases the risk of breakage due to ion flow 

currents in the electrolyte. This can result in the formation of dead Li. Figure 5 shows the cell 

design, experimental setup, and typical dendrites obtained with different current densities (0.2, 

0.7, and 1.3 mA cm–2).   

 

 

 

 

 

 

 

Figure 5. Schematic representation of the a) optical microscope In-situ cell and of the b) experimental 

setup and c) typical Li dendrites obtained with different current densities. Reproduced with permission 

from ref. [63], Copyright 1998, Elsevier. 

 

Researchers have observed different morphologies of Li dendrite in different LEs and SEs with 

the help of an optical microscope. This has generated information about the role of SEI 

morphology and its chemical composition on the deposition behavior of Li [65]. Additionally, 
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Bai et al.[44] analyzed the effects of Sand’s time on dendrite formation. They used a symmetric 

Li stretched capillary cell with 1 M LiPF6 in EC:DMC electrolyte and observed dendrite growth 

via optical microscopy. By multiplying the Sand’s time with the current density, the group 

calculated Sand’s capacity for each cell. When the voltage curves for each cell were plotted at 

different current densities, it was observed that cells charged below Sand's capacity resulted in 

mossy Li, which could not penetrate an anodic aluminium oxide (AAO) membrane. On the other 

hand, cells charged above the Sand's capacity produced dendritic Li, which could penetrate the 

AAO membrane. 

Several research groups have demonstrated the impact of current density on the plating 

behaviors of Li metal anodes. They have observed that higher densities result in a quicker 

transition of mossy Li to dendrites. One such study by Sagane et al.[66] focused on the effect of 

current densities on Li plating and stripping. They assembled a solid-state cell using a glassy 

lithium phosphorus oxynitride (LiPON) SE with a working electrode of Cu foil. The LiPON//Cu 

interphase was the location of Li plating. In this setup, both the reference and counter electrodes 

were Li metal. Cells were cycled at 5, 50, 250, 375, and 500 μA cm–2. The group employed an 

optical microscope to observe the initial Li plating locations, three-dimensional growth, and 

variations in Li plating amongst different charge densities. After analyzing the data, the group 

found that Li grows in the pre-plated Li region. This highlights the importance of regulating the 

initial Li plating shape to ensure stable subsequent plating and stripping. It also helps to reduce 

the charge transfer resistance across the SE//Li interface. Interestingly, In-situ optical imaging 

results indicate that high current density does not adversely affect all stages of Li plating. Sano 

et al. used a vinylene carbonate (VC) additive for ionic liquid-based electrolytes to control the 

SEI layer. No Li deposits were observed under the optical microscope until the cell voltage 

reached zero, after which Li deposits grew larger. After conducting tests, it was determined that 

using 1-Ethyl-3-methylimidazolium bis(fluoromethylsulfonyl)amide (EMI-SFA) at a current 

density of 50 μA cm–2, with or without VC additive, as well as EMI-SFA at a current density of 

150 μA cm–2 without VC additive, were not effective in controlling dendrite growth. On the 
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other hand, using 1-Methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide (PP13-

TFSA) at a current density of 50 μA cm–2, with or without VC additive, resulted in fine dendrites. 

In fact, a stable SEI maintains high mechanical strength over long cycling periods and 

effectively passivates the Li metal surface while allowing for uniform Li plating/stripping.[67] Li 

et al.[68] compared the Li dendrite growth effects of adding both dilithio peroctasulfide (Li2S8) 

and lithium nitrate (LiNO3) versus just adding LiNO3 to their LiTFSI-based electrolyte. The 

team used a two-electrode cell setup that would enable them to accurately determine how much 

Li had been lost during the platting/stripping cycle. The cell was cycled at 5 mA cm–2, and a 

video was recorded to view the differences between the dendrite growths. They found that 

dendrites grown without the polysulfide additive grew continuously throughout the cycle. In 

contrast, the Li dendrites grown with the additive underwent a process of growth and subsequent 

shrinkage, indicating a reaction between the dendrites and the additive. They also found the Li 

salt effect on the dendrite growth mechanism and observed it under the optical microscope. The 

study also examined how temperature impacts the structure of SEI. Aryanfar et al.[69] 

manufactured cylindrical quartz cells housing symmetric Li electrodes with LiClO4 in PC 

electrolyte. The cell was submerged in an oil bath at 44, 54, 64, and 78 ˚C and analyzed using 

an optical microscope in every 12 hrs over a 48-h period. They established a connection between 

the temperature of the symmetric cell and the reduction in dendrite length. This finding helped 

them verify their predictions about the activation energy required for the thermal relaxation of 

Li dendrites. Love et al.[70] conducted a study to measure the effect of temperature on dendrite 

growth. They cycled a symmetric Li||Li cell at -10, 5, and 20 °C using the electrolyte of LiPF6 

in EC:DMC and 5 mA cm–2 as the charge density for all cells. The cells were cycled until 

dendrites formed and shorted the cell. Microscopic photos were taken every 50 seconds until 

shorting. The group identified differences in dendrite morphology, growth rate, and initial 

growth locations by photographing the cells during cycling. The conclusions gathered from the 

optical microscopy observations include the following: dendrites grown at -10 °C were dense, 

mushroom-shaped, and grew in all directions; those grown at 5 °C were coarse and needle-like, 
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grew at the fastest rate, and shorted the cell first of the three conditions; those grown at 20 °C 

were needle-like and grew at a slower speed.  

3.1.2. Transmission Electron Microscope  

Transmission electron microscope (TEM) can provide high-resolution images of atomic 

structure, chemical composition, and morphology of materials. When working with high vapor-

pressure LEs, however, TEM has compatibility issues under its ultra-high vacuum.[71] To this 

end, researchers have used ionic liquids or oxide-based SEs for In-situ TEM probing, instead. 

For instance, Yassar[72] and his group used an ionic liquid-based electrolyte. A research team 

used TEM to study the behavior of Li ions during stripping in a symmetric cell. To conduct their 

investigation, they designed a unique observation cell that employed two titanium (Ti) 

electrodes, each with Li metal attached, and a liquid electrolyte of 1M LiPF6 in PC. They focused 

an electron beam on one end of the electrodes to observe the Li stripping and applied a small 

positive potential to the observed electrode.[73] The researchers discovered that dendritic Li 

growth and nano-granular Li structures could be grown using a poly(diallyldimethylammonium 

chloride) (PDDA) polymer film coating on the electrodes. This coating reacted with the LE, 

attracting PF6 salts and promoting the growth of a fluoride-rich SEI layer, effectively reducing 

dendritic growth on the electrode. Additionally, the team identified three modes of Li stripping 

through TEM observation: symmetric stripping, surface-preferred asymmetric stripping, and 

interface-preferred asymmetric stripping. They also found that fragments of SEI would float in 

the electrolyte instead of sticking to the electrode surface, indicating the importance of 

preserving a formed SEI. Thus, it has always been crucial to develop vacuum-tight, electron-

transparent environmental cells for TEM analysis.[74] A figure of a typical electrochemical 

microchip was shown in Figure 6a, depicting dendrite growth from a gold (Au) working 

electrode over time (Figure 6b). 
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Figure 6. Schematic representation of the cross-sectional illustration showing the containment of the 

electrolyte between the two microchips along with images of the electrochemical microchip showing 

the Au electrodes b) showing dendrite nucleation and growth m an Au WE during electrodeposition 

function of time. Reproduced with permission from ref. [74a], Copyright 2014, Royal Society of 

Chemistry.  
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A study was conducted using in-situ TEM observations on the anode/electrolyte interface with 

LiPF6 electrolyte in PC while maintaining the electron beam below the electrolyte's damage 

threshold (< 0.3 electrons Å–1s–1).[75] Leenheer et al.[76] conducted similar experiments observing 

dendrite formation at different current densities (1, 10, and 25 mA cm–2) using an electrolyte of 

LiPF6in EC:DMC. They Diaz et al. developed an original measurement technique using both an 

atomic force microscope (AFM) and TEM to measure the pushing force of Li dendrites and the 

forces at which Li dendrites will break or turn from vertical to horizontal growth. An AFM 

cantilever was placed on top of an Li metal electrode, a voltage was applied across the electrode 

and the cantilever, and Li dendrites were allowed to grow. Images taken by the TEM were 

analyzed to measure how far the dendrite would push against the cantilever, and calculations 

were made using Hooks’ Law to quantify the driving force of the Li dendrite. The information 

obtained using TEM helped researchers to achieve a crucial understanding of the Li dendrite 

growth mechanism. For instance, it can help scientists choose solid-state electrolytes with 

promising mechanical features that will inhibit dendrite growth for future LMBs [77]. Apart from 

the TEM, A scanning transmission electron microscope (STEM) was utilized to investigate the 

composition and structure of the interface between cubic lithium lanthanum zirconium oxide (c-

LLZO) SE and Li metal anode. The researchers identified an ultra-thin interphase with a few 

unit cells that play a crucial role in the compatibility between the two materials [78]. Conventional 

macroscopic methods like optical microscope do not easily detect this interphase. Furthermore, 

several SEs have been reported, such as LLZO,[79] LiPON,[80] LAGP (Lithium aluminum 

germanium phosphate),[81] and LATP.[82] These SEs are used successfully in In-situ TEM/STEM 

cells to observe dendrite growth. 

3.1.3. Scanning Electron Microscope  

Scanning electron microscope (SEM) has recently been utilized in LMB research to study 

reactions at the interface between Li metal and an electrolyte. An In-situ SEM study on the 

evolution and growth of Li dendrites requires a specific cell design and operation under a high 

vacuum environment, similar to In-situ TEM studies. This limits the electrolyte choice to less 
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volatile ionic liquids and pSE/iSEs. Rong et al.[83] developed an LE cell with a silicon window 

to be studied by In-situ SEM. The group used an electrolyte of LiTFSI in 1,3-Dioxolane: 1,2-

Dimethoxyethane (DOL:DME) with Li2S8 and LiNO3 as co-additives to determine the dendrite-

suppressing effects of the additives. Using In-situ SEM, the group could analyze real-time 

images of dendrite formation while the cell was electrochemically cycled. Dendrite growth, Li 

stripping, and 'dead' Li were successfully visualized. The behaviors of Li when deposited and 

stripped using a solid-state LiPON-LATP electrolyte were observed by Sagane et al.[54b] through 

an In-situ SEM. The experiments were conducted on the cell using two different current 

densities: 50 and 500 μA cm–2. Comparing the resulting interfaces, the researchers discovered 

that, at 50 μA cm–2, Li grew sporadically, and dead Li formed on each Li site. At 500 μA cm–2, 

the root of Li growth sites was thin, resulting in isolated or dead Li formation, which ultimately 

reduced the coulombic efficiency of the cell. Several studies have investigated Li dendrites' 

nucleation, growth, and stripping in SSBs under varying current densities and local cell 

pressures by examining the Li plating at the Li//SE interface.[54c, 84] 

3.1.4. Atomic Force Microscope  

In-situ Atomic Force Microscopy (AFM) can precisely map the surface topography of Lithium 

(Li) metal without causing any damage. Therefore, it was employed to observe Li plating 

morphologies in three different electrolytes and analyze how the morphology changes with 

varying current densities and overpotentials. The researchers found that higher charge density 

resulted in more electrolyte decomposition, forming the initial SEI. High overpotential produced 

denser and finer dendrite morphology. The group identified three modes of dendrite growth 

using AFM: preferential growth, merged growth, and independent growth.[85] Aurbach[86] and 

his group used In-situ AFM in an argon-filled glovebox to observe non-uniform Li deposition. 

The AFM technique was effective in mapping the electrochemically reactive surface. 

3.1.5. Raman Scattering Microscope 
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The Raman scattering microscope (RSM) employs two precisely synchronized picosecond laser 

pulses to visualize ion transport in a battery electrolyte. Cheng et al.[87] created a visualization 

cell using lithium bis(oxalato) borate (LiBOB) in tetraethylene glycol dimethyl ether 

(TEGDME) and PVdF-HFP gel. They aimed to investigate the relationship between Li-ion 

concentration and uneven Li deposition. Through their use of RSM, they were able to identify 

three distinct stages in Li deposition: 1) slow deposition of mossy Li when surface ions are not 

depleted, 2) mixed growth of mossy Li and dendrites during partial depletion, and 3) dendrite 

growth after full depletion. With the clarity afforded by RSM, the group was able to establish a 

clear connection between Li-ion concentrations and Li deposition. Observing the formation of 

dendrites and voids during battery cycling can be accomplished through the use of microscopic 

characterization techniques. However, specialized cell setups are needed for these techniques, 

and they may not accurately replicate the actual battery environment and operating conditions. 

Developing a cell setup that can closely mimic the real battery environment and conditions 

would be highly beneficial for improving the effectiveness of these techniques in the future. 

3.2. Spectroscopic tools and others 

3.2.1. Nuclear Magnetic Resonance Spectroscope 

Nuclear magnetic resonance (NMR) spectroscopy determines the structure of organic and 

inorganic molecules. It takes advantage of the magnetic responses of nuclei in the presence of a 

magnetic field. In a study by Bhattacharyya et al.,[88] NMR spectroscopy was used to measure 

the amount of mossy Li generated during deposition reactions on Li metal surface. When an 

Li||silicon cell was inspected with NMR during the discharge state, no change in Li intensity 

was observed, indicating that Li ions were transferring toward the opposing electrode. However, 

upon charging the cell, the Li metal intensity increased, indicating the emergence of mossy Li 

due to the nucleation of Li ions onto the Li metal strip. The use of NMR spectroscopy proved 

to be a precise method to quantify dendrite formation and make connections between the amount 

of dendrite formation and the electrochemical state of the battery at the time of detection [89]. 

Another study by Schweikert et al.[90] used In-situ NMR techniques to observe dendrite 
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formation on Li||Li4Ti5O12 cells with different electrolytes. The tested electrolytes were 0.5M 

LiPF6 in EMIM-TFSA(1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) -amide), 

EMIM-TFSA:EC (7:3 v%), EMIM-TFSA:PC (7:3 v%), and 1M LiPF6 in EC:DMC (1:1 v%). 

Results showed that the most effective electrolytes in suppressing dendrite formation, as 

observed using NMR spectroscopy, were LiPF6 in EMIM-TFSA and EMIM-TFSA:PC (7:3 

v%). Magnetic Resonance Imaging (MRI) is a powerful tool that relies on high-frequency radio 

waves to detect atomic responses to a magnetic field. While it is most commonly used in 

medicine, it can also provide valuable insights for scientists studying materials in various fields. 

Chandrashekar et al.[91] recently used MRI to pinpoint the location of Li dendrite formation, 

constructing a detailed three-dimensional image of the internal structure of a pouch cell. To 

confirm their In-situ SEM imaging results, demonstrating the usefulness of MRI in battery 

research. They also suggested exploring dendrite formation under different electrochemical 

conditions. Ilott et al.[92] took a unique approach, using MRI to locate and observe dendrite 

growth locations by observing the electrolyte surroundings of the dendrites formed. Their team 

successfully constructed an Li||Li symmetrical cell, using the electrolyte of 1M LiPF6 in 1:1 

EC:DMC. They accurately observed the dendrites' "shadows" to create a detailed three-

dimensional image of both electrodes and the electrolyte space in between. Their results were 

obtained quickly and with high accuracy, showcasing the power of MRI in materials research. 

Electron paramagnetic resonance (EPR) is another valuable tool for studying materials with 

unpaired electrons, utilizing a similar concept to NMR. The concentration of impurities and 

disorder in the Li structure heavily influences the Li EPR signal, resulting in a featureless 

spectrum from bare Li metal foil and high selectivity for dendrite detection.[93] The peaks 

attributed to Li microstructures can be used for electron paramagnetic resonance imaging 

(EPRI), enabling Li dendrite localization monitoring during operando measurements by 

implementing novel cell design. EPR imaging is a unique and semi-quantitative tool for studying 

and optimizing electrochemical cell variables to achieve uniform and non-dendritic Li metal 

deposition. Sathiya et al.[93] constructed a cell with Li2Ru0.75Sn0.25O3 as the cathode, Li metal as 
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the anode, and LiPF6 in EC: DMC as the electrolyte. The team used EPR to image the surface 

of the cathode and successfully observed anionic redox reactions that contribute to the high 

capacity of the cathode. Although EPR cannot provide images smaller than the micron scale, it 

is believed to become an important tool in the battery industry in the near future. Surface 

plasmon resonance (SPR) refers to a plasmonic phenomenon that results from the interaction 

between photons of the incident light and electrons of the Li metal surface. As a result, the 

optical SPR spectra are greatly influenced by surface phenomena on the thin metal film. Kitta 

et al.[94] developed an electrochemical-SPR cell that utilized a copper mesh at the working 

electrode, Li metal as the counter electrode, and LiPF6 in PC as the electrolyte. Using SPR, the 

researchers observed the surface of the copper mesh during the first few cycles and successfully 

detected dendrite formation as thin as 0.1μm. The formation of dendrites during the formation 

of Li dendrites on the Li metal surface is a significant problem for the safety and electrochemical 

reversibility of LMBs. SPR can track changes in refractive indices at the Li metal//electrolyte 

interface that result from surface roughness.[95] As previously mentioned, the use of 

spectroscopic techniques requires a specialized electrochemical cell setup to effectively 

characterize the surface of lithium metal. The implementation of such a setup is essential in 

order to ensure accurate and precise readings. As a result, researchers must be well-versed in 

the proper use of this equipment in order to produce reliable data. Table 2 shows the microscopic 

and spectroscopic methods for examining the Li metal surface.  
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Table 2: Compilation of microscopic and spectroscopic techniques to examine the Li metal surface.
  

Analytic technique Salt (Solvent) Current density  
(mA cm-2) 

Outcomes & Observations Ref. 

In-situ Optical 
microscope 

LiClO4 (PC) 2  Developed an approximation for the 
Li deposition mechanism.  

 Proposed Li dendrite ‘whiskers’ 
grow from the base. 

 
[62] 

 PEO-LiTFSI 0.2 to 1.3  Found the relation between dendrite 
growth velocity and the anionic drift 
velocity.  

 
[63] 

 LiPF6 (EC: DMC) 
 

5  Confirmation of the whisker 
formation and growth of dendrite 
from the tip via In-situ observation.  

 Tip growth is faster than base or 
extrusion-based growth.  

 
[65d] 

 LiPF6 (EC: DMC) 0.01  Proposed a mechanism for how 
mossy Li can become isolated, 
leading to dead Li. 

 Tip growth and broadening were 
observed.  

[65c] 
 

 LiPF6 (EC: DMC) 
LiTFSI (DOL: DME) 

0.74  Effect of ionic transport conditions 
and SEI modifications on dendrite 
formation.  

 Needle-like dendrite growth is an 
inherent property of Li metal.  

 
[65a] 

 

  LiPF6 (EC: DMC) 2.6  Found the relation between dendrite 
growth conditions, their 
morphologies, and Sand’s capacity. 

 
[44] 

 PP13[TFSA] 
EMI[FSA] 

0.15  Tested the effect of VC on dendritic 
growth in both PP13 and EMI 
electrolytes.  

 PP13[TFSA] with VC yielded non-
dendritic particles. 

 
[67] 

 LiTFSI (DOL: DME) 2  Exploiting the Li and lithium 
polysulfide reaction to make a stable 
and uniform SEI layer. 

 
[68] 

 LiClO4 (PC) 2  Study on thermal kinetics of Li 
dendrites.  

 Heating dendrites to 55 oC reduces 
dendrite length.  

 
[69] 

 LiPF6 (EC: DMC) 5  Explained the effect of temperature 
on dendrite morphology. 

 
[70] 

 LiPF6 (EC: DMC) -  Observed dendrite and dead Li 
formation on graphite anode. 

 
[65b] 

 LiPON SE 0.5  Observed dendrite growth in solid 
electrolytes.  

 Li plating plays a major role in 
dendrite morphology.  

 
[66] 

 

Transmission electron 
microscopy (TEM) 

Direct contact  -  Mechanical stress imposed by Li 
dendrite formation onto the SEI 
layer was measured and analyzed. 

 
[77b] 

 LiPF6 (PC) -  Observed Li stripping of dendrites 
covered in a fluoride-rich SEI.  

 Interface-preferred asymmetric 
stripping results from the most dead 
Li formation. 

 
[74c] 

 

 LiPF6 (EC: DEC) 1  Comparison of Room Temp. TEM 
and Low Temp. TEM for dendrite 
observation.  

 
[73] 
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 LiPF6 (EC: DEC) 100  Used commercial electrolytes can be 
used for in situ observation.  

 Observed lithiation of Au anode, Li 
dendrite growth, electrolyte 
decomposition, and SEI formation. 

 
[74b] 

 LiPF6 (EC: DMC) 20  Observed SEI forms before Li 
deposition. 

 Deposition formed crystalline 
particles within SEI, possibly 
leading to dendrite growth. 

 
[74a] 

 LiPF6 (PC) 0.1  Visualization using TEM, features 
of battery performance (SEI growth, 
mass of Li in electrodeposition) 
were compared to coin cell.  

 
[75] 

 

In-situ Scanning 
Transmission Electron 

Microscope 
(STEM) 

Liquid aprotic 
electrolyte 

1 to 25  Effect of current density on Li 
dendrite morphologies.  

 Electron beam may affect Li 
microstructure.   

 
[76] 

 LiTFSI (DOL: DME) 
with 1 wt.% LiNO3 

0.15  Studied dendrite suppression effects 
of Li2S8 and LiNO3 as additives in 
the electrolyte. 

 
[83] 

 
 LiPON SE 0.5  Observed the LiPON/Cu interface 

by SEM. 
 

[54b] 
 

Atomic Force 
Microscope with E-

TEM 

Li2CO3 SE 
 

31  Mechanical strength of Li dendrites 
tested.  

 
[77a] 

 
In situ electrochemical 

Atomic Force 
Microscope 

LiTFSI (DOL:DME) 
LiPF6 (EC:DMC) 

LiTFSI (DOL:DME)  
with 2 wt.% LiNO3 

0.5  Voltage and current density effects 
were investigated in different 
electrolytes. 

 Higher overpotential produces fine, 
dense dendrites.  

 
[85] 

In-situ atomic force 
microscope 

LiPF6 (PC) -  Observed that non-uniform Li 
dendrite morphologies lead to poor 
cycling ability.  

 
[86] 

Raman scattering 
microscope 

LiBOB in 
TEGDME/PVdF-

HFP gel electrolyte 

4.2  The effect of electrolyte 
concentration on the growth of Li 
dendrite and the detection of dead Li 
were explained. 

 
[87] 

 

Nuclear Magnetic 
Resonance Spectroscope 

LiPF6 (EC: DMC) 
 

1.25  Successfully demonstrated that 
NMR can be used in situ to monitor 
Li microstructures.  

 
[88] 

In situ Nuclear Magnetic 
Resonance spectroscope 

(NMR) 

LiPF6 (EC: DMC) 
LiPF6 (EMIM-TFSA) 
LiPF6 (EMIM-TFSA: 

PC) 

0.26  Observed effect of electrolyte on 
dendrite growth. LiPF6(EMIM-
TFSA:PC) performed the best.  

 
[90] 

In situ Magnetic 
resonance imaging 

(MRI) 

LiPF6 (EC: DMC) 29  Tested MRI for In-situ observation 
of Li dendrite growth.  

 
[91] 

 LiPF6 (EC: DMC) 0.16  Demonstrated MRI technique to 
measure dendrite growth.  

 
[92] 

Electron paramagnetic 
resonance (EPR) 

LiPF6 (EC: PC: 
DMC) 

-  Explain the EPR technique to 
observe the SEI formation and 
parasitic reactions. 

 
[93] 

Surface Plasmon 
Resonance (SPR) 

 
LiPF6 (PC) 

1  Used SPR for dendrite observation 
with extreme precision. Detection of 
Li-metal deposition at an average 
thickness of 0.1nm.  

 

 
[95b] 

  
LiPF6 (PC) 

1  Li metal deposition and dissolution 
observed via SPR. 

 
[94] 
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4. Surface engineering to mitigate interfacial issues 

Li metal is highly reactive to any electrolytes, either LEs or SEs, with the formation of an interfacial 

SEI layer. This layer is typically formed in a point-to-point mode, resulting in only a few points on the 

interface being electrochemically activated.[35d] This can lead to a high overall cell impedance as the 

electrical current flows only through these active points. This additional resistance caused by 

inhomogeneous contact is known as electrical constriction resistance, which can accelerate dendrite 

growth.[96] The rate of dendrite growth is influenced not only by the plating current density but also by 

four additional parameters. These parameters include the radius of curvature, surface diffusivity, surface 

energy, and concentration of movable particles in the Li metal anode.[97] Therefore, various Li metal 

surface modification methods exist, ranging from mechanical and solvent-based techniques to coating 

technologies, that aim to alter these surface properties. These methods aim to change the surface 

parameters to reduce surface complications. One way to increase the surface area of Li metal is through 

mechanical and solvent modifications. Deposition techniques such as physical vapor deposition (PVD), 

atomic/molecular layer deposition (ADL/MLD) and in-situ polymerization can also be used to provide 

a sub-micron thin film coating to host the Li ions. 

4.1. Mechanical modifications 

Modifying the surface texture of Li metal anodes has proven to be an effective approach in controlling 

the processes of Li plating and stripping, as well as suppressing dendrite growth in LMBs. The 

deposition and dissolution of Li-ions are significantly influenced by the surface area of the Li anode 

material, while potential differences caused by textural variations drive surface diffusion, ultimately 

leading to smoother Li surfaces and reduced dendrite growth.[98] There are two strategies for altering 

the surface area of Li anodes: 1) patterning the Li metal anode surface and 2) adding a micro/nano-

structured framework to the Li metal anode surface. In both strategies, the enhanced surface area and 

pore structure accommodate the Li plating and block dendrite formation with their high mechanical 

strength. This section will cover recent works on mechanical surface modifications, including 

patterning, conductive, and non-conductive frameworks added to the Li metal surface to increase long 

cycle life. Researchers have investigated various shapes of micron-sized patterns, such as square [99], 
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cylindrical,[100] and pyramidal[101] on Li anodes that are a few hundred microns thick. The surface pattern 

of the Li anode regulates the process of Li plating and stripping by changing the distribution of the 

electric field. The electric field's strength is higher at the larger curvature of the patterned Li anode 

surface. Therefore, for patterned Li anodes, the electric field exhibits a more significant gradient 

distribution along the edges of the holes or apertures where Li plating and stripping occur. Li et al. [100] 

discovered a successful method for creating tiny, organized holes on Li metal anodes using a soft 

intermediate polymer stamp. By modifying the Li anode surface, they reduced polarization and 

improved the cyclic performances of Li||Li symmetric cells. The Li plating/stripping behaviors on 

surface patterned Li (spLi) were visualized using an optical microscope and an SEM. Figures 7a and b 

depict the conductor surface's electric field distribution and Li-ion flow. Different directional views of 

the spLi metal electrode and a semi-quantitative statistical analysis of the Li filling ratio in hole structure 

after Li plating are shown in Figure 7c-f. Quan et al. also found that the freshly deposited Li on the top 

edge of the holes reacts with the electrolyte, forming a fluoride-rich SEI film, as detected by EDS and 

presented in Figures 7g and h. Additionally, they prepared an Li||LiCoO2 (LCO) half-cell cycled at 0.5 

C rate that retained 55% of its initial capacity after 700 cycles. 

 

 

 

 

 

Figure 7. Schematic illustrations of (a) electric field distribution and (b) Li-ion flow on conductor 

surface under electrostatic equilibrium condition. (c) Top and (d) cross-section view of spLi metal 

electrode after initial Li plating (Li-spLi symmetric cell). (e) and (f) Semi-quantitative statistical 

analysis of Li filling ratio in hole structure after Li plating. (g) and (h) EDS analysis of spLi metal 

electrode harvested from spLi-spLi symmetric cell after Li plating. Fluorine is found to be rich at the 

edge of the hole. Reproduced with permission from ref. [100], Copyright 2018, Elsevier. 
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A study by Park et al. [101a] found that mechanical surface modification using micro pattern stamping 

can prevent dendrite formation during Li plating and stripping processes. Li preferentially deposited in 

the pattern hole edges and inside rather than on the top surface, effectively suppressing Li dendrite 

growth. Several studies have investigated different techniques to improve the electrochemical properties 

of Li metal in Li||LFP cells.  Ryou et al.[102] explored the micro-needle surface treatment technique, 

which yielded a capacity retention of 85% after 150 cycles at a 0.5 C rate. Meanwhile, Wang et al.[103] 

used vertically aligned microchannels to regulate Li plating/stripping, resulting in capacity retention of 

around 90% after 100 cycles at 0.5 C. Hua et al.[104] utilized a ditches-patterned and silver (Ag)-modified 

composite Li metal (D-Ag@Li) as the anode for an Li||LFP cell, which showed capacity retention of 

74.2% after 4000 cycles at 1C.  Yang et al.[99b] used a stainless-steel mesh (SSM) to create a ∼100 

micron size pattern on the Li metal anode surface, demonstrating excellent cycling stability for 800 

hours in Li||Li symmetric cells. Furthermore, patterned Li//PEO//LFP cells achieved a high capacity of 

110 mAh g–1 at 0.8C with capacity retention of 91.3% after 100 cycles. Karuppiah et al.[105] achieved 

excellent cycling stability with capacity retention of more than 80% for up to 200 cycles at a 0.2 C rate 

by combining patterned Li with a coating of a polydopamine (PDA)-functionalized vapor-grown carbon 

nanofiber (VGCF)-lithiated-Nafion (LiNf) polymer composite. Lastly, Lee et al.[106] demonstrated a 

stainless-steel fiber felt pressed on the Li anode surface for enhanced electrochemical compatibility. 

Furthermore, the prepared proto-type Li||LFP cells showed excellent cycling stability of over 200 cycles 

at a 1 C rate. The functionalized multiwalled carbon nanotubes coated with Li-Nafion (LiNf@f-

MWCNT) have been used as an artificial interface between Li//Li6.05Ga0.25La3Zr2O11.8F0.2 solid-state 

electrolyte. In another study, Liang et al.[107] used a mechanical kneading process for LiFSI and LiNO3 

powders on the Li-metal surface to avoid direct electrolyte contact, which isolated the plating sites and 

electrolyte contact interface, enabling the diffusion and reduction of Li+ ions in the bulk phase. The 

prepared Li||NMC622 cell retained 92.0% of its capacity after 130 cycles at 0.5C. Cao et al.[108] used a 

complex 3D Li ion conductive skeleton created using atomic layer deposition (ALD) to coat Li3PO4 

(LPO) onto Ni foam (LPNF) surfaces. The skeleton was then efficiently constructed on the Li metal 

anode through lower-temperature Li infusion. Ultimately, Li@LPNF||LCO full batteries demonstrated 
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a capacity retention of 80.8% over 250 cycles at 1C. According to a study conducted by Sun et al.,[109] 

a 700 nm thick sheet of Indium (In) metal was applied onto the surface of the Li anode, resulting in 

enhanced chemical stability against parasitic reactions with the electrolyte and improved Li+ ion 

transport capability across the interfacial layer. When combined with NMC 532 cathode, this led to 

outstanding electrochemical properties. The Li-In alloy displayed remarkable cycling stability, 

maintaining a capacity retention of 90% after 120 cycles at a 0.3 C rate. 

4.2. Liquid-based modifications 

In order to enhance the durability of cyclic performance and reduce dendrite formation, it is crucial to 

apply a surface coating using solvent-based precursors. This coating helps to improve the homogeneous 

current distribution and stabilize the impedance among interfaces. In this section, we will provide a 

thorough review of all the organic and inorganic coatings for Li-ion batteries that have been developed 

using liquid precursors.[110] For example, Han et al.[111] allowed fluoroethylene carbonate (FEC) solvent 

to react with Li metal to form a dense lithium fluoride (LiF)-rich interfacial protective layer on the Li 

surface. It is worth mentioning that lithium halides (LiF, LiBr, etc.) have a shallow Li diffusion barrier 

and high interface energy, which facilitate the surface diffusion of Li+ and reduce Li dendrite 

growth.[112] The surface layer of ∼120 nm comprises ROCO2Li, Li2CO3, and LiF. LiF@Li shows 

remarkable stability and excellent electrochemical performance in symmetric and LiFePO4 full cells. 

Moreover, LiF@Li maintains its initial color and morphology even after air exposure for 30 minutes, 

and the air-exposed LiF@Li anode still retains its superior electrochemical performance.[111] Other 

research groups reported LiF-based surface-modified composite with other inorganic materials like Li-

Ca alloy-LiF hybrid layer,[113] K3FeF6,[114] C-F-rich oil layer,[115] and artificial Li3Bi-LiF hybrid 

interphase.[116] Compared to a single LiF alloy layer, these hybrid interphases exhibit a strong interfacial 

mechanical strength to suppress Li dendrite growth during cycling. A study conducted by Wang et al. 

[117] discovered a way to improve Li deposition by integrating LiF's good Li-ion conductivity and the 

low Li-ion binding energy of Li3Sb. They created an ultrathin LiF-Li3Sb hybrid interface layer that 

could significantly suppress the growth of dendrites. As a result, the SbF3@Li//LLZTO-PEO//LiFePO4 

cell delivered stable cycling at a 0.2 C rate over 200 cycles with 94.5% capacity retention. In their 
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explanation, the researchers highlighted how the In-situ formed LiF-Li3Sb mixed interface layer 

enhances Li's deposition behavior.  Similarly, Peng et al.[118] used AgTFSI and FEC precursors to create 

a nano Ag-LiF hybrid surface layer on Li metal, significantly improving cycle stability (Figure 8a). The 

Ag nanoparticles embedded in the surface of the Li anode allowed uniform Li plating/stripping with 

low overpotential, and LiF-rich interphase enabled a highly stable SEI layer simultaneously. The Ag-

LiF decorated Li metal anode with NMC 111 cathode cells retained more than 80% capacity over 500 

cycles at a 1 C rate. The researchers compared the cycling stabilities of Li||Li, Li-Ag-Li||Li-Ag-Li, and 

Li-Ag-LiF-Li||Li-Ag-LiF-Li symmetric cells at a current density of 0.5 mA cm−2 as shown in Figure 8b. 

Like LiF, lithium nitride (Li3N) is also an excellent material for Li metal protection. It has a high ionic 

conductivity of up to 10−3 S cm−1 and a low electronic conductivity of < 10−12 S cm−1. Li3N also exhibits 

unique thermodynamic stability against Li metal. Researchers used N2 gas as a reaction gas to prepare 

a Li3N coating on the Li metal surface.[119]  

 

 

 

 

 

 

 

Figure 8. a) Schematic representation of the formation of a Li-Ag-LiF surface and the synergetic control 

of nucleation and SEI for Li plating. b) cycling stabilities of Li||Li, Li-Ag/Li||Li-Ag/Li, and Li-Ag-

LiF/Li||Li-Ag-LiF/Li symmetric cells, obtained at a current density of 0.5 mA cm−2 and an areal capacity 

of 1 mAh cm−2. Reproduced with permission from ref. [118], Copyright 2019, Wiley. 
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In order to improve the conductivity of LMBs and reduce the formation of dendrites, Wang et al.[120] 

and their team designed a protective double-layer of Li3Sb alloy and Li3N on the surface of Li. This was 

achieved through Li-Sb alloying and nitridation in mild conditions. The composite anode showed a 

stable, dendrite-free cycling performance for over 1100 hours, even at a high deposition capacity of 10 

mAh cm–2. Similarly, a tri-layer dual-conductive solid electrolyte interface (SEI) consisting of LiNxOy 

(ionic-conductive), Li3N, and lithiophilic Li-Ga alloy was created by treating the Li anode with 

Ga(NO3)3. The results showed that this layer could regulate the deposition of Li, prevent dendrite 

growth, and facilitate rapid transport of Li-ions. This significantly improved electrochemical 

performance for both Li||Li symmetric and full solid-state Li metal batteries with modified Li metal 

anodes.[121]  Zhong et al allow Prussian blue to react with metallic Li via a thermal-assisted method by 

heating at 300 °C under an Ar atmosphere. It produces high ionic and electronically conductive species 

like Li3N, metallic Fe, Fe3C, and amorphous carbon. The symmetric cell exhibits good plating/stripping 

cycling stability for 3000 h at 3 mA cm–2.[122] Li2S, a low-cost material with high ionic conductivity 

(≈10−5 S cm−1), is also used as a protective layer for Li metal to improve electrode kinetics.[123] Chan et 

al.[124] and their team successfully prepared a uniform Li2S film on Li metal through a solid-vapor 

reaction. The Li2S@Li||LFP cell exhibited good rate capability (90 mAh g−1 at 2 C) and a long cycle 

life with 80% capacity retention after 150 cycles. 

Li-metal alloy films such as Li3Bi have a low Li-ion diffusion energy barrier, which helps to avoid Li 

aggregation, and a high elevated Young's modulus (Li3Bi has 22.2 GPa vs. 1.0 GPa for Li metal). A 

SEI film with a high Young's modulus of more than 6 GPa would be able to control Li dendrites [45, 125]. 

In a study by Fei et al.[126] a Li3Bi-Li2O protection layer was applied to the Li foil surface through 

immersion in a BiN3O9 solution. The researchers used Kelvin probe force microscopy (KPFM) and 

density functional theory (DFT) calculations to analyze the structural and electronic properties of the 

Li3Bi-Li2O layer. They found that a bifunctional Li3Bi-LiBr protective layer constructed via a simple 

In-situ reaction between BiBr3 and Li metal solved the instability issue of the Li7P3S11//Li interface. The 

group successfully observed that mixing Li3Bi and LiBi enhanced Li diffusion and prevented Li 

aggregation, thereby inhibiting Li dendrite growth. They also observed a distinct capacity retention 
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enhancement in the LBB-Li//Li7P3S11//LiNbO3@LCO full cell obtained.[127] Similarly, several Li-metal 

alloy-based SEIs were reported to reduce the surface energy and uniform platting/stripping reaction, 

such as Li-Zn, [128] Li-Al, [129] Li-Pb, [130] Li-Sn, [131] Li-In [132] and Li-As.[133] Yiqing et al.[113] immersed 

a Li metal anode in Ca(BF4)2 in 1,2-dimethoxyethane (DME) to form a Li-Ca composite. Later, it 

decomposes to produce LiF, which improves the fast transport capacity of Li+. Both (Li-Ca and LiF) 

work together to achieve high-performance LMBs. Hou et al. [134] coated the LixSi alloy protection layer 

on the Li metal surface using 0.02 M SiCl4 in DOL solvent. LixSi@Li||LiFePO4 cell achieves high-rate 

performance and better capacity retention after 400 cycles at 1C. Chen et al.[135] deposited a jigsaw-like 

synthetic silane-based SEI rationally proposed to realize the stable operation of high-voltage LMBs in 

commercial carbonate-based electrolytes. This jigsaw-like synthetic SEI protected-Li in high-voltage 

Li||NCM811 complete cell exhibited stable operation of 95% capacity retention after 150 cycles at 1 C. 

Li et al.[136] created a uniform artificial Li3PO4 SEI layer by reacting In-situ polyphosphoric acid (PPA) 

with Li metal and its native film. This layer has a high Young's modulus of 10 GPa, which helps to 

prevent unfavorable reactions between Li metal and electrolyte. The uniform Li3PO4 SEI layer showed 

excellent stability in the electrolyte and during cycling in Li3PO4@Li||LiFePO4 battery systems without 

a breakdown/repair mechanism. You et al.[137] generated a composite protective rich TiO2 layer to 

modify Li leading to a dendrite-free Li metal anode and achieving significantly enhanced cycling 

stability. Furthermore, full cells using a treated Li anode coupled with a high loading of LCO cathode 

(∼15 mg cm−2) displayed excellent cycling stability at 0.2 C over 150 cycles with a high-capacity 

retention of 98.1%.  

In addition to individual organic and inorganic compounds, other organic-inorganic hybrid artificial 

SEI layers are produced using solution methods. For instance, Li2CN2-C,[138]  EBC-LiTFSI, [139]  PECA-

LiNO3,[140] and LiF-LiSb@SBR[141] are also used to modify the Li metal surface. Cao et al.[142] 

developed an organic-inorganic composite SEI for a Li metal anode, which was formed by In-situ 

polymerization of a precursor consisting mainly of poly(ethylene glycol) diacrylate (PEGDA) and 

lithium difluoro(oxalato)borate (LiDFOB). The lithiated polymer formed keeps the synthetic SEI in 

close contact with the Li anode and has good stability with the formed LiF. With the help of artificial 
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SEI, Li||LiNi0.8Co0.1Mn0.1O2 (NCM811) cells have a capacity of more than 80 mA h g−1 even after 500 

cycles at 0.5 C. Moreover, a mixture of LiSTFSI, PTMP, and DMPA, a desirable organic-inorganic 

hybrid layer, effectively immobilizes Li and suppresses Li dendrite growth. The assembled modified 

Li||LFP cells exhibit improved cycle stability, achieving 81.3% capacity retention with 99.8% 

Coulombic efficiency after cycling for 2400 cycles at 8 C.[143] Wu et al.[144] and colleagues developed a 

trinity artificial solid electrolyte interface consisting of ethyl cellulose, graphene oxide, and phosphoric 

acid. They created this interface by In-situ fabricating the Li anode surface using tetrahydrofuran (THF) 

as a solvent and backbone coating method. The artificial interface has proven to be effective in 

promoting the uniform deposition of Li, facilitating the transport of Li ions, and improving interfacial 

stability. As a result, all-solid-state batteries with EGPL anode and LCO cathode can maintain 94.6% 

of their initial capacity after 100 cycles at a rate of 0.2 C. Additionally, a protective layer made of pure 

organic-based HfO2 and poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) is formed on the Li-

metal to prevent electrolyte degradation, suppresses Li dendrite formation, and ensures high mechanical 

strength during cycling. Furthermore, the Hf-P protective layer enhances the dielectric properties of the 

electrode and improves its mechanical strength and Li-ion conductivity. Consequently, the NMC532 

cathode exhibited a steady capacity degradation for up to 300 full cell cycles.[145] A unique protective 

layer made from a hydrophobic polymer created by combining poly(diallyl dimethyl ammonium) 

(PDDA) and bis(trifluoromethanesulfonyl)imide (TFSI) was also developed. These polymers create an 

electrostatic shield that causes the Li+ flux to converge at the Li anode's surface, leading to a more 

uniform Li plating. This layer also enhances moisture stability. Li||LiFePO4 cells deliver consistent 

performance of 143.3 and 136.7 mAh g−1 at 0.2 and 0.5C, respectively, without any negative effects.[146] 

It has been discovered that the morphology of Li dendrites is affected by both the composition of the 

SEI layer and the rate of ionic mass transfer. However, coatings made through solution-based methods 

deteriorate over time due to cycling and uneven thickness.[147] 

4.3. Coating technologies 

Sputtering method is a well-known coating technique to modify the surface of Li metal substrates in 

LMBs. This method is simple and fast for nanometric deposition of conductive (Pt, Au, Ag) and non-
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conductive (Al2O3, Li3PO4) materials. Relatively compact and uniform layers can be obtained by 

varying the deposition parameters. In addition, it is necessary to use finely designed sputtering targets 

in a precisely controlled environment with high vacuum to minimize any risk of contamination during 

the deposition process. Several researchers have successfully deposited metals on Li metal surfaces, 

creating a LixMy alloy. Due to the higher Li diffusion coefficient of the alloy compared to pure Li, it 

has been demonstrated to improve electrochemical kinetics and reduce dendrite growth.[148] Qu et al.[149] 

reported that depositing a nano-sized aluminium (Al) layer helps achieve a uniform Li deposition. A 74 

nm Al-coated Li metal electrode with a Li4Ti5O12 cathode showed high reversible discharge capacities 

of 136 mAh g−1 and a good coulombic efficiency (CE) of 87.6% at 2 C after 400 cycles. As previously 

reported, several metals sputtered on Li metal, such as Cu,[150] Si,[151] Au,[152] and Zn[153] forms Li-metal 

alloys. Among these, Li−Zn alloy has a high Li-ion diffusion coefficient of 5×10−8 cm2 s−1, which helps 

protect the Li electrode with better kinetic behavior even at large current densities with longer cycling 

lifetimes.[154] Ceramics can also be deposited on the surface of the Li metal instead of metals. Wang et 

al.[155] stabilized Li metal by engineering an artificial 20 nm-thick Al2O3 SEI layer. The amorphous 

Al2O3 thin film-modified Li metal in the Li//PEO//Li symmetric cell has a cycle life of 660 h at a current 

density of 0.1 mA cm–2. After considering the high Li-ion conductivity nature, Fan et al.[156] designed a 

copper mesh to coat LiF on the desired area on the Li metal surface by magnetron sputtering. 

Interestingly, he showed dendrite growth with and without LiF coating. Li||Li symmetric cells exhibited 

little evidence of dendrite-induced voltage instability and nearly time-independent voltage plateau 

during cycling using a LiF-coated Li anode. The morphologies of Li electrodeposition on LiF-coated 

Li metal substrates with examples and SEM images are presented in Figure 9.  Different sputtering 

techniques can be used to deposit single compounds and multiple composite layers on the surface of Li 

metal. A magnetic sputtering deposited ZnO-LiF dual functional protecting layer on the Li surface, 

reported by Chang et al.[157] The ZnO-LiF@Li//LGPS//LCO@LiNbO3 solid-state full cell exhibited a 

high reversible discharge capacity of 80 mAh g−1 over 500 cycles at 1 C rate. These results indicate that 

ZnO and LiF could synergistically protect the Li//LGPS interface from forming Li dendrites and side 

reactions. Some sputtered Li-based ternary compounds, such as Li3PO4,[158] LiAlO2,[159] etc., also protect 

the Li surface from side reactions. Due to their properties like better hardness, low friction coefficient, 
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and chemical stability, carbon polymorphs are also used as successful surface modifiers for Li metal. 

Arie et al. reported that C60
[160] and diamond-like carbon[161] films deposited by vacuum techniques, can 

be a passive layer against the side reaction between the Li surface and electrolyte. By sputtering, Zhang 

et al. successfully prepared an 80 nm thick amorphous carbon protection layer. The LE symmetrical 

cell they created had an efficiency of over 90% after 50 cycles.[162] 

 

 

 

 

 

 

 

 

 

 

Figure 9. a) Schematic illustration of preparing patterned LiF-coated Li metal anode and Li deposition 

on patterned LiF-coated Li metal anode. b-d) three different patterned LiF-coated Li anodes are 

employed in this study, and their morphologies are revealed by SEM in panels.  e-g) SEM images of 

patterned LiF-coated Li anodes after Li deposition, corresponding to b-d. h-j) high magnified SEM 

images of patterned LiF-coated Li anodes after Li plating, corresponding to panels e-g. Reproduced 

with permission from ref. [156], Copyright 2017, Royal Society of Chemistry. 
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The methods of PVD, including magnetron sputtering and evaporation, are widely used due to their low 

deposition temperature and easy control of processing parameters. However, PVD techniques have 

limitations, such as the rough surface of the film and non-uniform deposition.[163] The atomic layer 

deposition (ALD) technique has been introduced to overcome these limitations as the next-generation 

coating technique. In the ALD process, chemical reactions occur solely at the surface of the substrate, 

resulting in layer-by-layer coating growth at the atomic scale. Moreover, ALD has several benefits, 

such as precise and effortless thickness control, excellent uniformity, high reproducibility, formation of 

dense and pinhole-free structures, and lower deposition temperatures.[164] ALD is ideally suited to Li 

metal protection due to its unique properties of angstrom-scale thickness control, pinhole-free 

conformal films, short reaction time, and low-temperature deposition below the melting point of Li (180 

°C). In batteries, thin ALD coatings have been utilized to improve the cycling performance of metallic 

Li,[165] non-metallic anodes,[166] and cathodes.[167] It is interesting to note that to maintain high ionic 

conductivities without increasing cell impedance, ALD coatings used are less than 2 nm thick. 

However, some researchers have found that ALD coatings that are less than 2 nm thick need sufficient 

thickness to protect Li metal.[168] Wang [169] and colleagues have demonstrated precise thickness control 

of ALD TiO2 protective layers directly on Li metal. After 100 cycles, the 5 nm TiO2-coated battery 

exhibited better rate performance and a 23.3% increase in capacity retention compared to the bare Li. 

The 5 nm TiO2 ALD coating provided interfacial protection while maintaining high electrode kinetics 

suitable for high-power applications, as opposed to 2 and 8 nm TiO2 coatings. Alabonia et al.[170] 

observed that Li samples coated with ZrO2 using the ALD technique showed enhanced performance in 

Li||LTO cells. The coated sample exhibited a high discharge capacity of 157 mAh g–1 compared to the 

uncoated sample. The improved performance of the coated sample at high current rates can be attributed 

to the ZrO2 layer, which has high dielectric properties and carrier density. This, in turn, promotes high 

ionic diffusions through its crystal structure. High ionic conductivity materials like LiPON, [171] lithium 

aluminum sulfide (LixAlyS),[172] and LiF [173] are also adopted to make very thin films by ALD to modify 

the Li metal surface. Our group has published a molecular layer deposition (MLD) protection film made 

of lithium glycerol (LiGL). MLD and ALD are similar, but MLD uses small organic molecules for 

organic coatings, while ALD is limited to exclusively inorganic coatings. We found that this uniformly 
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coated LiGL polymer contributes to electrical insulation and enhanced protection effects, thereby 

improving the performance of Li metal anodes. Our Li||Li symmetric cell demonstrated a long 

cyclability of over 13,600 at a current density of 5 mA cm–2.[174] We confirmed the low electrical and 

high ionic conductivity of the LiGL MLD film using DFT calculation and electrochemical properties. 

Figure 10a shows the electrochemical cyclability of LiGL-coated Li electrodes in Li||Li symmetric cell. 

SEM images of Li electrodes bare Li and LiGL-60 electrode after one 48 h platting at 2 mA cm–2  

presented in Figure 10b. Wang et al.[175] employed MLD to develop an inorganic-organic hybrid 

interlayer at the interface between the Li metal and Li10SnP2S12 SEs. As a result, interfacial reactions 

between Li and SEs are significantly suppressed by intrinsically blocking electron transfer at the 

interface. In addition, 30 MLD cycles of organic-inorganic hybrid interlayer on Li metal exhibit a high 

initial capacity of 120 mAh g−1 in an LCO-based SSB. 
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Figure 10. a) Electrochemical performance of symmetric cells using LiGL-coated Li electrodes. b) 

SEM images of bare Li electrode and the LiGL-60 electrodes after 48 h plating/stripping cycle at 2 mA 

cm-2. Reproduced with permission from ref. [174], Copyright 2021, AAAS 

4.4. Surface polymerizations 

Usually, pSEs are commonly prepared using the solution-casting method. However, this method often 

results in poor contact between the electrode and electrolyte interface, especially in batteries with high 

electrode mass loading.[176] Additionally, there is an unwanted side reaction between residual solvents 

of casted pSE film and electrode, which can cause low utilization of active materials due to the point-

to-point contact.[177] On the other hand, In-situ preparation of pSE by injecting monomers, Li salts, and 

solvent can lead to good electrode/electrolyte interfacial contact and continuous pathways for Li-ion 

conduction [178]. Several In-situ polymerization strategies have been developed to inhibit dendrite 

growth. These include modifying the separator,[179] solid electrolyte surface,[180] and Li anode 

surface.[181] In 2021, Shen[182] and their team used electro-spraying and polymer photopolymerization 

techniques to modify the surface of a commercial Celgard separator. They added a lithophilic polymer 

of chitosan, polyethylene oxide, and poly(triethylene glycol dimethacrylate) to create the CTS-PEO-

PTEGDMA layer. This lithophilic environment allows uniform Li deposition and forms a strong, 

homogeneous SEI layer. This prevents the formation and growth of Li dendrites, resulting in better 

electrochemical performance and cycle life for Li||Li symmetric cells and Li||LiFePO4 full cells. 

Commercial separators, such as polypropylene (PP) and polyethylene (PE) separators, are made of 

nonpolar and hydrophobic polyolefins that do not mix well with water and Li.[183] This makes it difficult 

to coat them uniformly and in a scalable manner. Past research attempts have failed to achieve the 

desired thickness and uniformity of the functional layer on separators. However, modifying Li metal 

through In-situ polymerization is one of the most promising methods due to its safety, stability, 

flexibility, and easy processing. There are few Li//electrolyte interface strengthened polymers (e.g. 

polyacrylic acid (PAA), polydimethylsiloxane (PDMS), polyurea (PU) and poly(ethylene glycol) 

methyl ether methacrylate (PEAMA), 2-[3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido]ethyl 

methacrylate (PEO-UPy)), that have been developed in very recent years. In the In-situ polymerization 
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methods, alkali metal salts and initiators are used along with monomers. LiTFSI is commonly used as 

the Li salt due to its high dissociation constant, thermal stability, and ability to suppress oxidative 

decomposition.[184] Further, a nanocomposite consisting of organic elastomeric salts (LiO-(CH2O)n-Li) 

and inorganic nanoparticle salts (LiF, -NSO2-Li, Li2O), which serve as an interphase to protect LGPS 

and made it as a highly conductive SSE.[185] Researchers led by Bae et al.[186] used  CN groups from 

polyacrylonitrile (PAN) polymer chains to decrease the reactivity of CO groups in carbonate solvents. 

This resulted in a stable SEI layer that had high inorganic components. In situ optical and electron 

microscopes showed that the polar polymer network effectively controlled the formation and growth of 

Li dendrites and helped stabilize the plating/stripping behaviors of Li in symmetric Li||Li cells and 

Li||NMC111 cells. The Li||MNC111 cell exhibited better cyclability with 94% capacity retention after 

450 cycles at 1C. Figure 11 shows a schematic illustration of bare and PAN-coated Li metal anodes. 

 

 

 

 

 

 

 

Figure 11. Schematic illustration of (a) Solvent-induced SEI layer formation on the bare Li anode (b) 

Anion-induced SEI layer formation on polar polymer networked (PPN) Li metal surface. Reproduced 

with permission from ref. [186], Copyright 2019, Royal Society of Chemistry. 
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 Using Li interface-benign initiators is crucial in generating the basic In-situ polymerization reaction 

that leads to high-performance LMBs. These initiators have the important advantage of initiating 

polymerization without affecting the electrochemical behavior of the electrodes. Cui and his team used 

BF3 to catalyze the ring-opening polymerization of THF to prepare a poly-THF-based pSE.[187] Other 

Lewis acids, such as LiDFOB, LiPF6, LiFSI, Al(OTf)3, and AlF3, have been reported to induce In-situ 

polymerization of DOL under ambient temperature, producing poly-DOL-based pSEs.[188] Xie [189] has 

studied the process of In-situ polymerization of DOL using a combination of DFT and reactive force 

field (ReaxFF). The study focused on investigating the initial reaction with 1 M LiPF6 salt. The results 

suggest that after PF6
− anions decompose via reduction reaction when in contact with Li anode, the 

decomposition products (F− and Px
−) form the inorganic part of the SEI. PF5 from decomposition also 

acts as an initiator of polymerization of DOL, resulting in an unexpected protective effect similar to that 

of polymer electrolyte. LiDFOB[190] is utilized as an initiator for the affordable and widely used in 1,3,5-

trioxane (TXE) and succinonitrile (SN) based pSE preparation. This pSE exhibits a significant ionic 

conductivity of 1.14×10−4 S cm−1 and a broad electrochemical window of 4.5 V, crucial in supporting 

high-energy Li batteries. Zhang et al.[191] conducted a study to investigate the rate of polymerization 

when catalyzed by different Li salts, including LiClO4, LiTFSI, lithium difluoro(oxalato)borate 

(LiDFOB), and a mixture of LiClO4-LiDFOB. They used α-bromoisobutyryl bromide as a surface 

initiator to modify cellulose chemically. The resulting pSE showed excellent electrochemical properties 

and high thermal stability, even without additional Li salts. The study found that using a dual salt, 

LiClO4-LiDFOB, significantly improved the cycling stability of experimental Li metal batteries without 

compromising ionic conductivity. When mixed Li salts were used in Li||LFP cells, a discharge capacity 

of 99 mAh g−1 was achieved at 1C at high temperatures (60 °C). In addition, the researchers[192] used a 

Lewis acid catalyst and an initiator called tin octoate (Sn(Oct)2) to induce the ring-opening 

polymerization of caprolactone and form a reliable SEI on the Li metal surface. Sn(Oct)2 was found to 

have the ability to combine with the Li metal anode and create a Li-Sn alloy layer that has excellent 

resistance against Li dendrites. This resulted in a semisolid-state Li||LFP cell with a high discharge 

capacity of 150 mAh g−1 even after 100 cycles at room temperature. LiNO3 electrolyte additives 
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containing catechol and acrylic groups were found to produce a stable, multifunctional SEI by In-situ 

ionic polymerization. This isotropic nanosphere enables uniform Li deposition and prevents dendrite 

formation on the anode surface, avoiding the tendency for preferred Li growth. These advantages led 

to remarkable cycling performance, including a high current density of up to 10 mA cm−2, a cycle 

duration of more than 8500 h, and stable cycling even at 60 °C.[193] Yan and his team proposed a self-

healing electrolyte and dimethyl polysulfide intermediates for LIB electrolyte systems. These contribute 

to the formation of a robust polymeric SEI and suppress dendrites.[194] A hybrid film was created by 

combining a high ionic conductive Li-Zn alloy and a PEO polymer. This film is beneficial in protecting 

the Li metal anode and preventing the formation of Li dendrites on its surface. The Li-Zn alloy 

facilitates fast Li-ion transport and is uniformly dispersed throughout the PEO matrix to control the 

electronic and Li-ion flux distribution. Additionally, a flexible PEO network minimizes volume changes 

during cycling. As a result, Li deposition occurs under the hybrid film, and the full cell with Li||LFP 

cathode exhibits excellent cycling performance.[195] A team of researchers led by Huo et al.[196] has 

developed a new type of metal-organic framework (CMOF) that can help stabilize ions and ensure 

uniform distribution of Li+ to form dendrite-free SSBs. The CMOF used in the study was modified with 

the -NH2 group to protect the ether oxygen in polymer chains through hydrogen bonding, thereby 

extending the electrochemical window up to 4.97 V. The CMOF binds ions through electrostatic 

interactions with charge carriers and has a high specific surface area of 1082 m2 g−1, enhancing ion 

adsorption and resulting in a high Li+ transference number (ti) of 0.72. The team also tested SSBs made 

with bare LFP and LiFe0.15Mn0.85PO4 cathodes, which showed excellent cycle and rate performance at 

60 °C. Although there are some organic initiators, such as 2,2′-azobis(2-amidinopropane) 

dihydrochloride (AAPH),[197] Azodiisobutyronitrile (AIBN)[198] for In-situ polymerization. These 

polyether-based pSEs are generally unstable and cannot operate at voltages higher than 4 V. This 

limitation greatly restricts their use in high-voltage batteries. Plasma polymerization is a method used 

for polymerization. Moryson et al.[199] introduced a plasma polymerization technique using 1,4 

bis(trifluoromethyl)-benzene to create an artificial passivation layer on a plasma-cleaned Li metal. They 

tested the mechanical properties of this membrane using nanoindentation. They found it exhibited stable 

cycling behavior over 300 h with overpotentials below 0.1 V at current densities between 0.1 and 1 mA 
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cm–2. Using 18O2 isotope exchange experiments, they estimated the oxygen diffusion coefficients in the 

local passivation layer of Li flakes at room temperature and for oxygen in plasma polymer at room 

temperature. The thickness and diffusion coefficient of the plasma polymer's layer are sufficient to 

protect the Li metal against oxygen for at least 30 minutes. Lu et al.[200] also reported the construction 

of a stable electrolytic carbon-based hybrid (ECH) artificial SEI on the Li metal anode. This was done 

via the In-situ electrodeposition of an electrolyte solvent at ultrahigh voltage. The nanostructured 

carbon-strengthened SEI has significantly improved ionic conductivity and mechanical strength. As a 

result, it enables uniform diffusion of Li-ions, stabilizes the interface between the electrolyte and Li 

metal, and effectively inhibits Li dendrite growth and Li pulverization. The symmetrical cells with the 

ECH layer have demonstrated stable long-term cycling performance over 500 hours at the current 

density of 5 mA cm–2 with an ultrahigh plating capacity of 5 mAh cm–2. A full cell assembled with a 

cathode made of NMC811 and LFP shows a long-term cycling life and excellent capacity retention. 

Different modifications to the surface of a Li metal anode and their impact on electrochemical 

performance are presented in Table 3. 
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Table 3: Different modifications to the surface of a Li metal anode and their impact on 

electrochemical performance. 

Modification Materials Cell Configuration Capacity Retention / Cyclability Reference 
Mechanical 80 µm size Pattern Li||NMC622 65% after 200 cycles at 0.3 C.  

[99a] 
 100 µm square grooves Li//PEO//LFP 91.3% within 100 cycles at 0.5 C  

[99b] 

 Pyramid type pattern Li||LMO  88.7% at 450th cycle at 0.5 C  
[101a] 

 50 µm Pyramid type 
pattern with a flexible 

patterning stamp 

Li||LMO 85.2% after 200 cycles at 3C  
[101b] 

 Cylinder-shaped pattern 
arrays 

Li||LCO 55% after 700 cycles at 0.5C [100] 

 Microneedle-treated Li 
metal 

Li||LFP 85% after 150 cycles at 0.5 C  
[102] 

 Vertically aligned Cu 
microchannels 

Li||LFP 90% after 100 cycles at 0.5 C.   
[103] 

 Ditches-patterned and Ag-
modified composite Li 

anode (D-Ag@Li) 

Li||LFP 74.2% after 4000 cycles at 1C.  
[104] 

 Polydopamine (PDA)-
functionalized vapor-grown 

carbon nanofiber 
(VGCF)/lithiated-Nafion 

(LiNf) polymer composite 
(VGCF@PDA/LiNf) as a 

protective layer onto a 
patterned Li metal surface 

Li||NCM811 >80% for 100 cycles at 0.1C [102] 

 Mechanical kneading of 
LiFSI and LiNO3 powders 

Li||NMC622 92.0% after 130 cycles at 0.5 C.   
[107] 

 Li infusion into (ALD) 
coated Li3PO4 (LPO) on 
the surface of the Ni foam 

(LPNF). 

Li@LPNF||LCO 80.8% over 250 cycles at 1C.  
[108] 

 Li-In Li-In||NCM 532 90% after 120 cycles at 1C [109] 

Liquid-based 
modification 

FEC derived LiF Li||LFP 90% after 200 cycles at 0.1 C  
[111] 

 LiCa-LiF hybrid layer Li||LFP 76.07% after 400 cycles at 2 C [113] 

 Li3Bi-LiF coating Li||NMC811 79.2% after 100 cycles at 0.2 C.  
[116] 

 Li3Sb/LiF coating Li//PEO//LFP 96% after 200 cycles at 0.2 C.  
[117] 

 Ag-LiF surface 
modification 

Li||NMC111  80% over 500 cycles at 1C.  
[118] 

 Li3Sb/Li3N coating Li||S@pPAN  99.9% after 300 cycles at 0.1C   
[120] 

 Li3N, LiNxOy, and Li-Ga, 
coating 

Li||LFP 97.22% after 50 cycles at 0.1C  
[121] 

 Bifunctional Li3Bi-LiBr 
protective layer 

Li//Li7P3S11//LCO 63.6% after 50 cycles at 0.1 mA cm−2.   
[127] 

 Li3Bi-Li2O Li||LFP 63.6 % after 1200 cycles at 5C.  
[126] 

 LixSi alloy Li||LFP 67% after 400 cycles at 1 C.  
[134] 
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 silicon alkoxy Li||NCM811 95% after 150 cycles at 1 C.  
[135] 

 Li3PO4 coating Li||LFP  >95% after 200 cycles at 0.5 C.  
[136] 

 TiO2 coating Li||LCO 98% after 150 cycles at 0.2C  
[137] 

 Poly (ethylene glycol) 
diacrylate (PEGDA) and 

lithium 
difluoro(oxalato)borate 

(LiDFOB). 

Li||NCM811 55% after 300 cycles at 0.5 C.  
[142] 

 LiSTFSI, PTMP, and 
DMPA were mixed in GBL 

Li||LFP 81.3% after 2400 cycles at 8 C.  
[143] 

 Ethyl-cellulose-graphene-
oxide-phosphoric-acid-

modified-lithium 

Li||LCO 94.6% over 100 cycles at 0.2 C.  
[144] 

 HfO2-PODT-PSS layer Li||NMC532 99.8 % after 300 cycles at 0.15C.   
[145] 

 poly(diallyl dimethyl 
ammonium) (PDDA) 

Li||NMC811 97.5 % after 200 cycles at 0.5C.  
[146] 

Solid-vapor Li2S Li||LFP 80% CR after 150 cycles at 2 C.  
[124] 

Sputtering Al Li-Al||LTO 87.6% at 2 C after 400 cycles.  
[149] 

 Cu Li||S 99.6% after 300 cycles at 0.5 C  
[150] 

 Si Li||LFP 100% after 110 cycles at 0.5 C   
[151] 

 Nano-size Zn Li//SE//LFP 92% after 100 cycles at 1 C  
[153a] 

 Au & Zn Au@Li||S 
Zn@Li||S 

Cell delivers improved coulombic efficiency    
[152] 

 20 nm thick Al2O3 Li//PEO-LiTFSI//Li Cell ensures a cycle life of 660 h at a current 
density of 0.1 mA cm-2 

 
[155] 

 LiF Li||LTO 95% after 500 cycles at a 1 C  
[156] 

 ZnO-LiF Li//LGPS//LCO  >80% after 500 cycles at 1 C  
[157] 

 Li3PO4 Li||S 52% after 200 cycles at 0.5 C  
[158] 

 LiAlO2 Li//LGPS //LCO   95% after 800 cycles at 1 C  
[159] 

 Amorphous carbon Li||Li  90 % after 50 cycles at 1 mA cm−2  
[162] 

Atomic layer 
deposition 

Al2O3 Li||S 90% after 100 cycles at 1 C  
[168] 

 TiO2 Li||NCM622 >85% after 100 cycles at 0.5 C   
[169] 

 ZrO2 Li||LTO >80% after 100 cycles at 8 C  
[170] 

 LiF Li||Li 99.5% for over 170 cycles at 1 mA cm−2  
[173] 

 LiPON Li||Li Cell displayed stable voltage profiles even 
after 280 cycles. 

 
[171a] 

 ALD LiGL Li||Li Cell has an extremely long cyclability of 
>13,600 cycles at an areal capacity of 1 mAh 

cm-2. 

 
[174] 

Molecular layer 
deposition 

MLD alucone Li//LSPS//LCO 90% after150 cycles at 0.1C  
[175] 
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In-situ 
Polymerization 

CTS-PEO-PTEGDMA Li||LFP 54% after 1000 cycles at 10 C.  
[182] 

 polyacrylonitrile 
(PAN) 

Li||NMC111 94.0% after 450 cycles at 1 C and 98.7% after 
1000 cycles at 5 C. 

 
[186] 

 poly 
(tetrahydrofuran) (PTHF) 

Li||LFP >90% after 100 cycles at 0.1 C.   
[187] 

 poly(1,3-dioxolane) Li||NMC811 85.2% after 200 cycles at 1 C.  
[189] 

 1,3,5-trioxane (TXE) and 
succinonitrile (SN) 

Li||LCO 88% after 200 cycles at 0.5C  
[190] 

 Polyethylene glycol methyl 
ether acrylate (PEGMEA). 

Li//pSE//LFP 92% after 110 cycles at 0.1C  
[191] 

 ε-caprolactone Li||LFP 93.0% after 100 cycles at 0.1 C.   
[192] 

 Li@CA–LiNO3 Li||LFP 94% after 300 cycles at 0.1C.   
[193] 

 LiZn–PEO Li@LZP||LFP 82.2% after 200 cycles at 0.1C    
[195] 

 P@CMOF Li||LFP 85.4% at 1 C after 300 cycles at 1 C  
[196] 

 Porous xPCMS-g-PEGMA 
nanofiller with lithiated 

nafion polymer 

Li||Li Cell retain for 2,800 h at an ultrahigh current 
density of 10 mA cm−2. 

 
[197] 

 Polyethylene glycol 
dimethacrylate (PEGDMA) 

and Pentaerythritol 
Tetraacrylate (PETEA) 

Li||LFP 90% after 500 cycles at 0.5 C.  
[198] 

Plasma 
Polymerization 

1.4 
bis(trifluoromethyl)benzene 

Li||Li symmetric cell enables stable cycling with 
overpotentials below 0.1 V for over 300 h at 

current densities between 0.1 and 1.0 
mA cm−2 

 
[199] 

Electrodeposition carbon-based hybrid Li||Li Cell shows stable cycling performance over 
500 h at the current density of 5 mA cm–2. 

 
[200] 

CR: Capacity retention; NMC811: LiNi0.8Mn0.1Co0.1O2, NMC622: LiNi0.6Mn0.2Co0.2O2, NMC111: LiNi1/3Mn1/3Co1/3O2 LFP: LiFePO4; LCO: 
LiCoO2; LMO: LiMn2O4; LTO: Li4Ti5O12; LGPS: Li10GeP2S12; pSE: polymer solid electrolyte; hSE; Hybrid solid electrolyte; LiFSI: 
Lithium bis(fluorosulfonyl)imide; FEC: Fluoroethylene carbonate.      

 

5. Summary and Perspectives 

Our review focuses on the challenges of using Li metal as an anode in LMBs, including SEI, dendrite, 

and void formations, and explores surface engineering techniques that can mitigate these issues. The 

aim is to highlight the most effective strategies for protecting Li metal, including creating protective 

layers through mechanical, solution, coating, and In-situ polymerization methods. In our analysis of the 

representative literature on interfacial complications, surface engineering methods, and their 

electrochemical outcomes, we have come to the following conclusions: 

1) Using Li metal anodes with traditional liquid electrolytes can lead to an unstable connection between 

the electrolyte and Li metal. This instability occurs because the reduction potential of Li metal falls 
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outside the stability range of these electrolytes, resulting in the creation of a SEI when the Li metal 

reduces the electrolyte. During the Li plating reaction, the SEI can rupture, exposing fresh Li 

continuously and reducing cell coulombic efficiency by consuming electrolytes. Furthermore, a 

ruptured SEI can cause an uneven surface, leading to dendrite and dead Li formation.  

2) Extensive research has shown promise in eliminating surface complications of Li metal anodes 

through SEs. However, it's important to note that SEs are less fluid than liquid electrolytes, which can 

make it difficult for them to wet the Li anode's surface properly. This can result in void formation at the 

interface, triggering the rapid failure mechanism in all-solid-state batteries. Over time, this void 

accumulation increases the local current density at the remaining contact areas (edges of voids), leading 

to harmful Li dendrite growth and Li metal accumulation. Despite their potential benefits, solid-state 

batteries (SSBs) still face limitations due to their lower ionic conductivity, poor stability against Li 

metal, and weak interface between the solid-state electrolyte and Li electrode.  

3) A thorough understanding of dendrite formation and growth is essential for effectively managing Li 

dendrite deposition in liquid and solid-state Li metal batteries. Detecting Li deposition has always been 

challenging due to Li metal's reactive and sensitive nature, both in laboratory experiments and real-

world battery conditions. Moreover, experimental conditions can easily influence Li's structure and 

morphology. Fortunately, recent advances in materials characterization techniques and the development 

of advanced In-situ/operando cells for live imaging have led to a better comprehension of Li dendrites' 

morphological, structural, and chemical traits. This article delves into the technical aspects of In-

situ/operando imaging studies that analyze the deposition behavior of Li dendrites and the scientific 

knowledge gained. We can significantly enhance our understanding of Li dendrite behavior by using 

various approaches such as optical imaging, electron microscopy, scanning probe imaging, nuclear 

magnetic resonance, and Raman spectroscopy techniques.  

4) To improve the design of the cell, it is recommended to fill the entire Li metal with a passivation 

layer that allows for both ion and electron conduction, which can extend into the electrolyte in LMBs. 

As we better understand how Li dendrites grow in LMBs, we expect to see more functional and efficient 
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strategies to prevent their growth. To date, various modification methods are used to suppress the Li 

dendrite growth and avoid the void formation between electrode//electrolyte interface, including 

mechanical method, solution method, coating technology, and surface polymerization. These 

modification methods enable the uniform formation of a robust interface between Li metal and 

electrolyte with high modulus, excellent lithiophilicity, and superior ionic conductivity. Hence, they 

will help to accelerate the progress of high-performance LMBs.  

To utilize surface engineering techniques for stabilizing lithium anode surfaces in commercial 

applications, several obstacles must be addressed. Firstly, the SEIs generated by current surface pre-

treatment methods are insufficient for LMBs. Most documented SEIs consist of a single ingredient, 

which fails to meet the longevity and safety requirements of LMBs. Therefore, combining multiple 

techniques to create SEIs with multi-ingredients is necessary. Innovative approaches such as liquid 

phase-based SEI production assisted by speedy and solid phase-based patterned SEI constructed by 

uniform deposition techniques should be explored. While much research has been done on the 

relationship between the structure of artificial SEIs and battery performance, there is still much to learn. 

To create SEI components and thicknesses with more precision, advanced surface engineering protocols 

such as low-cost vapour deposition-based technology are required. This will enable the establishment 

of selection rules for specific components and their proper spatial and temporal distribution in the 

artificial SEIs, as well as an oriented preparation through surface engineering. However, implementing 

surface engineering for practical applications in large format batteries presents several challenges. One 

such challenge is making the transition from coin cells to higher form factor cells feasible for mass 

production. Additionally, novel surface engineering strategies should be developed to construct stable 

artificial SEIs that can operate under challenging conditions, such as low negative/positive capacity 

ratio, lean electrolytes, high current densities, and extreme temperatures.  

By integrating comprehensive and innovative design techniques, we can enhance the utilization of 

lithiophilic materials for Li-metal anodes. Our unwavering commitment to research will help us 

surmount the obstacles associated with LMBs, ultimately unleashing their full potential for future 

applications. 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



51 
 

Acknowledgments 

We acknowledge partial support from U.S. Depart of Energy, Office of Science, Office of Basic Energy 

Sciences with the award number of DE-SC0023439. We also appreciate the financial support of 

Chancellor Commercialization Fund and Chancellor Gap Fund from the University of Arkansas, 

Fayetteville, AR, USA.  

Conflicts of interest 

There are no conflicts to declare. 

Keywords: Dendrites, High energy density, Lithium metal batteries, Surface modifications, 

Void formation. 

Notes and references 

[1] a) J. B. Goodenough, Energy Environ. Sci. 2014, 7, 14; b) R. Yazami, P. Touzain, J. Power Sources 1983, 9, 365. 
[2] a) J. Pu, C. Zhong, J. Liu, Z. Wang, D. Chao, Energy Environ. Sci. 2021, 14, 3872; b) J. Zheng, M. S. Kim, Z. Tu, S. 

Choudhury, T. Tang, L. A. Archer, Chem. Soc. Rev. 2020, 49, 2701. 
[3] a) P. H. L. Noten, F. Roozeboom, R. A. H. Niessen, L. Baggeto, Adv. Mater. 2007, 19, 4564; b) K. H. Kim, Y. Iriyama, 

K. Yamamoto, S. Kumazaki, T. Asaka, K. Tanabe, C. A. J. Fisher, T. Hirayama, R. Murugan, Z. Ogumi, J. Power Sources 
2011, 196, 764. 

[4] a) J. Schnell, T. Günther, T. Knoche, C. Vieider, L. Köhler, A. Just, M. Keller, S. Passerini, G. Reinhart, J. Power Sources 
2018, 382, 160; b) M. Du, K. Liao, Q. Lu, Z. Shao, Energy Environ. Sci. 2019, 12, 1780. 

[5] X. Miao, H. Wang, R. Sun, C. Wang, Z. Zhang, Z. Li, L. Yin, Energy Environ. Sci. 2020, 13, 3780. 
[6] a) Y. Han, B. Liu, Z. Xiao, W. Zhang, X. Wang, G. Pan, Y. Xia, X. Xia, J. Tu, InfoMat 2021, 3, 155; b) Y. Chen, Y. Luo, H. 

Zhang, C. Qu, H. Zhang, X. Li, Small Methods 2019, 3, 1800551. 
[7] a) P. P. Paul, E. J. McShane, A. M. Colclasure, N. Balsara, D. E. Brown, C. Cao, B.-R. Chen, P. R. Chinnam, Y. Cui, E. J. 

Dufek, D. P. Finegan, S. Gillard, W. Huang, Z. M. Konz, R. Kostecki, F. Liu, S. Lubner, R. Prasher, M. B. Preefer, J. Qian, 
M.-T. F. Rodrigues, M. Schnabel, S.-B. Son, V. Srinivasan, H.-G. Steinrück, T. R. Tanim, M. F. Toney, W. Tong, F. Usseglio-
Vireta, J. Wan, M. Yusuf, B. D. McCloskey, J. Nelson Weker, Adv. Energy Mater. 2021, 11, 2100372; b) X. Shan, Y. 
Zhong, L. Zhang, Y. Zhang, X. Xia, X. Wang, J. Tu, J. Phys. Chem. C 2021, 125, 19060. 

[8] a) S. S. Zhang, ACS Appl. Energy Mater. 2018, 1, 910; b) Z. Hu, J. Li, X. Zhang, Y. Zhu, Frontiers in Chemistry 2020, 8. 
[9] a) J. B. Goodenough, Y. Kim, Chem. Mater. 2010, 22, 587; b) M. Gauthier, T. J. Carney, A. Grimaud, L. Giordano, N. 

Pour, H.-H. Chang, D. P. Fenning, S. F. Lux, O. Paschos, C. Bauer, F. Maglia, S. Lupart, P. Lamp, Y. Shao-Horn, J. Phys. 
Chem. Lett. 2015, 6, 4653. 

[10] C. Liu, Z. G. Neale, G. Cao, Mater. Today 2016, 19, 109. 
[11] P. Peljo, H. H. Girault, Energy Environ. Sci. 2018, 11, 2306. 
[12] T. A. Barnes, J. W. Kaminski, O. Borodin, T. F. Miller, III, J. Phys. Chem. C 2015, 119, 3865. 
[13] L. Xing, O. Borodin, Phys. Chem. Chem. Phys. 2012, 14, 12838. 
[14] D. Aurbach, J. Power Sources 2000, 89, 206. 
[15] R. Xu, X.-B. Cheng, C. Yan, X.-Q. Zhang, Y. Xiao, C.-Z. Zhao, J.-Q. Huang, Q. Zhang, Matter 2019, 1, 317. 
[16] J. Li, J. Luo, X. Li, Y. Fu, J. Zhu, X. Zhuang, Eco Mat 2023, 5, e12383. 
[17] Y. Yamada, J. Wang, S. Ko, E. Watanabe, A. Yamada, Nat. Energy 2019, 4, 269. 
[18] a) A. Neumann, S. Randau, K. Becker-Steinberger, T. Danner, S. Hein, Z. Ning, J. Marrow, F. H. Richter, J. Janek, A. 

Latz, ACS Appl. Mater. Interfaces 2020, 12, 9277; b) H.-K. Tian, Y. Qi, J. Electrochem. Soc. 2017, 164, E3512. 
[19] a) J. Lopez, D. G. Mackanic, Y. Cui, Z. Bao, Nature Reviews Materials 2019, 4, 312; b) Q. Zhou, J. Ma, S. Dong, X. Li, 

G. Cui, Adv Mater 2019, 31, 1902029. 
[20] N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama, R. Kanno, M. Yonemura, T. Kamiyama, Y. Kato, S. Hama, K. 

Kawamoto, A. Mitsui, Nature materials 2011, 10, 682. 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



52 
 

[21] L. E. Camacho-Forero, P. B. Balbuena, J. Power Sources 2018, 396, 782. 
[22] A. Mauger, C. Julien, A. Paolella, M. Armand, K. Zaghib, Mater. 2019, 12, 1770. 
[23] Y. Meesala, A. Jena, H. Chang, R.-S. Liu, ACS Energy Letters 2017, 2, 2734. 
[24] X. Xu, Z. Wen, X. Yang, J. Zhang, Z. Gu, Solid State Ionics 2006, 177, 2611. 
[25] K. Takada, J. Power Sources 2018, 394, 74. 
[26] M. Yang, Y. Mo, Angew. Chem. Int. Ed. 2021, 60, 21494. 
[27] a) T. Krauskopf, H. Hartmann, W. G. Zeier, J. Janek, ACS Appl. Mater. Interfaces 2019, 11, 14463; b) T. Krauskopf, B. 

Mogwitz, H. Hartmann, D. K. Singh, W. G. Zeier, J. Janek, Adv. Energy Mater. 2020, 10, 2000945. 
[28] I. D. Seymour, A. Aguadero, J. Mater. Chem. A 2021, 9, 19901. 
[29] J. Kasemchainan, S. Zekoll, D. Spencer Jolly, Z. Ning, G. O. Hartley, J. Marrow, P. G. Bruce, Nature materials 2019, 18, 

1105. 
[30] Y. Lu, C.-Z. Zhao, J.-K. Hu, S. Sun, H. Yuan, Z.-H. Fu, X. Chen, J.-Q. Huang, M. Ouyang, Q. Zhang, Sci. Adv. 2022, 8, 

eadd0510. 
[31] Y. Zhao, R. Wang, E. Mar�nez-Pañeda, Journal of the Mechanics and Physics of Solids 2022, 167, 104999. 
[32] T. Krauskopf, B. Mogwitz, C. Rosenbach, W. G. Zeier, J. Janek, Adv. Energy Mater. 2019, 9, 1902568. 
[33] a) P.-W. Ma, S. L. Dudarev, Phys. Rev. Mater. 2019, 3, 063601; b) M. J. Wang, R. Choudhury, J. Sakamoto, Joule 2019, 

3, 2165; c) C.-C. Li, X.-S. Zhang, Y.-H. Zhu, Y. Zhang, S. Xin, L.-J. Wan, Y.-G. Guo, Energy Materials 2021, 1, 100017. 
[34] J. M. Doux, H. Nguyen, D. H. Tan, A. Banerjee, X. Wang, E. A. Wu, C. Jo, H. Yang, Y. S. Meng, Adv. Energy Mater. 2020, 

10, 1903253. 
[35] a) L. Barroso-Luque, Q. Tu, G. Ceder, J. Electrochem. Soc. 2020, 167, 020534; b) X. Zhang, Q. J. Wang, K. L. Harrison, 

S. A. Roberts, S. J. Harris, Cell Rep. Phys. Sci. 2020, 1, 100012; c) J. Sakamoto, Nat. Energy 2019, 4, 827; d) K. Yoon, 
S. Lee, K. Oh, K. Kang, Adv. Mater. 2022, 34, 2104666. 

[36] a) F. Han, A. S. Westover, J. Yue, X. Fan, F. Wang, M. Chi, D. N. Leonard, N. J. Dudney, H. Wang, C. Wang, Nat. Energy 
2019, 4, 187; b) A. Sharafi, H. M. Meyer, J. Nanda, J. Wolfens�ne, J. Sakamoto, J. Power Sources 2016, 302, 135. 

[37] M. Wang, J. B. Wolfens�ne, J. Sakamoto, Electrochim. Acta 2019, 296, 842. 
[38] G. V. Alexander, S. Patra, S. V. Sobhan Raj, M. K. Sugumar, M. M. Ud Din, R. Murugan, J. Power Sources 2018, 396, 

764. 
[39] W. S. LePage, Y. Chen, E. Kazyak, K.-H. Chen, A. J. Sanchez, A. Poli, E. M. Arruda, M. D. Thouless, N. P. Dasgupta, J. 

Electrochem. Soc. 2019, 166, A89. 
[40] G. Li, C. W. Monroe, Phys. Chem. Chem. Phys. 2019, 21, 20354. 
[41] A. Parejiya, R. Amin, M. B. Dixit, R. Essehli, C. J. Ja�a, D. L. Wood, III, I. Belharouak, ACS Energy Lett. 2021, 6, 3669. 
[42] a) E. Peled, J. Electrochem. Soc. 1979, 126, 2047; b) E. Peled, D. Golodnitsky, G. Ardel, J. Electrochem. Soc. 1997, 

144, L208. 
[43] L. Stolz, G. Homann, M. Winter, J. Kasnatscheew, Mater. Today 2021, 44, 9. 
[44] P. Bai, J. Li, F. R. Brushet, M. Z. Bazant, Energy Environ. Sci. 2016, 9, 3221. 
[45] C. Monroe, J. Newman, J. Electrochem. Soc. 2003, 150, A1377. 
[46] D. Aurbach, E. Zinigrad, Y. Cohen, H. Teller, Solid State Ion. 2002, 148, 405. 
[47] W. D. Richards, L. J. Miara, Y. Wang, J. C. Kim, G. Ceder, Chem. Mater. 2016, 28, 266. 
[48] a) J. Ma, B. Chen, L. Wang, G. Cui, J. Power Sources 2018, 392, 94; b) Y. Takeda, O. Yamamoto, N. Imanishi, 

Electrochem. 2016, 84, 210; c) P. Barai, K. Higa, V. Srinivasan, Phys. Chem. Chem. Phys. 2017, 19, 20493. 
[49] a) Y. Suzuki, K. Kami, K. Watanabe, A. Watanabe, N. Saito, T. Ohnishi, K. Takada, R. Sudo, N. Imanishi, Solid State Ion. 

2015, 278, 172; b) L. Porz, T. Swamy, B. W. Sheldon, D. Retenwander, T. Frömling, H. L. Thaman, S. Berendts, R. 
Uecker, W. C. Carter, Y.-M. Chiang, Adv. Energy Mater. 2017, 7, 1701003. 

[50] Z. Zhang, L. Zhang, Y. Liu, H. Wang, C. Yu, H. Zeng, L.-m. Wang, B. Xu, ChemSusChem 2018, 11, 3774. 
[51] S. Yu, D. J. Siegel, ACS Appl Mater Interfaces 2018, 10, 38151. 
[52] J.-M. Doux, Y. Yang, D. H. S. Tan, H. Nguyen, E. A. Wu, X. Wang, A. Banerjee, Y. S. Meng, J. Mater. Chem. A 2020, 8, 

5049. 
[53] V. Augustyn, M. T. McDowell, A. Vojvodic, Joule 2018, 2, 2189. 
[54] a) T. Krauskopf, R. Dippel, H. Hartmann, K. Peppler, B. Mogwitz, F. H. Richter, W. G. Zeier, J. Janek, Joule 2019, 3, 

2030; b) F. Sagane, R. Shimokawa, H. Sano, H. Sakaebe, Y. Iriyama, J. Power Sources 2013, 225, 245; c) A. Yulaev, V. 
Oleshko, P. Haney, J. Liu, Y. Qi, A. A. Talin, M. S. Leite, A. Kolmakov, Nano Lett. 2018, 18, 1644. 

[55] a) F. Shen, M. B. Dixit, X. Xiao, K. B. Hatzell, ACS Energy Lett. 2018, 3, 1056; b) C. Wang, K. Fu, S. P. Kammampata, D. 
W. McOwen, A. J. Samson, L. Zhang, G. T. Hitz, A. M. Nolan, E. D. Wachsman, Y. Mo, V. Thangadurai, L. Hu, Chem. 
Rev. 2020, 120, 4257. 

[56] a) E. J. Cheng, A. Sharafi, J. Sakamoto, Electrochim. Acta 2017, 223, 85; b) Y. Ren, Y. Shen, Y. Lin, C.-W. Nan, 
Electrochem. Commun. 2015, 57, 27. 

[57] a) T. Swamy, R. Park, B. W. Sheldon, D. Retenwander, L. Porz, S. Berendts, R. Uecker, W. C. Carter, Y.-M. Chiang, J. 
Electrochem. Soc. 2018, 165, A3648; b) L. C. Zhang, J. F. Yang, C. L. Li, Y. X. Gao, X. P. Wang, Q. F. Fang, J. Power 
Sources 2020, 449, 227610. 

[58] Z. Chen, D. L. Danilov, R.-A. Eichel, P. H. L. Noten, Adv. Energy Mater. 2022, 12, 2201506. 
[59] H. Park, O. Tamwatana, J. Kim, S. Buakeaw, R. Hongtong, B. Kim, P. Khomein, G. Liu, N. Meethong, K. Kang, Adv. 

Energy Mater. 2021, 11, 2003039. 
[60] T. Nishida, K. Nishikawa, M. Rosso, Y. Fukunaka, Electrochim. Acta 2013, 100, 333. 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



53 
 

[61] K. Nishikawa, T. Mori, T. Nishida, Y. Fukunaka, M. Rosso, T. Homma, J. Electrochem. Soc. 2010, 157, A1212. 
[62] J.-i. Yamaki, S.-i. Tobishima, K. Hayashi, S. Keiichi, Y. Nemoto, M. Arakawa, J. Power Sources 1998, 74, 219. 
[63] C. Brissot, M. Rosso, J. N. Chazalviel, P. Baudry, S. Lascaud, Electrochim. Acta 1998, 43, 1569. 
[64] J. N. Chazalviel, Phys. Rev. A 1990, 42, 7355. 
[65] a) J. Steiger, G. Richter, M. Wenk, D. Kramer, R. Mönig, Electrochem. Commun. 2015, 50, 11; b) Z. Guo, J. Zhu, J. Feng, 

S. Du, RSC Adv. 2015, 5, 69514; c) J. Steiger, D. Kramer, R. Mönig, Electrochim. Acta 2014, 136, 529; d) J. K. Stark, Y. 
Ding, P. A. Kohl, J. Electrochem. Soc. 2013, 160, D337. 

[66] F. Sagane, K.-i. Ikeda, K. Okita, H. Sano, H. Sakaebe, Y. Iriyama, J. Power Sources 2013, 233, 34. 
[67] H. Sano, H. Sakaebe, H. Matsumoto, J. Power Sources 2011, 196, 6663. 
[68] W. Li, H. Yao, K. Yan, G. Zheng, Z. Liang, Y.-M. Chiang, Y. Cui, Nat. Commun. 2015, 6, 7436. 
[69] A. Aryanfar, T. Cheng, A. J. Colussi, B. V. Merinov, W. A. Goddard, III, M. R. Hoffmann, J. Chem. Phys. 2015, 143. 
[70] C. T. Love, O. A. Baturina, K. E. Swider-Lyons, ECS Electrochem. Lett. 2015, 4, A24. 
[71] S. Pu, C. Gong, A. W. Robertson, R. Soc. Open Sci. 2020, 7, 191204. 
[72] H. Ghassemi, M. Au, N. Chen, P. A. Heiden, R. S. Yassar, Appl. Phys. Lett. 2011, 99. 
[73] W. Zhai, B. Yuan, Y. Fan, Y. Zhang, X. Zhang, Y. Ma, W. Liu, Y. Yu, J. Am. Chem. Soc. 2022, 144, 4124. 
[74] a) R. L. Sacci, N. J. Dudney, K. L. More, L. R. Parent, I. Arslan, N. D. Browning, R. R. Unocic, Chem. Comm. 2014, 50, 

2104; b) Z. Zeng, W.-I. Liang, H.-G. Liao, H. L. Xin, Y.-H. Chu, H. Zheng, Nano Lett. 2014, 14, 1745; c) S.-Y. Lee, J. 
Shangguan, S. Betzler, S. J. Harris, M. M. Doeff, H. Zheng, Nano Energy 2022, 102, 107641. 

[75] B. L. Mehdi, J. Qian, E. Nasybulin, C. Park, D. A. Welch, R. Faller, H. Mehta, W. A. Henderson, W. Xu, C. M. Wang, J. 
E. Evans, J. Liu, J. G. Zhang, K. T. Mueller, N. D. Browning, Nano Lett. 2015, 15, 2168. 

[76] A. J. Leenheer, K. L. Jungjohann, K. R. Zavadil, J. P. Sullivan, C. T. Harris, ACS Nano 2015, 9, 4379. 
[77] a) L. Zhang, T. Yang, C. Du, Q. Liu, Y. Tang, J. Zhao, B. Wang, T. Chen, Y. Sun, P. Jia, H. Li, L. Geng, J. Chen, H. Ye, Z. 

Wang, Y. Li, H. Sun, X. Li, Q. Dai, Y. Tang, Q. Peng, T. Shen, S. Zhang, T. Zhu, J. Huang, Nat. Nanotechnol. 2020, 15, 94; 
b) M. Diaz, A. Kushima, J. Electrochem. Soc. 2021, 168, 020535. 

[78] C. Ma, Y. Cheng, K. Yin, J. Luo, A. Sharafi, J. Sakamoto, J. Li, K. L. More, N. J. Dudney, M. Chi, Nano Lett. 2016, 16, 
7030. 

[79] X. Tao, Y. Liu, W. Liu, G. Zhou, J. Zhao, D. Lin, C. Zu, O. Sheng, W. Zhang, H.-W. Lee, Y. Cui, Nano Lett. 2017, 17, 2967. 
[80] Z. D. Hood, X. Chen, R. L. Sacci, X. Liu, G. M. Veith, Y. Mo, J. Niu, N. J. Dudney, M. Chi, Nano Lett. 2021, 21, 151. 
[81] J. A. Lewis, F. J. Q. Cortes, M. G. Boebinger, J. Tippens, T. S. Marchese, N. Kondekar, X. Liu, M. Chi, M. T. McDowell, 

ACS Energy Lett. 2019, 4, 591. 
[82] Q. Cheng, A. Li, N. Li, S. Li, A. Zangiabadi, T.-D. Li, W. Huang, A. C. Li, T. Jin, Q. Song, W. Xu, N. Ni, H. Zhai, M. Don�gny, 

K. Zaghib, X. Chuan, D. Su, K. Yan, Y. Yang, Joule 2019, 3, 1510. 
[83] G. Rong, X. Zhang, W. Zhao, Y. Qiu, M. Liu, F. Ye, Y. Xu, J. Chen, Y. Hou, W. Li, W. Duan, Y. Zhang, Adv. Mater. 2017, 29, 

1606187. 
[84] a) M. Nagao, A. Hayashi, M. Tatsumisago, T. Kanetsuku, T. Tsuda, S. Kuwabata, Phys. Chem. Chem. Phys. 2013, 15, 

18600; b) M. Motoyama, M. Ejiri, Y. Iriyama, Electrochem. 2014, 82, 364; c) S. H. Kim, K. Kim, H. Choi, D. Im, S. Heo, 
H. S. Choi, J. Mater. Chem. A 2019, 7, 13650. 

[85] X. Shi, J. Yang, W. Wang, Z. Liu, C. Shen, Mater. 2023, 16, 2278. 
[86] D. Aurbach, Y. Cohen, Electrochem. Solid-state Lett. 1999, 2, 16. 
[87] Q. Cheng, L. Wei, Z. Liu, N. Ni, Z. Sang, B. Zhu, W. Xu, M. Chen, Y. Miao, L.-Q. Chen, W. Min, Y. Yang, Nat. Commun. 

2018, 9, 2942. 
[88] R. Bhatacharyya, B. Key, H. Chen, A. S. Best, A. F. Hollenkamp, C. P. Grey, Nat. Mater. 2010, 9, 504. 
[89] K. Shimoda, M. Murakami, D. Takamatsu, H. Arai, Y. Uchimoto, Z. Ogumi, Electrochim. Acta 2013, 108, 343. 
[90] N. Schweikert, A. Hofmann, M. Schulz, M. Scheuermann, S. T. Boles, T. Hanemann, H. Hahn, S. Indris, J. Power 

Sources 2013, 228, 237. 
[91] S. Chandrashekar, N. M. Trease, H. J. Chang, L.-S. Du, C. P. Grey, A. Jerschow, Nat. Mater. 2012, 11, 311. 
[92] A. J. Ilot, M. Mohammadi, H. J. Chang, C. P. Grey, A. Jerschow, Proc. Natl. Acad. Sci. 2016, 113, 10779. 
[93] M. Sathiya, J. B. Leriche, E. Salager, D. Gourier, J. M. Tarascon, H. Vezin, Nat. Commun. 2015, 6, 6276. 
[94] M. Kita, K. Yoshii, K. Murai, H. Sano, ACS Appl Mater Interfaces 2022, 14, 28370. 
[95] a) S. Zhang, T. Yamazawa, T. Sakka, N. Nishi, J. Phys. Chem. C 2022, 126, 9551; b) M. Kita, K. Murai, K. Yoshii, H. 

Sano, J. Am. Chem. Soc. 2021, 143, 11160. 
[96] M. Meyer, H. Rickert, U. Schwaitzer, Solid State Ion. 1983, 9-10, 689. 
[97] L. He, Q. Sun, L. Lu, S. Adams, ACS Appl Mater Interfaces 2021, 13, 34320. 
[98] L. Tian, J. Li, J. Sun, E. Ma, Z.-W. Shan, Sci. Rep. 2013, 3, 2113. 
[99] a) J. Park, D. Kim, D. Jin, C. Phatak, K. Y. Cho, Y.-G. Lee, S. Hong, M.-H. Ryou, Y. M. Lee, J. Power Sources 2018, 408, 

136; b) X. Yang, X. Gao, C. Zhao, Q. Sun, Y. Zhao, K. Adair, J. Luo, X. Lin, J. Liang, H. Huang, L. Zhang, S. Lu, R. Li, X. 
Sun, Energy Storage Mater. 2020, 27, 198. 

[100] Q. Li, B. Quan, W. Li, J. Lu, J. Zheng, X. Yu, J. Li, H. Li, Nano Energy 2018, 45, 463. 
[101] a) J. Park, J. Jeong, Y. Lee, M. Oh, M.-H. Ryou, Y. M. Lee, Adv. Mater. Interfaces 2016, 3, 1600140; b) H.-S. Bae, I. Phiri, 

H. S. Kang, Y. M. Lee, M.-H. Ryou, J. Power Sources 2021, 514, 230553. 
[102] M.-H. Ryou, Y. M. Lee, Y. Lee, M. Winter, P. Bieker, Adv. Funct. Mater. 2015, 25, 834. 
[103] S.-H. Wang, Y.-X. Yin, T.-T. Zuo, W. Dong, J.-Y. Li, J.-L. Shi, C.-H. Zhang, N.-W. Li, C.-J. Li, Y.-G. Guo, Adv. Mater. 2017, 29, 

1703729. 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



54 
 

[104] H. Wang, P. Hu, X. Liu, Y. Shen, L. Yuan, Z. Li, Y. Huang, Adv. Sci. 2021, 8, 2100684. 
[105] C. Karuppiah, S. L. Beshahwured, Y.-S. Wu, L. M. Babulal, K. Z. Walle, H. K. Tran, S.-H. Wu, R. Jose, C.-C. Yang, ACS 

Appl. Energy Mater. 2021, 4, 11248. 
[106] H. Lee, J. Song, Y.-J. Kim, J.-K. Park, H.-T. Kim, Sci. Rep. 2016, 6, 30830. 
[107] H. Liang, L. Wang, Y. Song, D. Ren, A. Wang, Y. Yang, H. Xu, Y. Sun, X. He, Adv. Funct. Mater., n/a, 2303077. 
[108] T. Cao, X. Cheng, M. Wang, J. Lu, J. Niu, H. Liu, X. Liu, Y. Zhang, ACS Appl Mater Interfaces 2023, 15, 6666. 
[109] B. Sun, J. Lang, K. Liu, N. Hussain, M. Fang, H. Wu, Chem. Comm. 2019, 55, 1592. 
[110] H. Kim, G. Jeong, Y.-U. Kim, J.-H. Kim, C.-M. Park, H.-J. Sohn, Chem. Soc. Rev. 2013, 42, 9011. 
[111] Y. Han, R. Fang, C. Lu, K. Wang, J. Zhang, X. Xia, X. He, Y. Gan, H. Huang, W. Zhang, Y. Xia, ACS Appl Mater Interfaces 

2023, 15, 31543. 
[112] a) L. C. Merrill, D. M. Long, K. A. Small, K. L. Jungjohann, K. Leung, K. L. Basset, K. L. Harrison, J. Phys. Chem. C 2022, 

126, 17490; b) X. Ji, S. Hou, P. Wang, X. He, N. Piao, J. Chen, X. Fan, C. Wang, Adv. Mater. 2020, 32, 2002741; c) Y. 
Lu, S. Xu, J. Shu, W. I. A. Aladat, L. A. Archer, Electrochem. Commun. 2015, 51, 23. 

[113] Y. Yao, H. Yang, J. Li, J. Alloys Compd. 2023, 960, 170788. 
[114] C. Wu, J. Hu, Q. Yang, M. Lei, Y. Yu, C. Lai, C. Li, Nano Energy 2023, 113, 108523. 
[115] Q. Yang, J. Hu, J. Meng, C. Li, Energy Environ. Sci. 2021, 14, 3621. 
[116] Q. Ran, H. Zhao, J. Liu, L. Li, Q. Hu, J. Song, X. Liu, S. Kormarneni, J. Energy Chem. 2023, 83, 612. 
[117] A. Wang, J. Li, M. Yi, Y. Xie, S. Chang, H. Shi, L. Zhang, M. Bai, Y. Zhou, Y. Lai, Z. Zhang, Energy Storage Mater. 2022, 

49, 246. 
[118] Z. Peng, J. Song, L. Huai, H. Jia, B. Xiao, L. Zou, G. Zhu, A. Mar�nez, S. Roy, V. Murugesan, H. Lee, X. Ren, Q. Li, B. Liu, 

X. Li, D. Wang, W. Xu, J.-G. Zhang, Adv. Energy Mater. 2019, 9, 1901764. 
[119] a) Y. Li, Y. Sun, A. Pei, K. Chen, A. Vailionis, Y. Li, G. Zheng, J. Sun, Y. Cui, ACS Cent. Sci. 2018, 4, 97; b) M. Wu, Z. Wen, 

Y. Liu, X. Wang, L. Huang, J. Power Sources 2011, 196, 8091. 
[120] S. Wang, J. Chen, H. Lu, Y. Zhang, J. Yang, Y. Nuli, J. Wang, ACS Appl. Energy Mater. 2021, 4, 13132. 
[121] Y. Wu, Y. Zhang, Y. Liu, J. Feng, Energy Technol. 2021, 9, 2100087. 
[122] Y. Zhong, C. Cao, M. O. Tadé, Z. Shao, ACS Appl Mater Interfaces 2022, 14, 38786. 
[123] P. Zhai, Y. Wei, J. Xiao, W. Liu, J. Zuo, X. Gu, W. Yang, S. Cui, B. Li, S. Yang, Y. Gong, Adv. Energy Mater. 2020, 10, 

1903339. 
[124] H. Chen, A. Pei, D. Lin, J. Xie, A. Yang, J. Xu, K. Lin, J. Wang, H. Wang, F. Shi, D. Boyle, Y. Cui, Adv. Energy Mater. 2019, 

9, 1900858. 
[125] G. M. Stone, S. A. Mullin, A. A. Teran, D. T. Hallinan, A. M. Minor, A. Hexemer, N. P. Balsara, J. Electrochem. Soc. 2012, 

159, A222. 
[126] F. Zhu, Z. Zhang, J. Gu, J. Xu, S. Eitssayeam, Q. Xu, P. Shi, Y. Min, J. Colloid Interface Sci. 2023, 650, 622. 
[127] B. Zhao, Y. Shi, J. Wu, C. Xing, Y. Liu, W. Ma, X. Liu, Y. Jiang, J. Zhang, J. Chem. Eng. 2022, 429, 132411. 
[128] S. Liu, X. Zhang, R. Li, L. Gao, J. Luo, Energy Storage Mater. 2018, 14, 143. 
[129] L. Ma, M. S. Kim, L. A. Archer, Chem. Mater. 2017, 29, 4181. 
[130] Z. Hu, F. Liu, J. Gao, W. Zhou, H. Huo, J. Zhou, L. Li, Adv. Funct. Mater. 2020, 30, 1907020. 
[131] Z. Jiang, L. Jin, Z. Han, W. Hu, Z. Zeng, Y. Sun, J. Xie, Angew. Chem. Int. Ed. 2019, 58, 11374. 
[132] M. An, H. Wang, W. Cheng, G. Li, S. Liu, X. Gao, J. Alloys Compd. 2023, 966, 171619. 
[133] X. Liang, Q. Pang, I. R. Kochetkov, M. S. Sempere, H. Huang, X. Sun, L. F. Nazar, Nat. Energy 2017, 2, 17119. 
[134] G. Hou, C. Ci, D. Salpekar, Q. Ai, Q. Chen, H. Guo, L. Chen, X. Zhang, J. Cheng, K. Kato, R. Vajtai, P. Si, G. Babu, L. Ci, 

P. M. Ajayan, J. Power Sources 2020, 448, 227547. 
[135] L. Chen, J. Lai, Z. Li, H. Zou, J. Yang, K. Ding, Y.-P. Cai, Q. Zheng, Commun. Mater. 2023, 4, 18. 
[136] N.-W. Li, Y.-X. Yin, C.-P. Yang, Y.-G. Guo, Adv. Mater. 2016, 28, 1853. 
[137] J. You, H. Deng, X. Zheng, H. Yan, L. Deng, Y. Zhou, J. Li, M. Chen, Q. Wu, P. Zhang, H. Sun, J. Xu, ACS Appl Mater 

Interfaces 2022, 14, 5298. 
[138] Q. Yang, J. Hu, Z. Yao, J. Liu, C. Li, Adv. Funct. Mater. 2023, 33, 2206778. 
[139] K. Li, Y. Wang, W. Jia, S. Qu, Z. Yao, R. Cui, W. Zou, F. Zhou, J. Li, ACS Appl Mater Interfaces 2020, 12, 2285. 
[140] Z. Hu, S. Zhang, S. Dong, W. Li, H. Li, G. Cui, L. Chen, Chem. Mater. 2017, 29, 4682. 
[141] Y. Zhang, G. Wang, L. Tang, J. Wu, B. Guo, M. Zhu, C. Wu, S. X. Dou, M. Wu, J. Mater. Chem. A 2019, 7, 25369. 
[142] W. Cao, J. Lu, K. Zhou, G. Sun, J. Zheng, Z. Geng, H. Li, Nano Energy 2022, 95, 106983. 
[143] J. Zhang, Y. Zhong, S. Wang, D. Han, M. Xiao, L. Sun, Y. Meng, ACS Appl. Energy Mater. 2021, 4, 862. 
[144] Y. Wu, X. Sun, R. Li, C. Wang, D. Song, Z. Yang, J. Gao, Y. Zhang, T. Ohsaka, F. Matsumoto, F. Zhao, J. Wu, Electrochem. 

Commun. 2022, 142, 107377. 
[145] M. R. Shaik, M. J. Yeo, K. Y. Cho, S. Yoon, J. Alloys Compd. 2023, 939, 168703. 
[146] J. Wu, Z. Rao, X. Liu, Y. Shen, C. Fang, L. Yuan, Z. Li, W. Zhang, X. Xie, Y. Huang, Adv. Mater. 2021, 33, 2007428. 
[147] a) K. Nishikawa, H. Naito, M. Kawase, T. Nishida, ECS Trans. 2012, 41, 3; b) K. Nishikawa, T. Mori, T. Nishida, Y. 

Fukunaka, M. Rosso, J. Electroanal. Chem. 2011, 661, 84. 
[148] R. A. Huggins, J. Power Sources 1988, 22, 341. 
[149] S. Qu, W. Jia, Y. Wang, C. Li, Z. Yao, K. Li, Y. Liu, W. Zou, F. Zhou, Z. Wang, J. Li, Electrochim. Acta 2019, 317, 120. 
[150] Q. Tang, H. Li, Y. Pan, J. Zhang, Y. Chen, Ionics 2019, 25, 2525. 
[151] W. Tang, X. Yin, S. Kang, Z. Chen, B. Tian, S. L. Teo, X. Wang, X. Chi, K. P. Loh, H.-W. Lee, G. W. Zheng, Adv. Mater. 

2018, 30, 1801745. 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



55 
 

[152] M. C. Stan, J. Becking, A. Kolesnikov, B. Wankmiller, J. E. Frerichs, M. R. Hansen, P. Bieker, M. Kolek, M. Winter, Mater. 
Today 2020, 39, 137. 

[153] a) N. Delaporte, A. Perea, S. Collin-Mar�n, M. Léonard, J. Maton, V. Gariepy, H. Demers, D. Clément, E. Rivard, A. 
Vijh, Batter. Supercaps 2022, 5, e202200245; b) J. Deng, Y. Wang, S. Qu, Y. Liu, W. Zou, F. Zhou, A. Zhou, J. Li, Batter. 
Supercaps 2021, 4, 140. 

[154] A. Varzi, L. Matarozzi, S. Catarin, P. Guerriero, S. Passerini, Adv. Energy Mater. 2018, 8, 1701706. 
[155] L. Wang, L. Zhang, Q. Wang, W. Li, B. Wu, W. Jia, Y. Wang, J. Li, H. Li, Energy Storage Mater. 2018, 10, 16. 
[156] L. Fan, H. L. Zhuang, L. Gao, Y. Lu, L. A. Archer, J. Mater. Chem. A 2017, 5, 3483. 
[157] X. Chang, G. Liu, M. Wu, M. Chang, X. Zhao, G. Z. Chen, K. L. Fow, X. Yao, Battery Energy 2023, 2, 20220051. 
[158] L. Wang, Q. Wang, W. Jia, S. Chen, P. Gao, J. Li, J. Power Sources 2017, 342, 175. 
[159] X. Chang, W. Weng, M. Li, M. Wu, G. Z. Chen, K. L. Fow, X. Yao, ACS Appl Mater Interfaces 2023, 15, 21179. 
[160] A. A. Arie, O. M. Vovk, J. O. Song, B. W. Cho, J. K. Lee, J. Electroceramics 2009, 23, 248. 
[161] a) Z. G. Lu, C. Y. Chung, Diam. Relat. Mater. 2008, 17, 1871; b) A. A. Arie, J. K. Lee, Diam. Relat. Mater. 2011, 20, 403. 
[162] Y. J. Zhang, X. Y. Liu, W. Q. Bai, H. Tang, S. J. Shi, X. L. Wang, C. D. Gu, J. P. Tu, J. Power Sources 2014, 266, 43. 
[163] P. C. Wang, Y. T. Shih, M. C. Lin, H. C. Lin, M. J. Chen, K. M. Lin, Thin Solid Films 2010, 518, 7501. 
[164] a) K. Arts, H. Thepass, M. A. Verheijen, R. L. Puurunen, W. M. M. Kessels, H. C. M. Knoops, Chem. Mater. 2021, 33, 

5002; b) X. Meng, J. Mater. Chem. A 2017, 5, 18326; c) R. L. Puurunen, Chem. Vap. Depos. 2014, 20, 332. 
[165] M. Sullivan, P. Tang, X. Meng, Molecules 2022, 27, 6170. 
[166] a) E. Memarzadeh Lo�abad, P. Kalisvaart, K. Cui, A. Kohandehghan, M. Kupsta, B. Olsen, D. Mitlin, Phys. Chem. Chem. 

Phys. 2013, 15, 13646; b) L. A. Riley, A. S. Cavanagh, S. M. George, Y. S. Jung, Y. Yan, S.-H. Lee, A. C. Dillon, 
ChemPhysChem 2010, 11, 2124. 

[167] a) L. A. Riley, S. Van Ata, A. S. Cavanagh, Y. Yan, S. M. George, P. Liu, A. C. Dillon, S.-H. Lee, J. Power Sources 2011, 
196, 3317; b) H. Kim, J. T. Lee, D.-C. Lee, A. Magasinski, W.-i. Cho, G. Yushin, Adv. Energy Mater. 2013, 3, 1308. 

[168] A. C. Kozen, C.-F. Lin, A. J. Pearse, M. A. Schroeder, X. Han, L. Hu, S.-B. Lee, G. W. Rubloff, M. Noked, ACS Nano 2015, 
9, 5884. 

[169] M. Wang, X. Cheng, T. Cao, J. Niu, R. Wu, X. Liu, Y. Zhang, J. Alloys Compd. 2021, 865, 158748. 
[170] P. K. Alaboina, S. Rodrigues, M. Rotmayer, S.-J. Cho, ACS Appl Mater Interfaces 2018, 10, 32801. 
[171] a) A. C. Kozen, C.-F. Lin, O. Zhao, S. B. Lee, G. W. Rubloff, M. Noked, Chem. Mater. 2017, 29, 6298; b) Y. Wang, S. 

Klueter, M. Lee, J. Yun, B. Hoang, E. Kallon, C. Lee, C.-F. Lin, G. W. Rubloff, S. B. Lee, A. C. Kozen, Materials Advances 
2022, 3, 8332. 

[172] Y. Cao, X. Meng, J. W. Elam, ChemElectroChem 2016, 3, 858. 
[173] L. Chen, K.-S. Chen, X. Chen, G. Ramirez, Z. Huang, N. R. Geise, H.-G. Steinrück, B. L. Fisher, R. Shahbazian-Yassar, M. 

F. Toney, M. C. Hersam, J. W. Elam, ACS Appl Mater Interfaces 2018, 10, 26972. 
[174] X. Meng, K. C. Lau, H. Zhou, S. K. Ghosh, M. Benamara, M. Zou, Energy Mater. Adv. 2021, 2021. 
[175] C. Wang, Y. Zhao, Q. Sun, X. Li, Y. Liu, J. Liang, X. Li, X. Lin, R. Li, K. R. Adair, L. Zhang, R. Yang, S. Lu, X. Sun, Nano 

Energy 2018, 53, 168. 
[176] a) J. Hu, C. Lai, K. Chen, Q. Wu, Y. Gu, C. Wu, C. Li, Nat. Commun. 2022, 13, 7914; b) Z. Li, H. Zhang, X. Sun, Y. Yang, 

ACS Energy Lett. 2020, 5, 3244. 
[177] J.-Y. Liang, X.-D. Zhang, Y. Zhang, L.-B. Huang, M. Yan, Z.-Z. Shen, R. Wen, J. Tang, F. Wang, J.-L. Shi, L.-J. Wan, Y.-G. 

Guo, J. Am. Chem. Soc. 2021, 143, 16768. 
[178] a) L. Ma, S. Chen, X. Li, A. Chen, B. Dong, C. Zhi, Angew. Chem. Int. Ed. 2020, 59, 23836; b) L. Liu, X. Qi, S. Yin, Q. 

Zhang, X. Liu, L. Suo, H. Li, L. Chen, Y.-S. Hu, ACS Energy Lett. 2019, 4, 1650. 
[179] a) H. Wu, D. Zhuo, D. Kong, Y. Cui, Nat. Commun. 2014, 5, 5193; b) D. Lin, D. Zhuo, Y. Liu, Y. Cui, J. Am. Chem. Soc. 

2016, 138, 11044. 
[180] H. Duan, Y.-X. Yin, Y. Shi, P.-F. Wang, X.-D. Zhang, C.-P. Yang, J.-L. Shi, R. Wen, Y.-G. Guo, L.-J. Wan, J. Am. Chem. Soc. 

2018, 140, 82. 
[181] K. Liu, A. Pei, H. R. Lee, B. Kong, N. Liu, D. Lin, Y. Liu, C. Liu, P.-c. Hsu, Z. Bao, Y. Cui, J. Am. Chem. Soc. 2017, 139, 4815. 
[182] L. Shen, X. Liu, J. Dong, Y. Zhang, C. Xu, C. Lai, S. Zhang, J. Energy Chem. 2021, 52, 262. 
[183] J. Wu, H. Zeng, X. Li, X. Xiang, Y. Liao, Z. Xue, Y. Ye, X. Xie, Adv. Energy Mater. 2018, 8, 1802430. 
[184] A. Gupta, E. Kazyak, N. Craig, J. Christensen, N. P. Dasgupta, J. Sakamoto, J. Electrochem. Soc. 2018, 165, A2801. 
[185] Y. Gao, D. Wang, Y. C. Li, Z. Yu, T. E. Mallouk, D. Wang, Angew. Chem. Int. Ed. 2018, 57, 13608. 
[186] J. Bae, Y. Qian, Y. Li, X. Zhou, J. B. Goodenough, G. Yu, Energy Environ. Sci. 2019, 12, 3319. 
[187] S. Huang, Z. Cui, L. Qiao, G. Xu, J. Zhang, K. Tang, X. Liu, Q. Wang, X. Zhou, B. Zhang, G. Cui, Electrochim. Acta 2019, 

299, 820. 
[188] a) Q. Liu, B. Cai, S. Li, Q. Yu, F. Lv, F. Kang, Q. Wang, B. Li, J. Mater. Chem. A 2020, 8, 7197; b) C.-Z. Zhao, Q. Zhao, X. 

Liu, J. Zheng, S. Stalin, Q. Zhang, L. A. Archer, Adv. Mater. 2020, 32, 1905629; c) Q. Zhao, X. Liu, S. Stalin, K. Khan, L. 
A. Archer, Nat. Energy 2019, 4, 365; d) Y. Wang, E. Sahadeo, S. B. Lee, ACS Appl. Energy Mater. 2022, 5, 2613; e) Y.-
H. Wang, J. Yue, W.-P. Wang, W.-P. Chen, Y. Zhang, Y.-G. Yang, J. Zhang, Y.-X. Yin, X. Zhang, S. Xin, Y.-G. Guo, Materials 
Chemistry Frontiers 2021, 5, 5328. 

[189] M. Xie, Y. Wu, Y. Liu, P. P. Yu, R. Jia, W. A. Goddard, T. Cheng, Mater. Today Energy 2021, 21, 100730. 
[190] H. Wu, B. Tang, X. Du, J. Zhang, X. Yu, Y. Wang, J. Ma, Q. Zhou, J. Zhao, S. Dong, G. Xu, J. Zhang, H. Xu, G. Cui, L. Chen, 

Adv. Sci. 2020, 7, 2003370. 
[191] Y. Zhang, L. Yu, J. Wang, S. Li, H. Gan, Z. Xue, J. Membr. Sci. 2021, 626, 119210. 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



56 
 

[192] M. Sun, Z. Zeng, L. Peng, Z. Han, C. Yu, S. Cheng, J. Xie, Mater. Today Energy 2021, 21, 100785. 
[193] D. Luo, L. Zheng, Z. Zhang, M. Li, Z. Chen, R. Cui, Y. Shen, G. Li, R. Feng, S. Zhang, G. Jiang, L. Chen, A. Yu, X. Wang, 

Nat. Commun. 2021, 12, 186. 
[194] a) H. Chen, J. Liu, X. Zhou, H. Ji, S. Liu, M. Wang, T. Qian, C. Yan, J. Chem. Eng. 2021, 404, 126470; b) J. Liu, T. Qian, 

N. Xu, M. Wang, J. Zhou, X. Shen, C. Yan, Energy Storage Mater. 2020, 24, 265. 
[195] Z. Wang, Z. Song, Y. Liu, J. Xing, C. Wei, W. Zou, J. Li, Phys. Chem. Chem. Phys. 2023, 25, 124. 
[196] H. Huo, B. Wu, T. Zhang, X. Zheng, L. Ge, T. Xu, X. Guo, X. Sun, Energy Storage Mater. 2019, 18, 59. 
[197] S. Li, J. Huang, Y. Cui, S. Liu, Z. Chen, W. Huang, C. Li, R. Liu, R. Fu, D. Wu, Nat. Nanotechnol. 2022, 17, 613. 
[198] Q. Wang, X. Xu, B. Hong, M. Bai, J. Li, Z. Zhang, Y. Lai, J. Chem. Eng. 2022, 428, 131331. 
[199] Y. Moryson, H. Hartmann, S.-K. Oto, X. Fang, M. Rohnke, J. Janek, ACS Appl. Energy Mater. 2023, 6, 6656. 
[200] G. Lu, J. Nai, H. Yuan, J. Wang, J. Zheng, Z. Ju, C. Jin, Y. Wang, T. Liu, Y. Liu, X. Tao, ACS Nano 2022, 16, 9883. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



57 
 

Author Biographies 

 

Dr. Ramesh Kumar Petla is a postdoctoral researcher at the Nano-Energy 
Laboratory at the University of Arkansas in the USA. He completed his Ph.D. 
from Pondicherry University (India) in 2013, and his Master of Science degree 
in Materials Science from Andhra University, Vizag (India). His Ph.D. 
research focused on lithium transition metal phosphates for lithium-ion 
batteries. He has also worked as a visiting scholar at the University of Guelph 
(Canada). Currently, his research interests include studying the alkali 
metal/electrolyte interfaces for energy storage devices. 

 

Mr. Ian Lindsey is a bachelor's student in the Department of Mechanical 
Engineering at the University of Arkansas, USA. His current research 
interest is the study of Li/electrolyte interfaces for energy storage devices.  

 

 

Dr. Jianlin Li is the Energy Storage and Conversion Department Manager in the 
Applied Materials Division at Argonne National Laboratory. Dr. Li received 
his dual B.S. in Materials Chemistry and Electronic Information 
Engineering in 2001 and his M.S. in Materials Science in 2004. All 
were from University of Science and Technology of China (USTC). He also 
received his Ph.D. in Materials Science and Engineering from the University 
of Florida in 2009. His research area includes materials synthesis, 
processing and characterization, electrode engineering, cell manufacturing 

and prototyping for energy storage and conversion. 

 

Dr. Xiangbo Meng is currently an Associate Professor in Department of 
Mechanical Engineering at the University of Arkansas (USA). He 
received one PhD degree in Mechanical & Materials Engineering (2011) 
and another in Chemical & Biochemical Engineering (2008), both from 
the University of Western Ontario (Canada). Prior to joining the 
University of Arkansas in 2016, he was a Research Fellow (2012-2016) 
in Energy Systems Division at Argonne National Laboratory (USA) and 
a Research Associate (2011-2012) in Chemistry Department at 

Brookhaven National Laboratory (USA). Dr. Meng’s research focuses on developing new inorganic, 
organic, and hybrid nanomaterials for high-performance advanced battery systems.      

 

 

10.1002/cssc.202400281

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.

 1864564x, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202400281 by A
rgonne N

ational L
aboratory, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



58 
 

Graphical Abstract 

 

 

  

 

 

 

 

 

This review provides a comprehensive overview on recent studies of lithium metal anodes, 
including interfacial issues, characterizations, and strategies. 
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