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Free-standing graphene films decorated with lithiophilic particles 

as host electrode for lithium plating/stripping in anode-less 

lithium metal batteries

Mingliang Bai,a Min Zhong,*a Wenzhuo Shen,a Jiali Zhang,a and Shouwu Guo*a

The host electrode is key to the lithium plating and stripping in anode-less lithium metal batteries. In the work, we fabricate 

a series of free-standing porous graphene films decorated with the lithiophilic particles of AlN@Li3N, MgF2, Li2CO3, and the 

Mg-Li alloy foil, and explore systematically their electrochemical properties as lithium-host materials in anode-less lithium 

metal batteries. We characterize the structures and morphologies of the multifunctional graphene films before, after, and 

in the course of the lithium plating/stripping, to elaborate the effects of different components in the film on the lithium 

plating/stripping. We demonstrate that the graphene sheets serve as optimal host for lithium plating/stripping, the 

AlN@Li3N, MgF2, and Li2CO3 enable the formation of inorganic LiF and Li3N-rich solid electrolyte interphase, and the Mg-Li 

alloy foil makes up for the lithium loss during the long-term cycling. The anode-less lithium metal batteries with the as-

obtained graphene film as host electrode, NCM811 as cathode, and carbonate-based electrolyte exhibit excellent 

electrochemical performances, which capacity retention can reach to ~ 60 % after 120 cycles at 1.93 mA cm-2.

1. Introduction

Lithium-ion batteries (LIBs) have seen great developments 

during last decades, but the energy density of conventional LIBs 

falls behind the iterations of the electric vehicle and other 

energy storage devices, which require the LIBs density > 350 Wh 

kg-1 at the cell level.1-3 As anode, lithium metal shows a high 

specific capacity of ~ 3860 mAh g-1, and a low redox potential of 

-3.04 V vs. standard hydrogen electrode.4 Thus, in recent years, 

the LIBs with lithium metal as anode, termed as lithium metal 

batteries (LMBs), have been considered as alternatives of 

traditional LIBs. However, there are still some drawbacks 

blocking the practical application of LMBs.5 For instance, the 

irregular lithium deposition, such as dendrites, causes quick 

battery failure.6 The high active lithium reacts with the 

electrolyte, causing unexpected consumptions of both lithium 

and the electrolyte that lead to a fast capacity fading.7 

Therefore, several protocols have been developed to overcome 

the obstacles, including the host electrode designs,8, 9 the solid 

electrolyte interphase (SEI) modification,10, 11 and the 

component innovation of electrolyte.12, 13

Fairly saying, typical LMBs reported so far show lower 

energy densities than LIBs because excessive lithium used.14 To 

further improve the energy density of LMBs, anode-less lithium 

metal batteries (AL-LMBs) have been proposed, which has low 

N/P ratio (ratio of anode to cathode in capacity) of ~ 0-1.15, 16 

However, lacking of proper electrolyte and host electrode for 

lithium plating/stripping, AL-LMBs still suffer from rapid 

capacity loss. For example, an AL-LMB with Cu||NCM111 

configuration shows a capacity retention of only 23 % after the 

initial cycle.17 To explore proper host electrodes for lithium 

plating/stripping in AL-LMBs, a series of three-dimensional 

networked host materials have been studied, which in principle 

can disperse the local surficial current density, and thus can 

slow the growth of dendrite.18 Among them, carbonaceous 

materials including carbon fibers,19 carbon tubes,20 carbon 

cloth,21 and graphene22 have been used often, because of their 

availability and easy for chemically functionalization. However, 

the carbonaceous hosts exhibit practically poor lithiophilicity, 

and the morphology of the as-plated lithium is hard to be 

controlled.21 Hence, the lithiophilic particles are induced often 

into carbonaceous host.23 For example, a graphene skeleton 

decorated with ZnO nanosheets was prepared as host electrode 

for lithium plating/stripping.24 Additionally, lithiophilic designs 

can also incorporate interface regulation, such as using TiN-

decorated carbon fibres as a host electrode, which promotes 

the formation of a ��H74���� SEI.25 Nevertheless, it is worth to 

point out that as host electrode for lithium plating/stripping, 

the coulombic efficiencies (CEs) of most carbonaceous 

materials including the graphene derivatives remain to be 

improved once the N/P ratio is near to 0.26

In the work, we design and fabricate a series of free-

standing thin films as host electrodes for lithium 

plating/stripping in AL-LMBs, using graphene sheets decorated 

with the lithiophilic inorganic particles, and an Mg-Li alloy foil. 
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Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China. 
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To evaluate the chemical states of different components 

within LAG, XPS measurements are conducted. The survey XPS 

spectra, Fig. 2d, show that the atomic ratio of C to O increases 

after thermal reduction. The hyperfine C 1s and O 1s spectra 

(Fig. S8†) verify that the reduction of GO and formation of 

Li2CO3. The N 1s peaks at 399.0 and 399.9 eV, Fig. 2e, 

demonstrate the existences of AlN and Li3N. The formation of 

Li3N accounts for that the as-decorated AlN reacts also with 

the LiOH during the LAG preparation, and the as-generated 

Li3N seems attached on the surfaces of AlN particles. As 

depicted in Fig. 2f, the strong F 1s XPS peak at 685.3 eV reveals 

the successful decoration of MgF2 particles on the graphene 

sheets. The Li 1s XPS peaks at 55.1 and 55.5 eV (Fig. S9†) 

confirm further the existences of both Li3N and Li2CO3 in LAG 

film. The atomic proportions estimated from hyperfine XPS 

spectra are summarized in Table S1†. These results prove 

undoubtedly the reduction from GO to graphene sheets, the 

successful loading of AlN and MgF2 particles, and the in-situ 

generation of Li3N and Li2CO3 in the LAG film. 

To understand the interactions among different 

components within the LAG film, the Zeta potentials of GO, 

AlN, MgF2, Li2CO3, LiF, and Li3N are measured in water, 0.1 M 

LiOH aqueous solution (pH = 13), and dimethyl carbonate 

(DMC), respectively. As shown in Fig. 2g, GO sheets show 

always the large negative potentials in water and 0.1 M LiOH 

aqueous solution, while AlN, MgF2 and Li2CO3 have positive 

potentials in water and 0.1 M LiOH aqueous solution, which 

demonstrates that the electrostatic interaction drives the 

decorations of AlN, MgF2 and Li2CO3 onto GO surface. For Li3N, 

although being affected by hydrolyzation in water, it shows a 

weak negative potential (-3.65 mV) in 0.1 M LiOH aqueous 

solution (Fig. S10†). This means that the as-produced Li3N may 

hardly exist alone, but can be attached on the positively 

charged surface of AlN particles. In DMC, as shown in Fig. 2h, 

GO sheets have still negative potential (-4.36 mV), AlN and 

MgF2 show the positive potentials, meaning that even in DMC, 

common solvent for electrolyte in LIBs, the AlN and MgF2 can 

be stably decorated on the GO surface. Additionally, the Zeta 

potentials of LiF, Li3N, and Li2CO3 in DMC are also measured, 

which are -1.67, -1.02, and 1.27 mV, respectively. Obviously, 

LiF and Li3N can still being attached on the graphene sheets 

with electrostatic interaction in DMC, which should be 

beneficial for the high quality SEI formation.33, 34

Nitrogen isothermal adsorption measurements are 

performed, and the multi-point Brunauer-Emmett-Teller 

(MBET) and Barrett-Joyner-Halenda (BJH) methods are used 

for surface-area calculations and mesopore analysis. Notably, 

LAG film has larger MBET surface area and mesopore volume 

(Fig. S11†), and rich porous features with narrower mesopore 

distribution (Fig. 2i). These are fully in agreement with the 

areal and volumetric analyzing results by 3D XRM 

reconstruction described above. The large surface area and 

pore volume could afford the LAG film with adequate spaces 

for lithium plating. The narrow mesopore distribution, and the 

small pore size should be conducive to constrain lithium 

deposition to achieve reversible lithium plating/stripping. As 

shown in Fig. S12†, in contrast to the AG film, the LAG film 

shows a higher mechanical strength, which might 

accommodate the volumetric variation during lithium 

plating/stripping. As depicted in Fig. S13†, the LAG film also 

displays the relatively lower contact angles with both water (~ 

27 °) and DMC (~ 7 °), showing the better wettability.

2.2. Lithium plating and stripping performance of LAG film.

To investigate lithium plating/stripping performances of LAG 

films, a series of coin half-cells were assembled using Cu foil, 

AG, and LAG films as host electrodes, lithium foil as counter 

electrode, and commercial carbonate-based electrolyte (1 M 

LiPF6 in ethylene carbonate (EC) /diethyl carbonate (DEC) 

/dimethyl carbonate (DMC) (1/1/1, in vol.) with 10% (in vol.) 

fluoroethylene carbonate (FEC)). As shown in Fig. 3a, to 

observe the lithium nucleation process, a small current density 

is applied first. Clearly, Cu shows the highest nucleation 

overpotential (~ 61 mV) for lithium plating, because of its 

intrinsic lithiophobic surface.35 AG shows relative low lithium 

nucleation overpotential of ~ 5.9 mV, because its porous 

multilayer structure could induce lithium nucleation on 

graphene sheets. The LAG delivers the lowest nucleation 

overpotential of ~ 4.4 mV for lithium plating, the reason might 

be that it not only has porous multilayer graphene structure, 

but also contains lithiophilic AlN@Li3N and MgF2 particles. Fig. 

S14† shows a potential versus ultimate areal capacity curve of 

LAG film. The lithium plating process on LAG film is steady, and 

an extraordinarily large areal capacity of 30 mAh cm-2 can be 

achieved, which is actually higher than most of lithium hosts 

reported in the literature.18 This result reveals the great 

lithium storage capacity of LAG film, indicative of its large pore 

volume and surface area. Besides the nucleation 

overpotentials, coulombic efficiency (CE), and potential 

hysteresis, the potential difference between real plating and 

ideally balanced deposition potential (0 V vs. Li+/Li), are 

considered as the main factors affecting the lithium 

deposition.36, 37 The CEs of aforementioned coin half-cells 

during long-term cycling at 1 mA cm-2 and 1 mAh cm-2 are 

shown in Fig. 3b, and the corresponding potential hysteresis 

are calculated and displayed in Fig. 3c. The CE for lithium 

plating/stripping on Cu drops quickly after a few cycles 

accompanied with the fast potential hysteresis increasing, and 

the coin half-cell fails after < 50 cycles, hinting the possible 

short-circuit caused probably by adverse lithium dendrite 

formation, and the electrolyte consumption through the side-

reactions.38 AG film delivers better lithium plating/stripping 

properties, including the stable potential hysteresis about ~ 30 

mV, high CE about ~ 96.7 %, and longer cycle life over 250 

cycles, because of its porous structure. In contrast, the LAG 

film exhibits the longest and most stable lithium 

plating/stripping cycling performance compared to Cu and AG. 

After 400 cycles, the average CE of LAG remains over ~ 98.6 %, 

and the average potential hysteresis is as low as of ~ 27 mV 

without an obvious increase (Fig. S15a and b†). As illustrated 

in Fig. S16a and b, the galvanostatic charge-discharge (GCD) 

curves of LAG film show that the lithium plating/stripping 

potential platforms are almost overlapped during 400 cycles, 
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without residue caused by benign structure of deposited 

lithium. Meanwhile, LiF and Li3N-rich inorganic SEI formed in-

situ on LAG can protect the as-deposited lithium, and even 

facilitates lithium plating/stripping cycling, while the LA103Z 

can continuously make up for the lithium loss.

3. Conclusions

The free-standing porous graphene films decorated with the 

lithiophilic particles of AlN@Li3N, MgF2, and Li2CO3, and the 

LA103Z foil are designed and fabricated as the host electrodes 

for AL-LMBs. The alkalization, AlN and MgF2 loading, and fast 

thermal reduction afford the as-prepared films with highly 

reversible and stable lithium plating/stripping performance at 

a current density of 5 mA cm-2 and a capacity of 5 mAh cm-2. 

Specifically, the thin LA103Z foil can make up for the lithium 

loss during long-term lithium plating/stripping. The pre-loaded 

AlN@Li3N and MgF2 can enhance the formation of LiF and Li3N-

rich inorganic SEI which suppresses the side-reactions involved 

the electrolyte, facilitates the Li+ transport, promotes the Li+ 

desolvation, reduces the interfacial resistance, and stabilizes 

the lithium plating/stripping. Having the unique composition 

and morphology, the AL-LMB assembled with LAG film 

adhered with LA103Z foil as host electrode and NCM811 as 

cathode, LAG/LA103Z||NCM811, can deliver the capacity 

retentions of ~ 60 % after 120 cycles at 3.86 mAh cm-2 and 1.93 

mA cm-2 in carbonate-based electrolyte. This work hopefully 

puts forward the practical application of free-standing 

graphene films as host electrodes in high-performance AL-

LMBs.

4. Experimental Section

4.1 Material preparation.

GO powders were purchased from Xi’an Times Graphene New 

Energy Technology Co., Ltd. (Shaanxi, China). The GO was 

suspended in deionized water under ultrasonication for 30 min 

and then stirring for 24 h to get the GO precursor solution of 3 

mg mL-1. Prior to decoration with inorganic particles, the GO 

was alkalized by adding LiOH in GO solution until the LiOH 

concentration reaching to 0.1 M (pH = 13). The AlN and MgF2 

particles were decorated on the GO sheets by mixing the 

corresponding particles with the alkalized GO solution, then 

vacuum filtered using cellulose membranes with diameter and 

aperture of 50 and 0.22 M�& The mass ratios of AlN and MgF2 

to GO are kept less than 1:10 to reduce their effects on the thin 

film formation. The as-obtained films were washed fully with 

ethyl alcohol (95 %), dried at 50°C for 20 min, and then further 

annealed at 500 °C for 30 min with the heating rates of ~ 50 °C 

s-1. During the procedure, the GO was reduced, and the thin 

films were named as AG and LAG, with and without inorganic 

particles, respectively. All thermal reduction processes were 

conducted in air atmosphere, using a tube furnace (Hefei 

Kejing Materials Technology Co., Ltd., Anhui, China).

Mg-Li alloy foil with thickness of 50 M�  known as LA103Z, 

was purchased from Suzhou Xinghai Electronic Business Co., 

Ltd (Jiangsu, China). The LA103Z foil was first pickled in 

chromic acid solution (90 g L-1 of CrO3, and 25 g L-1 of LiNO3 

aqueous solution) for ~ 3 min, and then was fully cleaned 

under ultrasonication in ultrapure water and ethyl alcohol 

(95 %), until white metallic surface was observed. The LAG film 

and pickled LA103Z foil was rolled together at 50 °C on an 

electric roller (Hefei Kejing Materials Technology Co., Ltd., 

Anhui, China) to get the LAG/LA103Z bilayer film.

4.2 Characterizations.

X-ray microscopy (XRM) images were obtained on an Xradia 

520 Versa X-ray microscope (Carl Zeiss, Germany), operated at 

an accelerating voltage of 80 kV, and a voxel resolution of 

0.5052 M�& The 3D-reconstruction of the XRM images were 

processed using Dragonfly Pro software (Comet Technologies 

Canada Inc.) based on density. Scanning electron microscopy 

(SEM) images and energy-dispersive X-ray spectroscopy (EDS) 

data were acquired using a NOVA NanoSEM 230 field emission 

scanning electron microscope (Thermo Fisher Scientific, U. S. 

A). The top-view SEM images were recorded on back scattered 

electrons mode, while the secondary electrons were used for 

the cross-sectional (side-view) imaging.

Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images were obtained on a Talos 

F200X field emission transmission electron microscope 

(Thermo Fisher Scientific, U. S. A). For TEM imaging, the film 

was grounded and dispersed into dimethyl carbonate (DMC), 

then loaded onto the TEM grid. HRTEM were operated at an 

accelerating voltage of 200 kV. X-ray diffraction (XRD) patterns 

were obtained on an Aeris metals edition X-ray diffractometer 

(Malvern Panalytical, China) with Cu KW irradiation >X = 0.154 

nm), at a scanning rate of 2 ° min-1. X-ray photoelectron 

spectroscopy (XPS) measurements were conducted on an 

EscaLab Xi+ X-ray photoelectron spectrometer (Thermo Fisher 

Scientific, U. S. A). All XPS spectra were calibrated using the 

284.8 eV of C 1s of �Y�)�4E peak as reference. 

Thermogravimetric analysis (TGA) was performed from room 

temperature to 700 °C at a heating rated of 10 °C min-1 in air 

atmosphere on a TGA8000 instrument (PerkinElmer, U. S. A). 

Since Li2CO3 is introduced through the alkalization process and 

the component differences between the AG and LAG films are 

AlN@Li3N and MgF2, the mass ratio of Li2CO3 is calculated by 

the difference between AG and GO ash remnants, while the 

mass ratios of AlN@Li3N and MgF2 by the difference between 

LAG and AG ash remnants. Raman spectra were obtained using 

an inVia Qontor (Renishaw, U. K.) at an excitation laser 

wavelength of 532 nm. The Attenuated Total Reflection 

Infrared (ATR-IR) spectra were acquired on an EQUINOX 55 

FTIR spectrometer (Bruker, Germany).

Zeta potentials were measured in water, 0.1 M LiOH 

aqueous solution, and DMC, using a Zetasizer Nano ZSE 

instrument (Malvern Panalytical, China). The samples for zeta-

potential measurements were prepared by suspending the 

solid particles into liquid phase at a concentration 0.5 mg mL-

1. The particle size distributions of AlN and MgF2 were 

evaluated on a Mastersizer 3000 instrument (Malvern 

Panalytical, China). Nitrogen adsorption analysis was 
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conducted at 77.35 K using an ASAP2460 aperture analyzer 

(Micromeritics, U. S. A). To avoid false peaks at ~ 3.8 nm in 

desorption curves, BJH analyses were all based on adsorption 

curves. Tensile stress-strain tests were operated on a 

Discovery DMA800 instrument (TA Instruments-Waters LLC, U. 

S. A). Contact-angle were measured with water and DMC (5 M�? 

on a DSA100 instrument (Kruss, Germany). Inductively coupled 

plasma optical emission spectroscopy (ICP-OES) 

measurements were conducted on an Avio 500 spectrometer 

(PerkinElmer, Singapore). For the XPS, SEM, TEM, and ICP-OES 

measurements on the electrodes after lithium plating and 

stripping cycle, the bilayer thin films were fully rinsed with 

DMC to remove the residual electrolyte. The preparation and 

transference of the cycled electrodes were conducted in an 

argon-filled glovebox to avoid effects of oxygen and water 

vapor in air.

4.3 Electrochemical measurements.

All electrochemical measurements were carried out on 

CR2025 coin cells assembled in a glove box filled with argon. 

For half-cell cycle assemble, the as-prepared thin bilayer films 

were cut into disks of 12 mm in diameter as working electrodes, 

the commercial Li foil (16 mm in diameter, and ~ 100 M� in 

thickness) was used as countered electrodes, 1 M LiPF6 in 

ethylene carbonate (EC) /diethyl carbonate (DEC) /dimethyl 

carbonate (DMC) (1/1/1, in vol.) with 10 vol. % fluoroethylene 

carbonate (FEC) as the electrolyte. To get a proper average CE, 

the initial 5 cycles were excluded to better judge lithium 

plating and stripping reversibility.39, 52 The constant current 

lithium plating (discharging) and stripping (charging) mode 

was chosen for coin half-cell cycling. 

The full cells were constructed with Cu, LAG, and 

LAG/LA103Z as host electrodes, and NCM811 as cathode. 

Before full-cell assembly, LAG, and LAG/LA103Z were pre-

cycled in half-cells between 0.01 and 1 V, to eliminating initial 

irreversible lithium consumption, but maintained at 

delithiation state without excess lithium.52, 53 The loading mass 

of NCM811 on cathode was 20 mg cm-2, with the areal capacity 

of 3.86 mAh cm-2. The electrolyte used in the full-cell is the 

same as that used in the half-cell. Celegard 2400 film was used 

as the separator. All full-cells were charged and discharged at 

0.05C (0.193 mA cm-2) for initial 2 cycles, then charged at 0.5C 

(1.93 mA cm-2) to 4.2 V, with constant-voltage charging at 4.2 

V until current decreasing to 0.05C, then discharged at 0.5C to 

2.5 V. The electrochemical impedance spectroscopy (EIS) data 

were collected by applying a perturbation voltage of 5 mV 

versus the open-circuit potential in a frequency range from 106 

to 0.01 Hz. All galvanostatic charge-discharge (GCD) curves 

were measured on a LAND-CT2001A electrochemical 

workstation (Wuhan LAND, China), while CV and EIS datas 

were acquired on an AUTOLAB electrochemical workstation 

(Metrohm, Switzerland)
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