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Abstract: The formation of lithium dendrite and the unstable electrode/electrolyte interface, 

especially at high rates, are the dominant obstacles impeding the implementation of lithium metal 

batteries (LMBs). To tackle these fundamental challenges, here we propose a lithiophilic 

Mo3N2/MoN heterostructure (designated as MoNx) interlayer for dendrite-free and ultra-stable 

lithium metal anodes for the first time. The MoNx interlayer presents excellent electrolyte wettability, 

fast lithium diffusion kinetics and strong mechanical strength, which function synergistically to 

inhibit lithium dendrite growth. During cycling, an in-situ formation of Li3N-rich solid electrolyte 

interphase layer and metallic Mo phase can regulate the Li-ion conductivity and Li metal deposition, 

thus indicating uniform and compact Li plating. Above ameliorating features accompany an ultra-

long-life of 2000 hours at a high current density of 5 mA cm-2 for the MoNx-Li anode. The feasibility 

of the MoNx-Li anode in LMB is further confirmed in conjunction with LiFePO4 cathodes. The full 

cells deliver exceptionally high-capacity retentions of above 82.0% after 500 cycles at 1C and 425 

cycles at 3C, which are among the best thus far reported for LMBs. This work provides both new 

insights towards functional interlayer design and effective transition-metal nitrides for practical 

LMBs. 

Keywords: Lithium metal battery, Mo3N2/MoN heterostructure, DFT calculations, in-situ reaction, 

Li3N-rich layer 
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1. Introduction 

With the increasing demand of portable electronic devices and electric vehicles, the 

development of advanced energy storage systems with high energy density becomes imperative [1-

5]. To obtain higher energy density than what the current Li-ion batteries with graphite anode can 

offer, a straightforward strategy is to explore anode materials with high theoretical capacities and 

low redox potentials [6-10]. Thanks to its extremely high theoretical capacity of 3861 mAh g-1 and the 

lowest reductive potential of -3.04 V vs. standard hydrogen electrode (SHE) among all the potential 

anodes, Li metal has been considered ideal for the next-generation lithium battery, named as lithium 

metal batteries (LMBs) [11-15]. However, the practical implementation of LMBs is greatly hindered 

by several fundamental challenges, including the large volume expansion of Li metal, unstable solid 

electrolyte interphase (SEI), and lithium dendrite growth, leading to porous and incompact lithium 

deposition [16], continuous consumption of electrolytes [17, 18], puncture of separator, and eventually 

the failure of LMBs [19]. 

To address the above obstacles, many strategies have been proposed over the past decade, 

including the electrolyte optimization, functionalized separator, construction of three-dimensional 

current collectors and building artificial SEI layers [6, 20-24]. In general, an organic/inorganic 

passivation SEI layer would inevitably generate on the surface of Li metal due to the higher Fermi 

level of Li metal than the lowest unoccupied molecular orbital (LUMO) levels of almost all organic 

electrolytes [6]. The native SEI is inhomogeneous and mechanically weak, which accelerates the Li 

dendrite growth by inducing concerted electric field and localized Li ion flux [6]. It is therefore 

essential to engineer artificial SEI with specific properties to suppress the aggressive dendrite growth 

and electrolyte/electrode side reactions [18, 25, 26]. An optimal artificial layer should possess strong 
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mechanical strength to accommodate the stress of Li dendrite [27] as well as lithiophilic characteristic 

to guide the uniform deposition of Li metal [28]. To this end, lots of surface coating materials have 

been prepared, e.g. PMMA/PVDF coated Li [18], GZCNT-coated Li [29], OIHL coated Li [30], and β-

PVDF coated Li [31] with improved cyclic stability of Li metal. A representative example is reported 

by Dasgupta’s group [32] who deposited Al2O3 on Li metal by chemical vapor deposition method. 

The symmetric cells of Al2O3 coated Li anode retained 1259 cycles before failure. Another 

protective layer of Li3N was also deposited by N2 plasma activation of the Li metal [33], which 

symmetric cells exhibited stable voltage profiles for 500 h at 0.5 mA cm-2 and 1 mAh cm-2. Despite 

the enhanced electrochemical performance, these methods or protective layers are difficult to be 

scale-up for practical applications due to the elaborative experimental processes and expensive 

apparatus. Few reported protective layers can meet all the requirements as aforementioned for 

practical LMBs. Therefore, how to construct an artificial interface with multifunction (e.g., 

admirable mechanical properties, high interface energy and excellent lithiophilicity) using a facile 

and propagable method that can lead to dendrite-free and ultra-stable LMBs still remains a great 

challenge. Currently, the heterostructural functional materials have attracted significantly attention 

due to the heterostructural interfaces with a high diffusion coefficient enabling rapid ion diffusion 

flux [34]. Therefore, heterostructure materials have been developed as an available way to improve 

reaction kinetics through the effect of built-in electric field, which is better ion diffusion kinetics 

than pure materials [35]. Furthermore, the heterostructure with the abundant phase boundaries can 

accelerate the solid-state diffusion and contributing notable pseudocapacitive effects, leading to 

improved rate performance [36]. Specifically, some heterostructure composites materials can be 

converted from semiconducting to metallic after alkali-metal mineralization, which can provide the 
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deposition sites and overcome the issues of poor conductivity [37-39]. Hence, proper construction 

heterostructure materials is believed to be effective to significantly improve the electrochemical 

performance for advanced alkali metal battery. 

Herein, for the first time, we develop a heterostructural, lithiophilic and multifunctional 

Mo3N2/MoN (designated as MoNx) nanobelt as interlayer for exceptionally stable Li anodes 

(denoted as MoNx-Li) by a simple drip coating method. The novel MoNx heterostructural interface 

presents favorable electrolyte wettability, strong mechanical strength, and high surface energy, 

which can effectively inhibit the lithium dendrite growth. In addition, a lithiophilic and ionically 

super conductive Li3N-rich SEI layer is formed from MoNx during the Li plating/stripping processes, 

which can modify the rapid Li migration and induce homogeneous Li ion flux. Meanwhile, a 

metallic Mo phase is also generated by reduction of MoNx, which provides abundant sites for Li 

deposition via the strong Li‒Mo interactions, thus indicating the uniform deposition of Li metal. 

These interesting findings are demonstrated by theoretical and experimental investigations. 

Consequently, symmetric cells of the MoNx-Li metal anode exhibit excellent cyclic stability for over 

2000 h with small hysteresis voltages of ~65 mV at high current of 5 mA cm-2 and capacity of 1 

mAh cm-2. For LMBs application, the MoNx-Li//Li iron phosphate (LFP) full cell delivers a 

remarkable capacity retention of 82.3% at an extremely high rate of 3C after 425 cycles. These 

values are among the best thus far reported for LMBs, promoting their practical applications with 

high-capacity Li metal anodes. 

2. Experimental Section 

2.1 Synthesis of heterostructural Mo3N2/MoN nanobelt 

Ammonium molybdate ((NH4)2MoO4) and HNO3 were analytical grade and purchased from 
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Chengdu Chemical Reagent Factory (Chengdu, China). MoN was purchased from Tianjin Solomon 

Biological Technology Co., LTD (Tianjin, China). N-methylpyrrolidone (NMP) was electronic 

grade and purchased from Sichuan Xieli Biochemical Reagent Co., LTD (Chengdu, China). LiFePO4 

(LFP) were 98% purity and purchased from Beijing Huawei Ruike Chemical Co., LTD (Beijing, 

China). The water used throughout the experiment was doubly distilled water (H2O). 

1.4 g of (NH4)2MoO4 was dissolved in a 70 mL of acidified water (10 mL of 65% HNO3) under 

constant stirring at ambient temperature for 1 h. Subsequently, the resulting reaction mixture was 

transferred to a Teflon-lined reactor and subjected to hydrothermal reaction (200 °C for 24 h). After 

cooling down to ambient temperature, the solid MoO3 nanobelt obtained was washed by ethanol and 

distilled H2O. The as-obtained MoO3 nanobelt evenly placed in a crucible and annealed to 750 °C 

for 6 h (with 5 °C min-1 heating rate) under flowing ammonia gas (100 sccm) and the obtained 

sample was established to be the heterostructural Mo3N2/MoN nanobelt (denoted as MoNx). 

2.2 Fabrication of MoNx-Li anode 

The heterostructural MoNx nanobelt protected Li anodes (MoNx-Li) have been prepared by 

drop casting method. Typically, the homogeneous mixture of MoNx nanobelt and PVDF with the 

mass ratio of 9:1 was dried for 2 h at 100 °C in a vacuum drying oven before being moved to the 

Argon gas filled glove box. Afterwards, it was dispersed in N-Methyl pyrrolidone (NMP) with a 

concentration of 0.3 wt.% under constant stirring for 12 h and then sonicated (1 h) for sealed 

dispersion, followed by dripping the suspension (200 μL) onto the Li foil (the mass loading of 0.5 

mg cm-2) by a pipette and were dried using a hot plate at 50 °C for 12 h. Finally, the heterostructural 

MoNx protected Li anodes (marked as MoNx-Li) were obtained. The preparation of MoN protected 

Li anode (marked as MoN-Li) is similar to that of MoNx protected Li anodes except that MoNx is 
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replaced by MoN. 

2.3 Materials characterization 

Field-emission scanning electron microscope (FEI Inspect F50) was used to realize the 

morphologies of Li metal, MoNx, and MoNx-Li operated at 10 kV. Transmission electron microscopy 

(TEM 2010F) has been employed to explore the microstructures and element distributions in MoNx. 

The crystalline phases, purity and composition of MoNx samples were elucidated by X-ray 

diffraction technique (XRD, Bruker D8 Advanced instrument, radiation source is Cu-Kα). X-ray 

photoelectron spectroscopy (XPS, Kratos Axis-Ultra Dld) was used to check the existence of 

elements and their surface chemical states in MoNx. Brunauer-Emmett-Teller (N2 

adsorption/disorption isotherm, 3H-2000PM2 gas sorption analyzer) analytical technique was 

performed at 70 °C in order to understand the porous nature and specific surface area availability in 

MoNx. Nano-indentation test of MoNx was conducted on Bruker Hysitron TI980 to test the 

mechanical strength of MoNx protective layer. 

2.4 Electrochemical measurement 

Standard 2025 type coin cells have been assembled the in an Argon-filled glove-box and 1 M 

LiTFSI (lithium bis(trifluoromethane) sulfonamide in 1:1 volume ratio of 1,3-dioxolane/1,2-

dimethoxyethane (DOL/DME) with 1.0 wt.% LiNO3) was used as an electrolyte for the tests of 

symmetric cell. Additionally, a polypropylene film Celgard 25 00 separator was used throughout the 

experiment. Ø16 mm Li discs (MoNx-Li, MoN-Li or bare Li) have been utilized to fabricate the 

coin-type symmetric cells and are used as both cathode and anode. As mentioned above, LiTFSI was 

used as an electrolyte (80 µL), and the Celgard 2500 PP was used as a separator. Neware testing 

system (Neware battery cycler, CT-4008-5V10mA-164) was used to cycle the symmetric cells in 
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galvanostatic mode at diversified current densities (ranging from 2 to 5 mA cm-2) during the long-

term cycling stability test. Electrochemical Impedance Spectroscopy (EIS) analysis was conducted 

on the cells before and after 100 cycles at the open circuit potential with 10-1 ~ 105 Hz frequency 

range, using 5 mV AC potential amplitude. The Li electrodes after cycling operation have been 

washed with DME and DOL solvents in the glovebox and transferred to the SEM chamber in order 

to realize the morphology analysis during the cycling process. 

Mass ratio of 8:1:1 of LiFePO4 (LFP), super C, and polyvinylidene fluoride (PVDF) were 

mixed together with NMP solvent in order to make a homogeneous slurry, and followed by 

subsequent coating on Al foil to fabricate the cathode electrode for full cells. Afterwards, the slurry 

coated Al foil were dried in a vacuum oven for 12 h at 60 °C. Thereafter, the Li//LFP and MoNx-

Li//LFP batteries have been subjected to galvanostatic cycled within 2.5 ~ 4.2 V (vs. Li+/Li) at 

different rate. The real mass loading of the LFP on electrode was approximately 5.0 mg cm-2. The 

electrolyte employed in full cells was 1.0 M LiPF6 in 1:1 volume ratio of ethylene carbonate/diethyl 

carbonate (EC/DEC) (Suzhou DoDoChem Technology Co., Ltd.). 

3. Results and Discussion 

3.1 Preparation and characterization of MoNx interlayer 

In this work, the heterostructure MoNx functional material was synthesized by ammonization 

of MoO3 nanobelt. First, the MoO3 nanobelt precursor was synthesized by hydrothermal method 

(Figure S1) (see details of the experimental procedure and XRD patterns of MoO3 in Figure S2a in 

Supporting Information) and exhibits a similar white color to the literature [40]. Then, the MoO3 

nanobelts were converted into molybdenum nitrides (MoNx) by ammonization treatment. The 

resultant exhibits dominant peaks at 37.4°, 43.4°, 63.1°, and 75.6° referring to the (111), (200), (220) 
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and (311) fringe planes of Mo3N2 (JPCDS#89-3712), and the subsidiary peaks at 31.8°, 36.1°, 48.8°, 

and 64.8° are ascribed to MoN (JPCDS#89-5024) (Figure 1a and Figure S2b). The morphological 

structure of the MoNx was evaluated by scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). The SEM image of MoNx (Figure 1b) and pure MoN (Figure S2b) 

shows uniform nanobelt shape with average width of 210 nm and irregular granular-shape, 

respectively. A close observation of the MoNx nanobelt by TEM (Figure 1c-d) exhibits a porous 

structure, possibly arising from the removal water molecules and the strain release caused by lattice 

mismatch during the anion exchange process of ammonization [41, 42]. The porosity was also 

quantitatively analyzed by Brunauer-Emmett-Teller (BET) (Figure S3, Supporting Information), 

indicating a moderate surface area of 37.76 m2 g-1 and average pore sizes of 3-10 nm, consistent 

with the TEM observations (Figure 1c-d). It is worth noting that the abundant nanopores and 

nanobelt structure can amplify the activation areas and decrease local current density [43], 

suppressing the Li dendrite formation during cycling. From HRTEM images (Figure 1e), we clearly 

observe the twin-born Mo3N2/MoN with a d-spacing of 0.238 nm referring to (111) lattice of Mo3N2 

and 0.285 nm for the (002) plane of MoN, in agreement with the XRD result (Figure 1a). The high-

angle annular dark-field (HAADF) TEM image (Figure 1f) and the corresponding elemental 

mappings (Figure 1g-i) indicate the homogeneous distribution of Mo and N elements, suggesting 

uniform Mo3N2 and MoN nanocrystals in the nanobelts. 

The chemical composition of MoNx was investigated by X-ray photoelectron spectroscopy 

(XPS). The deconvoluted N 1s spectrum displays three peaks (Figure 1j) located at 400.8 eV, 398.8 

eV, 397.7 eV, and 395.4 eV, which can be assigned to the pyrrolic N [44, 45], pyridinic N [44], Mo-N 

bond [46], and Mo 3p3/2 
[47, 48], respectively. The deconvoluted Mo 3d spectrum can be assigned into 
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three doublet signals (Figure 1k). Specifically, the doublet peaks centered at 229.6/232.6 eV and 

228.8/231.9 eV are assigned to the Mo-N bonds of MoN and Mo3N2, respectively [49-53]. The third 

pair of peaks at 233.6/235.8 eV is attributable to the Mo6+ state, possibly originating from the oxide 

layer on the MoNx surface when exposed to air [54-56]. The above intensive characterizations clearly 

demonstrate the successful preparation of MoNx heterostructures, which will be utilized to modify 

Li metal in the following discussion. 

 

Figure 1 Synthesis and characterization of the MoNx interlayer. XRD pattern (a), SEM image (b), 

TEM images (c, d), HR-TEM image (e), HAADF image (f) of MoNx. Elemental mappings of Mo, 

and N elements in the MoNx (g-i), the N 1s (j), and Mo 3d (k) XPS spectrum of MoNx. 
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The homogeneous MoNx mix slurry was coated on Li metal surface to fabricate a uniform 

MoNx protective interlayer (Figure S4, Supporting Information) in an Ar-filled glovebox. The 

thickness of the MoNx skin on Li metal surface was controlled as thin as 3.5 μm determined by the 

cross-sectional SEM characterizations (Figure S5, Supporting Information). The electrolyte 

wettability, surface free energy and mechanical robustness are critical indicators to estimate the 

quality of an artificial interlayer, to be elucidated as following. The electrolyte wettability of MoNx 

interlayer was studied by dripping an electrolyte droplet on the bare Li and MoNx-Li pellets for 

contact observation (Figure S6, Supporting Information). Interestingly, the electrolyte rapidly 

spread on MoNx-Li anode, while it maintained collective on bare Li metal, indicating the superior 

electrolyte wettability of MoNx-Li. The surface free energy of MoNx-Li was then calculated by 

testing the polarity/non-polarity components of liquid/interlayer contact angles according to the 

OWRK equation and Young's equation (see details in Table S1 and S2 in Supporting Information). 

According to a surface nucleation growth model, Li metal has low surface energy and high diffusion 

barrier, which is detrimental to cause the lithium dendrite growth in bare Li anodes [57, 58]. It was 

found that the MoNx protective interlayer presents high surface free energy of 64.36 mJ m-2 (Table 

S3, Supporting Information), which is of importance to uniform deposition of Li metal anode. The 

high surface energy together with the excellent electrolyte wettability of MoNx layer highly promise 

the uniform deposition of Li metal in real batteries [57]. 

Li metal is recognized ductile and soft with a yield strength of 0.65 MPa [59, 60]. It means the Li 

dendrite can be easily deformed upon applying a small pressure [61]. Thus, coating high-modulus 

protective interlayers on the soft Li metal is expected to effectively prevent Li dendrite pricking the 

separator. The mechanical strength of the MoNx interlayer was measured by nano-indentation 
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technique using a MoNx film of 34 μm in thickness (Figure S7, Supporting Information). The MoNx 

exhibits a hardness of about 6 MPa and a Young's modulus between 45 and 65 MPa, which is several 

orders of magnitude higher than the 0.65 MPa for Li dendrite. Therefore, it is reasonable to assume 

that mechanically strong interlayer can accommodate the pressure from Li dendrite, thus preventing 

the puncture of separator and internal short circuit to happen in cycling LMBs. Overall, our 

systematic characterizations signify highly reversible and dendrite-free Li-MoNx anodes to be 

achievable. 

3.2 Electrochemical performance of MoNx-Li anodes 

The electrochemical performance of MoNx-Li anode was first investigated by using symmetric 

cell configuration in 1 M LiTFSI in DOL/DME (1.0 wt.% LiNO3) electrolyte. When cycling at 2 

mA cm-2 and 1 mAh cm-2 (Figure 2a), MoNx-Li cells signified a relatively high overpotential of 

~50 mV at the first 100 cycles, and gradually decreased and stabilized at 11 mV up to 1300 hrs. This 

interesting phenomenon is possibly owing to the high interfacial impedance of MoNx-Li anode at 

the early stage, and the gradually in-suit formation of highly ionic conductive Li3N and metallic Mo 

phases alleviated the interfacial resistances during cycling [18] to be illuminated later. In contrast, 

rapid and continuous increase in overpotential was observed for bare Li//Li symmetric cells under 

the same measurement conditions. After 800 h, the overpotential of bare Li//Li violently reached up 

to 291.1 mV, which is more than 25 times of the 11.4 mV for MoNx-Li symmetric cell. The high 

overpotential of cycled bare Li//Li is allocated to the continuous parasitic reactions on the 

electrode/electrolyte interface during cycling [62]. To further verify the superior stability of MoNx-Li 

anodes, the two kinds of symmetric cells were also cycled at a high current density of 5 mA cm-2 

and a cycling capacity of 1 mAh cm-2 (Figure 2b). The MoNx-Li symmetric cells exhibited 
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remarkable stability more than 2200 h with stabilized overpotentials ranging from 80 to 65 mV (see 

inset of Figure 2b), which is dramatically lower than the 485 mV for bare Li cells cycled for 360 h. 

Similarly, the MoNx-Li cells were also stably cycled at 5 mA cm-2 and 2 mAh cm-2 for 1300 h 

(Figure S8, Supporting Information). In contrast, the MoN-Li symmetric cells exhibit higher 

overpotentials than that of MoNx-Li symmetric cells and lower overpotentials than that of bare Li//Li 

symmetric cells (Figure S9, Supporting Information). Above comparisons indicate the decreased 

overpotential of MoNx-Li cells to their bare Li and MoN-Li counterparts (Figure S10, Supporting 

Information). 

The rate performances of bare Li, and MoNx-Li symmetric cells were measured at current 

densities of 1, 2, 4, and 8 mA cm-2 for 0.5 h (Figure S11, Supporting Information). Compared with 

bare Li cell, MoNx-Li cell exhibits much smaller voltage hysteresis at the same discharge rates. 

Moreover, at the initial 50 cycles of plating/stripping cycles, the overpotential of bare Li cell 

continuously increases due to the unstable SEI layer, accumulation of dead Li, and aggressive 

growth of lithium dendrite, while the MoNx-Li cells maintain small overpotentials and steady 

voltage plateaus, benefiting from the MoNx protective layer. To estimate the standing of current 

MoNx-Li anode among its peers, Table S4 (Supporting Information) summarizes the cyclic 

performance of Li anodes with different coatings or treatments. It is observed that the MoNx-Li 

outperforms all its peers in cycle life under a high current density of 5 mA cm-2, which is of essential 

importance to realize fast-charging LMBs with high safety. 
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Figure 2 Electrochemical performance of bare Li and MoNx-Li symmetric cells. Comparison of the 

cycling stabilities of Li//Li and MoNx-Li//MoNx-Li symmetric cell with the cycle capacity of 1 mAh 

cm-2 at 2 mA cm-2 (a) and 5 mA cm-2 (b), the insert of corresponding cycle profiles at different cycles; 

Nyquist plots of Li//Li and MoNx-Li//MoNx-Li symmetric cell before (c) and after (d) 100 cycles 

under 2 mA cm-2 with a cycle capacity of 1 mAh cm-2. 

Electrochemical impedance spectroscopy (EIS) measurements of the bare Li and MoNx-Li 

symmetric cells before and after cycling were conducted to illuminate the reaction kinetics and 

interfacial evolution during cycling. In Figure 2c and Figure S12a, the Nyquist plot of the fresh 

MoNx-Li and MoN-Li cell exhibits a larger semicircle than bare Li cell. The impedance of fresh 

cells is mainly attributable to the internal contact resistance considering the electrode has not 

undergone any electrochemical reactions [63]. By Z-view software fitting, the charge transfer 

resistance of MoNx-Li and MoN-Li cell was determined to be 102 Ω and 198 Ω, respectively, which 
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is higher than the 58 Ω of bare Li. This result is consistent with the high overpotentials of MoNx-Li 

and MoN-Li symmetric cells at initial cycles, possibly due to the extended charge transport path 

through the MoNx and MoN artificial interlayer on Li metal surface [32]. When the electrode was 

cycled at 2 mA cm-2 for 100 times, two semicircles are observed in the EIS spectra (Figure 2d). The 

first semicircle at high frequency is attributable to the SEI/electrode interfacial resistance (Rsurf) 

while the second at low frequencies is referring to the charge transfer (CT)/electrical double layer 

(EDL) resistance (Rct) (Figure S13, Supporting Information) [32, 64]. The Rsurf of MoNx-Li and MoN-

Li cell was fitted as 2.5 Ω and 4.4 Ω, respectively, which is much lower than the 8.5 Ω for the cycled 

bare Li cell. Previous reports suggest that because the complex characteristics of the multilayer 

interface between electrolyte and electrode, these two parts can be composed into multiple Resistor-

Capacitance (RC) circuits [32, 65]. The data of this work shows two different mechanisms that may 

correspond to the overlay of the RC circuits, which make CT/EDL and SEI/electrolyte interactions 

distinguishable [32, 65]. Compared to bare Li cells, the MoNx-Li cells after 100 cycles displayed a 

considerably lower SEI/electrode impedance due to the formation of high ion-conductivity of Li3N-

rich layer during Li plating/stripping [63, 66], while the trend of CT/EDL characteristics is basically 

the same. Given the trivial interfacial resistance of MoNx-Li, the significantly decreased 

overpotential of MoNx-Li should be dominantly contributed by the amended interface between SEI 

and MoNx-Li. 

3.3 Fundamental understanding of the improved performance 

In order to elucidate the mechanisms behind the dramatically improved Li stripping/plating 

performance, we also performed SEM and XPS post-mortem analyses. SEM characterizations for 

the bare Li, MoN-Li anodes and MoNx-Li anodes before and after cycling are shown in Figure 3 
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and Figure S14. Figure 3a and 3d are the top and cross-section images of the fresh Li anode, 

showing a smooth fish scale surface. After 100 cycles, intensive cracks and particles are clearly 

observed on surface (Figure 3b), which is ascribed to the inhomogeneous nucleation and deposition 

of Li metal, the continuous shedding and reconstructing of unstable SEI and Li dendrite [33]. As a 

reference, the cycled MoN-Li (Figure S14) exhibits alleviative cracks and particles. In contrast, the 

cycled MoNx-Li (Figure 3c) manifests a smooth and compact surface, demonstrating highly 

reversible Li metal striping/plating accomplished by the chemically and mechanically approving 

MoNx skin. The cross-section observations of cycled electrodes show a thick dead and dendrite Li 

layer cumulated on bare Li (Figure 3e), whereas a steady and interconnected interfacial layer (to be 

identified as Li3N and Mo phases by XPS analyses later) on the MoNx-Li surface (Figure 3f). 

To clarify the chemical information of SEI layers on cycled MoNx-Li electrode, XPS 

characterizations were carried out in inert atmosphere. The N 1s spectrum (Figure 3g) shows an 

intense peak at 398.5 eV, implying the formation of Li3N component during cycling [25, 67]. The 

residual deconvoluted peaks centered at 397.4 eV and 400.1 eV are assigned to the N‒Mo bond [68], 

and ‒NO [69], respectively. Figure 3h reveals the Li‒N bond at 55.1 eV in Li 1s spectrum, again 

indicating the formation of Li3N phase in the MoNx-Li interface layer [67, 70-73]. For the Mo 3d 

spectrum (Figure 3i), apart from the peaks corresponding to pristine MoNx (229.6/232.6 eV and 

228.8/231.9 eV) [49-53], two new peaks at 227.5/230.5 eV are indexed to 3d5/2 and 3d3/2 of metallic 

Mo [48, 74]. The formation of Li3N and metallic Mo phases can be interpreted as MoNx + 3xLi → Mo 

+ xLi3N during Li stripping/plating process, consistent with previous studies [72, 73, 75]. The Li3N 

compound was identified with high Li ionic conductivity (≈ 2 ×10-4 S cm-1 at 20 °C) [71, 76], which 

would promote rapid Li-ion diffusion, thus leading to the excellent rate capability and low 
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overpotentials for MoNx-Li anode. 

 

Figure 3 SEM images of the Li metal anode before and after cycling. SEM images of bare Li metal 

before cycle (a, d), cycled bare Li metal (b, e), cycled MoNx-Li anode (c, f), deconvoluted N 1s (g), 

Li 1s (h) and Mo 3d (i) spectra of MoNx-Li after 100 cycles at 2.0 mA cm-2 current density with 1.0 

mAh cm-2 cycle capacity. 

The role of in-situ formed metallic Mo phase was interpreted by density functional theory (DFT) 

calculations (see details in Supporting Information). Figure 4a and 4b show the thermodynamically 

stable configurations of Mo (100) and Li (100) atomic layers. The adsorption energy of Li+ on the 

top of Mo layer (-0.51 eV) is much larger than on Li layer (+0.39 eV) (Figure 4c), which reveals 
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that the strong interaction between Mo and Li+ would facilitate the Li deposition during cycling. The 

Li+ adhesion on the top of Mo and Li atomic layer is displayed in Figure 4d and 4e, respectively. 

Further, we calculated the crystal orbital Hamiltonian populations (COHP) using LOBSTER 

program because the COHP can illustrate the nature and intensity of interactions between two atoms 

of the modulus at the orbital angular momentum level. Figure 4f exhibits the relaxed state of a Li 

monolayer on a semi-bulk Mo (100) slab. The values of COHP for the Mo‒Mo, Li‒Li, and Li‒Mo 

atomic pairs are -0.70 to -0.86, -0.02 to -0.10, -0.12 to -0.16, respectively (Figure 4g), indicating 

the strong Mo-Mo interatomic bond, relatively weak Li-Li bonds, and strong interfacial atomization 

between Li and Mo, implying the chemically favorable Li‒Mo interactions. In addition, in the Li-

Mo system, the COHP value of Li‒Li bonding was -0.08 to -0.09 (Figure 4g), which further 

illustrate stronger Li‒Mo bonding than that of Li‒Li bond. According to the previous work [75], Li 

and Mo intermetallic compounds are inconceivable to form under conventional condition. It means 

the strong Li‒Mo bond would not cause formation of LiMox compounds at the absence of external 

driving force [75], in return, the strong Mo-Li interaction would favor the nucleation of Li metal aside 

metallic Mo. 

The artificial surface protecting strategy proposed in this work for the uniform plating/stripping 

of Li and the inhibition of Li dendrite growth by MoNx coating possesses several unique merits that 

have not been reported before. First, the lithiophilic MoNx layer is conformally coated on the surface 

of Li foil, which can block the side reaction between Li metal and electrolyte components. Second, 

the MoNx protective layer endows conductive features including high surface energy, excellent 

electrolyte wettability and strong mechanical strength, which provides favorable conditions for the 

uniform plating/stripping of Li [77]. The numerous nanopores on MoNx nanobelts are also beneficial 
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to the rapid mass transfer (e.g., Li ions and electrolyte). Third, the in-situ formed Li3N-and Mo-

phase rich layer with high Li ion conductivity and catalytic activity can regulate the fast and uniform 

deposition of Li and restrict the growth of Li dendrite [66, 68, 76, 78]. Overall, this work not only provides 

high reversibility and uniform Li deposition but also offer new insights toward the role of MoNx 

interface at atomic level. 

 

Figure 4 Calculated configurations of Mo (100) (a) and Li (100) (b) atomic Layer; the values of 

absorption energy of Li ion on Li and Mo atomic layers (c); Li+ adhesion on top of Mo (d) and Li 

(e) atomic layers; Relaxed state of a Li monolayer on a semi-bulk Mo slab (f, the strength of the 

interatomic orbital overlaps is stated according to the value of the crystal orbital Hamilton population 

(COHP)), and COHP values of Mo‒Mo, Li‒Li, Mo‒Li atomic pairs and Li‒Li bonding in the Li-

Mo system (g) (the molybdenum and lithium atoms are marked with green and pink, respectively). 
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3.4 MoNx-Li//LiFePO4 full cells 

To investigate the practical application of MoNx-Li anode in full cell system, MoNx-Li//LFP 

and Li//LFP cells were constructed using 1 M LiPF6 in ethylene carbonate/diethyl carbonate 

(EC/DEC) electrolyte (Figure 5). Figure 5a and 5b are the typical charge-discharge profiles of the 

full cells at 1C (1C= 170 mA g-1) for 500 cycles. The voltage profiles indicated MoNx-Li//LFP with 

much smaller polarizations than the Li//LFP during cycling, manifesting the reduced charge transfer 

resistance and high stability of the Li-MoNx anode. The specific capacities of MoNx-Li//LFP and 

Li//LFP full cells after the 10th, 50th, 100th, 200th, 400th, and 500th cycles are plotted in Figure 5c. 

Apparently, MoNx-Li//LFP full cell provides a much higher capacity retention of 82.3% than the 

1.5% for Li//LFP after 500 cycles. To further compare the high-rate performance, the MoNx-Li//LFP, 

MoN-Li//LFP and Li//LFP full cells were cycled at 1 C for 500 cycles (Figure 5d, S15a) and 3C for 

425 cycles (Figure 5e, S15b). In Figure 5d, it can be observed that the MoNx-Li//LFP cell presents 

a high specific capacity of 121.3 mAh g-1 at the 2nd cycle and 99.9 mAh g-1 at the 500th cycle, 

rendering an extremely low-capacity degradation rate of 0.036% per cycle over 500 cycles. The bare 

Li//LFP cell exhibits a similarly high capacity of 117 mAh g-1 in the 2nd cycle, however, a fast 

capacity fading was observed after 100 cycles, attributable to the unstable Li metal anode, in 

agreement with the increasing overpotentials in bare Li//Li symmetric cell measurement (Figure 2). 

Under a higher current rate of 3C (Figure 5e), the MoNx-Li//LFP delivers an elevated specific 

capacity of 70 mAh g-1 with 82.3% capacity retention after 425 cycles, further indicating the robust 

stability of MoNx-Li anode at high power. The average Coulombic efficiencies of the MoNx-Li//LFP 

full cell remained above 99.3% over 500 cycles at 1C and 99.0% for 425 cycles even at the high rate 

of 3C. In sharp comparison, the bare Li//LFP full cell displays fluctuating and decreasing Coulombic 
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efficiencies upon prolonged cycling. Table S4 (Supporting Information) summarized the full cell 

performances of this work in comparison to the reported LMBs with modified Li metal anodes. It 

clearly illustrates the MoNx-Li//LFP full cell in this work outperform almost all the peers with regard 

to cycle life and Coulombic efficiencies at a high rate of 1C, suggesting its promising application in 

high energy LMBs. 

 

Figure 5 Typical charge/discharge profiles of the MoNx-Li//LFP (a), bare Li//LFP (b) and specific 

capacities (c) after different cycles at 1C rate (1C = 170 mA g-1). Long-term cycling stability and 

Coulombic efficiencies of the bare Li//LFP and MoNx-Li//LFP full cells at 1C (d) and 3C (e), the 

first cycle is activated at 0.1C (test at least 5 cells for each condition). 

4. Conclusions 
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In summary, different from the previously reported polymer or oxides interlayer in literature [18, 29-

32], a novel lithiophilic Mo3N2/MoN heterostructure (MoNx) as protective layer was developed in 

this work for dendrite-free Li metal anode. The MoNx artificial layer exhibits two unique merits: (i) 

the heterostructural MoNx interlayer provides appealing properties of enhanced electrolyte 

wettability, high surface energy, and high mechanical strength, which can effectively inhibit the 

lithium dendrite growth; (ii) during the lithium stripping/plating process, the MoNx protective layer 

could operando develop Mo phase and Li3N-rich layer, providing rich deposition sites and fast ion 

migration kinetics, further mitigating the polarization and hindering the Li dendrite growth. These 

findings are demonstrated by a suit of experimental and simulation studies. The MoNx-Li delivers 

an ultra-long cycling stability (over more than 2000 h) at 5 mA cm-2 with 1 mAh cm-2. Furthermore, 

the MoNx-Li//LFP full cells manifest exceptional cyclic stability with 82.3 % capacity retention after 

500 cycles at 1C and 82.3% capacity retention after 425 cycles at a high rate of 3C. This intriguing 

strategy in improving the cycling performance and safety of dendrite-free Li metal batteries in this 

work paves new path towards developing advanced alkali metal batteries for high-energy storage 

applications. 
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