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a b s t r a c t

Anode free lithium metal batteries (AF-LMBs) have conspicuous advantages both in energy density and

the compatibility of battery manufacturing process. However, the limited cycle life of AF-LMBs is a

crucial factor hindering its practical application. Fluorinated or nitride artificial inorganic solid electrolyte

interphase (SEI) has been found as an effective method to prolong the lifespan of AF-LMBs. Herein, by

investigating the impact of nano-sized inorganic gradient layers (LiF or Li3N) on initial Li deposition

behavior, we notice that the Li+ diffusion barrier and the deposition morphology are highly depended

on the thickness of inorganic layers. Thicker protective layers cause larger overpotential as well as

more aggregated Li+ distribution. This study reveals that the ideal SEI should be synthesized thin and

uniformly enough and uncontrollable artificial SEI can cause damage to the lifespan of AF-LMBs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the limitation of intercalation mechanism, lithium

(Li) ion batteries, usually with graphite as anode, have been ap-

proaching its theoretical energy density [1,2]. As a result, Li metal

batteries have been widely investigated due to its high theoretical

capacity (3860 mAh/g) and lowest reduction potential (−3.04V vs.

standard hydrogen electrode) and regarded as the ultimate choice

for next generation high energy density rechargeable batteries

[3–5]. The energy density can be further improved when current

collectors are used as anodes to construct anode free lithium metal

batteries (AF-LMBs) [6–9]. AF-LMBs are better compatible with ex-

isting production systems and have more friendly requirements for

the manufacturing environment than lithium metal batteries due

to the absence of lithium metal. However, the commercial deploy-

ment of AF-LMBs is postponed by their poor cycling performance,

which is related to the notorious electrode/electrolyte interface

[10–13]. The stability of the interface is crucial for leveraging the

high energy density of AF-LMBs [14].

Specifically, electrolytes will be reduced at the anode surface to

form a solid electrolyte interphase (SEI) that allows the conduction

of Li+ while insulating electrons [15–18]. An ideal SEI should have

a proper thickness as well as excellent mechanical and chemical
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stability [19,20]. Nevertheless, because of the high reactivity of

Li, natural SEI undergoes continuous thickness increasement to

protect the electrode, which undoubtedly consumes capacity [21].

Optimizing the composition of the electrolyte is one of the most

direct methods to adjust the properties of the SEI [22–24]. What

is more, the construction of artificial SEI is also a commonly used

approach in the research community [25–31].

Natural SEI usually has a double-layer structure, with an inner

inorganic layer and an outer organic layer [32]. In detail, LiF and

Li3N, as the common inorganic components, are considered as

powerful support for the SEI stability [33–37]. As discussed by

Fan et al., LiF can effectively inhibit the growth of dendritic Li

thanks to its high bulk modulus (70 Gpa) and interfacial energy

(73.28 meV/Å2) [38]. Besides, the large band gap of LiF can block

the electron transfer from Li to SEI, which provides sufficient

protection for Li through preventing side reactions between Li

and electrolyte [39]. Commonly, Li+ can transport through the

grain boundary of LiF since it exhibits an extremely low bulk

conductivity [40,41]. In contrast, Li3N delivers the lowest Li+ bulk

diffusion barrier among the common inorganic components in

SEI, including LiF, Li2O and Li2CO3 [42]. It is worth noting that

although many researchers prepare LiF or Li3N layers on electrode

surfaces through artificial means to improve the cyclic perfor-

mance, the thickness of these layers far exceeds the actual SEI

observed through cryo-transmission electronic microscopy [43,44].
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This undoubtedly increases the difficulty of Li+ transportation,

making it difficult to replicate lithium deposition behavior un-

der real operating conditions. By further reducing the thickness

of the inorganic layer in SEI, we can gain deeper insights into

the lithium deposition morphology caused by ultra-thin inor-

ganic layers. This will also help us better understand the crucial

role played by inorganic components such as LiF and Li3N in

the SEI.

Herein, we obtained gradient thickness LiF and Li3N film layers

through thermal evaporation method with the film thickness

controlled below 15nm. Focusing on the initial lithium deposition

behavior during discharge in Li|Cu half cells, we observed that the

increasement of nano-sized film thickness promoted the mono-

tonical rise in the nucleation overpotential of Li. However, this

was inconsistent with the morphology evolution trend observed

through scanning electron microscope (SEM) from a thermody-

namic perspective. The non-uniform distribution of the inorganic

layer in thickness is the main reason for the island-like deposition

morphology of Li. This contradicts with the common reports,

providing new insight into the development of stable SEI design

strategies for AF-LMBs.

Silicon wafer (Si) and copper (Cu) were selected as substrates

and evaporated with LiF (Fig. S1 in Supporting information).

Compared with Cu, which is used as current collector, Si helps us

calibrate the thickness of LiF accurately and observe the evapo-

rated morphology of LiF clearly owing to its high surface flatness.

As shown in Fig. 1, we marked the thickness of LiF layer through

atomic force microscope (AFM) owing to its availability to charac-

terize the nanoscale surface morphology as well as film thickness.

The difference in height caused obvious color discrimination on

each side of the image in Figs. 1a-c. What is more, the variation

of cross-section height showed the thickness of LiF layer intu-

itively, which was 5nm, 10nm and 15nm, respectively (Figs. 1d–f).

By narrowing the field of view, evaporation morphology of LiF

layer was exhibited clearly, which covered the Si substrate ho-

mogenously (Figs. 1g-i). In detail, the surface roughness of 5nm

evaporation layer was 1.7 nm, while it was 3.37nm for the 15nm

film. The surface roughness increased linearly with the raising of

LiF layer thickness. Besides, surface morphology and component

of inorganic layers was also observed through SEM and X-ray

photoelectronic spectroscopy (XPS) with different substrates in

Figs. S2 and S3 (Supporting information).

Based on the thickness calibration on Si, we obtained the

gradient thickness LiF layer on Cu substrates to explore the rela-

tionship between LiF thickness and Li deposition morphology. The

existence of LiF layer obviously increased the deposition resistance

of Li. As shown in Fig. 2a, compared with bare Cu, LiF layer coated

Cu showed a larger Li nucleation overpotential (ηn).

Further statistical analysis portrayed that the increase in LiF

thickness led to a monotonic increase in ηn (Fig. 2b). The relation-

ship between the surface roughness and nucleation overpotential

was also exhibited. Different SEM images with varying deposition

capacities demonstrated the evolution of Li deposition morphology

in the early stages (Fig. 2c and Fig. S4 in Supporting information).

At a capacity of 0.05 mAh/cm2, corresponding to the onset of

deposition, noticeable differences in the deposition morphology

are observed for different thicknesses of LiF. Bare Cu and 5nm LiF

presented dendritic morphology (Fig. S5 in Supporting informa-

tion). In contrast, island-like morphology appeared as LiF thickness

increased. According to classical nucleation theory, there was a

negative correlation between ηn and nucleus radius [45]. This

implied that the nucleus radius of the 15nm LiF layer should be

the smallest, which obviously contradicted with what we observed

through SEM. Based on the AFM images, LiF layer exhibited fluctu-

ations in thickness. We believed that when LiF was thick enough,

there was a noticeable redistribution of Li+ concentration gradient

on the electrode surface. In this scenario, Li+ was more likely to

diffuse through the thinner region of LiF, thereby increasing the

nearby Li+ concentration. Correspondingly, this resulted in the for-

mation of large Li nucleus and subsequent deposition “hotspots”,

promoting the formation of island-like Li deposition morphology

in that position. As the deposition capacity further raised to 0.1

mAh/cm2, the coverage of Li on the Cu surface also increased. SEM

images showed that different island-like Li crystal nucleus in the

15nm LiF layer were connected by dendrites, further reducing the

differences in deposition morphology between different LiF layers.

This phenomenon was also observed in the second deposition

(Fig. S6 in Supporting information). It indicated that the presence

Fig. 1. AFM images of nano-sized LiF films deposited on Si substrates. (a-c) Thickness measurements over 20×20 μm2 area under different thermal evaporation conditions.

Corresponding height profile for (d) 5 nm, (e) 10nm, (f) 15nm LiF films. (g-i) Surface morphology of LiF films with different thickness over 2×2 μm2 area.
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Fig. 2. Li plating behavior under LiF films in different Li|Cu half cells. (a) Experimental voltage curves of Li deposition on Cu substrates covered by gradient thickness of LiF

films. (b) The relationship between the LiF thickness and nucleation overpotential. (c) SEM images of Li plating layer with progressive deposition capacity and different LiF

thickness.

Fig. 3. Li plating behavior in the same Li|Cu half cells with half of Cu current col-

lector covered by LiF film. AFM height image of the LiF film on (a) Si substrate and

(b) specific height profile. (c) SEM images of the deposited Li on Cu covered by LiF

(left) and bare Cu (right), and the insert was the optical photograph of Cu surface

after 0.1 mAh/cm2 Li deposited.

of the LiF layer did not fundamentally change the deposition

behavior of lithium, at least for a 5nm LiF layer.

In order to minimize the error caused by slight differences in

the electrochemical processes of different batteries, we used a

copper foil with half part covered by a 15nm LiF layer and the

other side bare for Li deposition. Figs. 3a and b indicated the

evaporation morphology and height profile of the half-covered

LiF layer. Not surprisingly, as shown in Fig. 3c, Li more preferred

depositing on the surface without LiF layer (right part of the

inset picture), shining with metallic luster. The current collector

was exposed on the LiF layer covered part, which implied less

deposited Li. Furthermore, there were noticeable differences in

the microscopic deposition morphology of Li on the surface of

aforementioned Cu. The surface of bare Cu was completely cov-

ered by layers of dendritic Li deposition, while the LiF covered

part presented an island-like deposition morphology. The results

indicated that the coverage of LiF increased the diffusion resis-

tance of Li+, promoting its deposition on the bare Cu. Meanwhile,

the presence of island-like Li deposition morphology caused by

different thicknesses of LiF layer still existing, which solidified the

validity and accuracy of the discussions described in Fig. 2.

What is more, we wondered the effect of other common inor-

ganic nano-sized layer on Li deposition behavior. Hence, we chose

Li3N which had a high Li+ bulk diffusion coefficient, in contrast

to the extremely low Li+ conductivity of LiF bulk. Additionally,

we obtained the nanoscale Li3N layers through thermal evapora-

tion, with 5nm and 10nm thick. The surface morphology, surface

roughness, and the cross-section thickness of Li3N layer was spread

out in Figs. S7 and S8 (Supporting information). Trustworthy, the

increase in ηn was directly proportional to the raising of inorganic

layer thickness (Fig. 4a and Fig. S9 in Supporting information).

The Li deposition behavior on Li3N layer was consistent with the

overall trend of the LiF system at different deposition capacities

(Fig. 4b). The island-like morphology was more obviously when

the Li3N thickness approached 10nm. 0.05 mAh/cm2 deposition

capacity led to many island-like Li particles in the SEM images

for the 10nm Li3N. However, instead of further enlarging of the

Li islands, lots of dendrites appeared to connect different islands

when the deposition capacity reached 0.1 mAh/cm2, which could

be clearly observed both in Fig. 4b and Fig. S10 (Supporting infor-

mation). Meanwhile, CE measurement was adopted to evaluated

the cyclic performance of Li, whether bare Cu, LiF layer and Li3N

layer could work in large time scale shown in Fig. 4c. Based on the

overall trend of changes, it was clear that the application of the

nano-sized inorganic layers as well as the thickness of these layers

did not significantly affect the long-term stability of the batteries.

The average CE remained around 99.2% for all systems. Same

results were also obtained in Fig. S11 (Supporting information).

In this contribution, we prepared nano-sized gradient thickness

LiF/Li3N layers through thermal evaporation to re-evaluate its

influence on Li deposition behavior (Fig. 5). The nano-sized inor-

ganic layer increased the difficulty of Li+ diffusion, forcing Li+ to

concentrate and diffuse through the thinner areas of the inorganic

layer, forming island-like deposition morphology. However, this

deposition morphology would only appear at the very beginning of

Li deposition, since Li dendrites filled in the blank areas to connect

the island-like morphology subsequently. The uniformity of inor-
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Fig. 4. Li plating behavior under gradient thickness Li3N films. (a) The relationship between Li3N thickness and nucleation overpotential. Surface roughness was also consid-

ered as a key variate. (b) SEM images of Li nucleus layer under different thickness Li3N layer and Li deposition capacity. (c) Cycling performance of Li|Cu cells with gradient

LiF/Li3N thickness.

Fig. 5. A schematic illustration of the initial Li deposition behavior with the nano-

sized LiF or Li3N layer. Li+ inclined to accumulate on the thinner area of the in-

organic layer when approaching the electrode surface and exhibited an island-like

deposition morphology.

ganic layers largely adjusts initial Li deposition morphology which

should be considered when artificial SEI is designed for AF-LMBs.
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