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a b s t r a c t 

The combination of commercial high-voltage cathode and a thin lithium metal anode has emerged as a promising 

approach to realize rechargeable high energy density lithium batteries. However, abundant challenges, including 

huge volume change of Li metal and its severe side reactions with electrolyte for wide electrochemical potential 

window, hamper the practical application of lithium metal anode in high energy density batteries. In this work, we 

reported a Li/graphene composite electrode with in situ formed robust C/Li 3 N interphase (Li/graphene-C/Li 3 N 

electrode). Stabilized by the graphene framework, the electrode can endure large volume change during lithium 

stripping/plating cycles and realize stable cycling. The Li 3 N protection layer can not only help the composite elec- 

trode to avoid the direct physical contact between active metallic lithium and electrolyte, and suppress the side 

reactions between them, but also help to homogenize Li + diffusion and plating/stripping behaviors due to its high 

ionic conductivity. As a result, the composite structure and electrochemical interphase stability enable superior 

electrochemical performance of the Li/graphene-C/Li 3 N electrodes. As a demonstration, the Li/graphene-C/Li 3 N 

symmetric cell displayed a low and stable overpotential for more than 1000 hours at 1 mA cm 

− 2 and 1 mAh 

cm 

− 2 . LCoO 2 ||Li/graphene-C/Li 3 N cell delivered a high energy density of 694.05 Wh kg − 1 in the working po- 

tential range between 2.8 V and 4.6V and displayed high Coulombic efficiency of over 99% for more than 150 

cycles, showing promising for practical high energy density lithium metal batteries. 

1

 

a  

v  

e  

g  

L  

b  

m  

l  

v  

t  

i  

H
(  

e  

g  

a  

f  

g  

o  

e  

(  

r  

a  

v  

t  

c  

t  

T  

f  

i  

a
2

h

R

A

2

. Introduction 

Lithium ion batteries have dominated the portable electronics such
s cellphones and laptops, and they are the power sources of electric
ehicles that are penetrating into the transport industry [1–5] . Nev-
rtheless, the energy density of current lithium battery systems using
raphite anode and layered oxide or phosphate cathode (e.g., LiCoO 2 ,
iNi 0.6 Co 0.2 Mn 0.2 O 2 , and LiFePO 4, etc) cathode is approaching their
ottleneck and could not meet the increasing energy density require-
ents of the above applications [ 6 , 7 ]. Among high energy density

ithium battery systems (e.g., Li-S batteries, Li-air batteries, and high-
oltage Li metal batteries, etc) [8–11] , high-voltage lithium metal bat-
eries using lithium metal anodes and high-voltage cathodes are promis-
ng candidates and have the potential to be successful for the short term.
igh-voltage cathode materials, such as LiCoO 2 (LCO), LiNi 0.5 Mn 1.5 O 4 

LNMO) and LiNi x Co y Mn 1-x-y O 2 (NCM) cathode, can deliver higher en-
rgy density due to the extended working potential at high voltage re-
ion, and increased capacity in comparison to that in current batteries,
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nd have already made tremendous progress [12–14] . Also, electrolytes
or these high-voltage cathodes have received extensive research pro-
resses, which ensures the stable electrochemical performance of cath-
des at elevated voltage [15–18] . Lithium metal anode delivers high-
st theoretical specific capacity (3860 mAh g − 1 ) and lowest potential
 − 3.040 V vs. standard hydrogen electrode), which are beneficial for
ealizing high energy density batteries [ 19 , 20 ]. Nevertheless, Li metal
node is still premature for practical application, especially for high-
oltage batteries. Its encounters high chemical reactivity with elec-
rolyte, uneven Li metal plating/stripping behavior and large volume
hange during Li metal stripping/plating process, leading to poor prac-
ical electrochemical performance and even safety concerns [ 10 , 21 , 22 ].
he electrochemical performance of thin Li metal electrode that is pre-
erred for high energy density of Li metal batteries is even inferior than
ts thick counterpart, since mechanical pulverization of the electrode
nd active Li exhaustion occurs within very limited cycle number [23–
5] . 
(Y. Sun). 
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To make lithium metal anode viable, numerous research efforts have
een dedicated to stabilizing the interface between lithium metal and
he electrolyte, including electrolyte engineering [26–29] , building ar-
ificial protection layer for lithium metal [30–32] , and designing of
hree-dimension (3D) host for the lithium metal [33–38] . Despite of
hese great progresses in stabilizing Li metal, they often cannot resolve
ll the issues that Li metal anode faces. These approaches often only
olved the electrochemical instability or the mechanical instability of
he electrode-electrolyte interface. For example, filling Li metal into a
D host enhances the mechanical stability of Li metal, and reduces the
verall volume change of the electrode. However, the issue of side re-
ctions between the electrolyte and active Li has not been addressed.
n the other hand, the construction of lithium metal using artificial

nterface or electrolyte engineering could solve the interphase instabil-
ty of metallic Li, but these electrodes could not stabilize the overall
tructure due to the large volume change during the plating/stripping
ycling. The fluctuation of electrode-electrolyte interface caused by the
olume change would destroy the preformed interphase structure and
eteriorate the electrochemical performance. Therefore, it is desirable
o develop an approach to address mechanical stability and interphase
tability simultaneously and realize high-performance Li metal anode. 

In this work, we in situ introduced a robust C-Li 3 N interphase of
i/graphene composite electrode, which realized both good electro-
hemical interphase stability and mechanical stability. The stable C-Li 3 N
rotection layer on the top of Li/graphene composite isolated the active
etallic lithium from the electrolyte, suppressed the side reactions be-

ween metallic lithium and electrolyte, and prevented continuous active
ithium consumption during battery cycling. In addition, the ionic con-
uctive Li 3 N interphase structure enabled fast and homogeneous Li + dif-
usion and thus uniform Li plating/striping behavior, and the graphene
ost minimized the overall volume change of the composite lithium
etal anode. As a result, the Li/graphene-C/Li 3 N anode exhibited su-
erior electrochemical stability during electrochemical lithium strip-
ing/plating processes and enabled a long-life and high energy density
f the LCO||Li/graphene-C/Li 3 N batteries with wide operational range
f 2.8 – 4.6 V. 

. Results and discussion 

.1. Fabrication and characterizations of Li/graphene-C/Li 3 N electrode 

Li/graphene-C/Li 3 N electrode was achieved by infusing molten
ithium into the C 3 N 4 /graphene oxide composite film in an Ar-filled
love-box ( Fig. 1 a). G-C 3 N 4 nanosheets was fabricated through a simple
hermal polycondensation method. The X-ray diffraction (XRD) pattern
f the g-C 3 N 4 nanosheets showed a broad peak at 27.2°, which could be
ssigned to the (002) crystal plane of g-C 3 N 4 (Figure S1) [39] . Trans-
ission Electron Microscopy (TEM) images revealed that these g-C 3 N 4 

anosheets were several micrometers in length and several nanometers
n thickness, and they showed a laminar morphology similar to graphene
Figure S1). Composite film consisting of graphene oxide and g-C 3 N 4 

as fabricated as framework for Li/graphene-C/Li 3 N, which was fab-
icated through a vacuum filtration process. During the operation, g-
 3 N 4 suspension was first added, followed by graphene oxide suspen-
ion. As a result, g-C 3 N 4 would stay on the top of the C 3 N 4 /graphene
xide composite film. Due to the layer structure of both C 3 N 4 and
raphene oxide, they showed good mechanical adhesion with each other
nd formed a compact structure. when the C 3 N 4 /graphene oxide film
as placed in contact with the molten lithium under 300 °C, molten

ithium infused into it spontaneously due to the capillary force of the
ore structure between the layers of C 3 N 4 /graphene oxide film and
he chemical affinity between them [40] . Moreover, during the infu-
ion process, the molten lithium metal reacted with g-C 3 N 4 to produce
i 3 N [12Li + C 3 N 4 →4Li 3 N + 3C], and form a C-Li 3 N surface layer of the
i/graphene-C/Li 3 N composite electrode ( Fig. 1 a). 
564 
Diffraction peaks at 22.93° and 46.83°, for alpha-Li 3 N were observed
n the XRD pattern of Li/graphene-C/Li 3 N composite electrode, verify-
ng the formation of Li 3 N during the lithium infusion process ( Fig. 1 b).
he signals for C 3 N 4 disappeared, suggesting that the g-C 3 N 4 was con-
erted into Li 3 N and carbon. It is noted that crystalline Li 3 N was not
bserved when C 3 N 4 was directly used as the host for electrochemical
i plating [41] , highlighting the importance of using molten lithium to
nable the conversion from g-C 3 N 4 to crystalline Li 3 N with high ionic
onductivity. X-ray photoelectron spectroscopy (XPS) analyses were per-
ormed to reveal the surface electronic state of the elemental composi-
ion. The high-resolution Li1s and N1s spectra showed peaks at 55.3 eV
nd 398.6 eV, respectively, confirming the existence of Li 3 N on the sur-
ace the Li/graphene-C/Li 3 N composite ( Fig. 1 c) [ 41 , 42 ]. In addition,
here was no signal of metallic lithium in the high-resolution Li1s spec-
rum, which suggested that the entire electrode was completely covered
y the Li 3 N surface protection layer ( Fig. 1 c). The high ionic conduc-
ivity of Li 3 N was expected to efficiently homogenize the Li + ion flow
nd enhance its transportation across the electrode surface, and lead to
 uniform lithium plating and stripping behavior [ 43 , 44 ]. Besides, the
i 3 N protection layer could work as physical shielding, avoid the di-
ect contact between active Li and electrolyte, thus minimizing the side
eactions and improving the electrochemical cycling stability. 

Scanning electron microscopy (SEM) investigation was further per-
ormed to investigate the morphology and structure of the Li/graphene-
/Li 3 N composite electrode. The cross-section SEM image of the
i/graphene-C/Li 3 N composite electrode indicated that gaps between
he C 3 N 4 and graphene oxide nanosheets were filled by metallic Li
niformly from the top surface to the bottom, indicating the uniform
ithium implantation of the graphene oxide/C 3 N 4 framework (Fig. S4
nd Fig. 1 d). Such framework could act as a stable host for metallic
i, and buffer the volume change during the electrochemical Li plat-
ng and stripping process, which supports the formation of stable SEI
n the electrode surface [40] . The results of cross-section SEM images
oupled with energy dispersive X-ray (EDX) elemental mapping images
f Li/graphene-C/Li 3 N electrode indicated that nitrogen element was
niformly and densely dispersed on the surface of the electrode, sup-
orting the formation of dense Li 3 N protection layer on the top of the
i/graphene-C/Li 3 Ncomposite electrode ( Fig. 1 e). This novel structure,
hich combined the advantages of both interphase protection layer with
ood ionic conductivity and a stable 3D lithiophilic framework, could
imultaneously guarantee the electrochemical and mechanical stability
f lithium metal electrode and showed promise for the application in
igh-performance lithium metal batteries. 

.2. Electrochemical stability of Li/graphene-C/Li 3 N electrode 

The composition and structure of interphases play a crucial role
or the electrochemical performance of Li metal anode. The uniform
i 3 N surface layer of the Li/graphene-C/Li 3 N anode not only can iso-
ate the active lithium from corrosive electrolyte and inhibit its decom-
osition, but also can homogenize Li + flux and enable stable lithium
lating/stripping behavior, thus enabling a stable electrode structure.
n consideration of its pairing with high-voltage cathode for high en-
rgy density batteries, 4M lithium bis(fluorosulfonyl)imide (LiFIS) in
imethyl carbonate (DMC) was used as electrolyte, which possessed
road electrochemical window in comparison to regular commercial
arbonate electrolyte [45] . During cycling, the component of electrolyte
ook part in the formation of SEI, which decided the interphase prop-
rty of anodes. High-resolution F 1s and S 2p XPS spectra with different
r sputtering times were collected to reveal the surface SEI ingredients
f the lithium metal electrode and Li/graphene-C/Li 3 N electrode after
 lithium stripping/plating cycles. Fig. 2 a and 2 b compared the chem-
cal environment of F and S elements derived from the electrolyte af-
er Ar sputtering for different times. After 1 minute’s Ar sputtering, the
i/graphene-C/Li 3 N electrode exhibited high intensity of LiF (684.93 eV
n F 1s) signal in the high-resolution F1s spectrum ( Fig. 2 a left), sulfate
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Fig. 1. Fabrication and characterizations of the Li/graphene-C/Li 3 N composite electrode. a, Schematic of the fabrication of the Li/graphene-C/Li 3 N composite 

electrode. b, X-ray diffraction patterns of the lithium metal foil, C 3 N 4 /graphene film, and the as-fabricated Li/graphene-C/Li 3 N composite electrode. c, High-resolution 

Li 1s and N 1s X-ray photoelectron spectroscopy spectra for the Li/graphene-C/Li 3 N electrode after surface cleaning by Ar + sputtering. d, Top-view SEM image of 

the C 3 N 4 /graphene film (left) and Li/graphene-C/Li 3 N composite electrode (right). e, cross-section SEM image of the Li/graphene-C/Li 3 N composite electrode and 

the corresponding EDX elemental mapping image for N. 
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170.88 eV/169.70 e V in S 2p) and polythionate (168.58 eV/167.40 eV
n S 2p) signals in the high-resolution S2p spectrum ( Fig. 2 b left), respec-
ively, revealing the reaction between the electrode and electrolyte, and
he formation of LiF and sulfate containing SEI. It is noted that the inten-
ity of element S and F signals significantly decreased with increasing
puttering time from 1 to 20 min, and remained a very low relative value
ith increasing sputtering time to 40 min. The significantly decreased

ntensity of LiF and sulfate signals indicated that dense Li 3 N layer of
he Li/graphene-C/Li 3 N electrode isolated the FSI − in electrolyte from
eactive metallic lithium, and enabled the formation of thin and stable
EI on the Li/graphene-C/Li 3 N electrode surface. The appearance of S-
 bond (687.69 eV in F 1s and 173.13 eV/171.95 eV in S 2p) and S-N
ond (163.90 eV/162.72 eV in S 2p) indicated the existence of free FSI − 

n the SEI [46] . FSI − remained stable and did not continuously decom-
ose after the formation of stable SEI on the Li/graphene-C/Li 3 N elec-
rode ( Fig. 2 a mid, right and Fig. 2 b mid, right). Different from that of
he Li/graphene-C/Li 3 N electrode, S element in the pure lithium metal
lectrode after cycling existed mainly in the form of polysulfide (161.70
V/160.52 eV in S 2p), polythionate, and sulfate ( Fig. 2 a mid, right and
ig. 2 b mid, right). The strong peaks for LiF in the high-resolution F1s
PS spectrum and polysulfides in the high-resolution S2p XPS spectrum
ere observed after 40 minutes’ Ar sputtering, which suggested that
565 
SI − of the electrolyte continuously reacted with the metallic Li to pro-
uce LiF and polysulfide and thus the continuous corrosive reactions of
etallic Li. In addition, high intensity for S-F bond and negligible in-

ensity for S-N bond were observed in the high-resolution S2p spectra
or the pure lithium metal electrode, further proving the continuous de-
omposition of the FSI − on the electrode surface during the operation
f battery ( Fig. 2 b left). The constant side reactions between metallic Li
nd electrolyte would lead to a rapid depletion of the electrolyte and
ctive lithium, and shorten the battery life. 

The uneven Li stripping/plating behavior with relatively infinite vol-
me change would lead to the repeated fracture and re-growth of SEI
uring electrochemical cycling, which continuously consume electrolyte
nd active lithium. Therefore, realization of uniform Li stripping/plating
ehavior and a mechanically stable structure is of vital importance for a
ractical lithium metal electrode. In order to reveal mechanical stabil-
ty of the Li/graphene-C/Li 3 N composite electrode, SEM and EDX char-
cterizations were performed before and after cycling. Fig. 3 a and b
ompared top-view SEM images of the Li/graphene-C/Li 3 N electrode
nd pure Li metal electrode at different stripping and plating states.
 huge and deep cavity with size of > 85 𝜇m was observed on the
urface of Li metal after electrochemical Li stripping ( Fig. 3 a left). In
ontrast, smooth surface with negligible pinholes was observed for the
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Fig. 2. High-resolution (a) F 1s and (b) S 2p XPS spectra for lithium metal electrode and Li/graphene-C/Li 3 N electrode after 5 cycles in electrolyte of 4 M LiFSI in 

DMC after Ar + sputtering for different times. 
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i/graphene-C/Li 3 N electrode under the same test conditions, indicating
ts uniform and stable lithium stripping behavior. ( Fig. 3 b left). These
esults indicated that the ionically conductive Li 3 N protection layer was
eneficial for homogenizing Li + flux during the electrochemical strip-
ing process. Also, no lithium dendrites were observed on the surface of
he Li/graphene-C/Li 3 N electrode after the following Li plating ( Fig. 3 b
iddle, Fig. S5 b). In contrast, a large number of lithium dendrites
ere observed on the surface of lithium metal electrode after Li plat-

ng ( Fig. 3 a middle, Fig. S5 b), which further led to the formation of
 porous and brittle interphase layer after repeated Li stripping/plating
ycles ( Fig. 3 a middle and right). The thickness of this porous interphase
ayer reached ∼59 𝜇m after 50 stripping/plating cycles at 1 mAh cm 

− 2 

nd 1 mA cm 

− 2 , as revealed by the results of cross-section SEM images
 Fig. 3 e). High-intensity signals of S, O, and F elements were observed in
his porous interphase layer in the EDX element mapping images, indi-
ating the puncture of electrolyte into this porous interphase layer and
upporting the continuous side reactions between electrolyte ( Fig. 3 e).
n contrast, the surface of the Li/graphene-C/Li 3 N electrode remained
ompact and flat after 50 Li plating/stripping cycles ( Fig. 3 b right). The
ignals of S, O, and F elements were only observed on the surface layer
f the Li/graphene-C/Li 3 N electrode in the cross-section SEM image and
DX element mapping images, again supporting the dense Li deposition
ehavior and significantly suppressed side reactions due to the introduc-
ion of protective Li 3 N surface layer and robust 3D graphene framework
 Fig. 3 f). 

To investigate the electrochemical stability of the Li/graphene-
/Li 3 N electrode, electrochemical impedance spectroscopy (EIS) mea-
urements were also carried out. Figs. 3 c and 4 d compared the Nyquist
lots of Li||Li and Li/graphene-C/Li 3 N||Li/graphene-C/Li 3 N symmet-
566 
ic cells after different lithium stripping/plating cycles at 1 mA cm 

− 2 

nd 1 mAh cm 

− 2 . The pristine pure Li electrode showed a much higher
nterfacial resistance of more than 200 ohms before cycling ( Fig. 3 b).
hen the interfacial resistance of the pure Li electrode decreased to ∼
0 ohms after the first cycle due to the formation of dendritic lithium de-
osits with increased surface area. In contrast, the Li/graphene-C/Li 3 N
lectrode showed a small initial interfacial resistance of ∼15 ohm and
ecreased to ∼5 ohms after the first cycle ( Fig. 3 d). The much smaller
nterfacial resistance of pristine Li/graphene-C/Li 3 N electrode and its
ood stability after cycling suggested its high interphase ionic conduc-
ivity and good electrochemical stability. Warburg factor ( 𝜎) of the cells
as calculated based on the corresponding Z re vs. 𝜔 

− 1/2 plots after the
rst cycle (‘Z re ’ is the real part of Nyquist impedance, ‘ 𝜔 ’ is frequency

n the electrochemical impedance spectroscopy test, and ‘ 𝜎’ is the slope
f the straight line in Fig. S6). The Warburg factor ( 𝜎) of Li/graphene-
/Li 3 N||Li/graphene-C/Li 3 N symmetric cell ( 𝜎1 ) and Li||Li symmetric
ell ( 𝜎2 ) were 5.622 and 38.738, respectively. The apparent diffusion
oefficient of lithium ions for the Li/graphene-C/Li 3 N electrode was al-
ost fifty times higher than that of the bare Lithium metal electrode

ccording to the equation [47] : 

 = 𝑅 

2 𝑇 2 ∕2 𝐴 

2 𝑛 4 𝐹 4 𝐶 

2 𝜎2 

here R is the gas constant, T is the room absolute temperature in exper-
ment, A is the surface area of the electrode, n is the number of electrons
er molecule attending the electronic transfer reaction, F is Faraday con-
tant, C is the concentration of lithium ions. The much higher lithium
on diffusion coefficient of the Li/graphene-C/Li 3 N electrode could be
ttributed to ion-conductive Li 3 N interphase layer that accelerated the
i + transportation, homogenized the metallic Li plating, and upgraded
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Fig. 3. SEM and EIS investigation of lithium metal electrode and Li/graphene-C/Li 3 N electrode. (a, b) Top-view SEM images of lithium metal electrode and 

Li/graphene-C/Li 3 N electrode after lithium stripping (left), a full lithium stripping/plating cycle (middle), and 50 lithium stripping/plating cycles (right) at 1 

mAh cm 

− 2 and 1 mA cm 

− 2 (scale bar, 10 𝜇m). (c, d) Nyquist plots of Li||Li (c) and Li/graphene-C/Li 3 N||Li/graphene-C/Li 3 N symmetric cells (d) after different 

lithium stripping/plating cycles under 1 mA cm 

− 2 and 1 mAh cm 

− 2 . (e, f) Cross-sectional SEM images and the corresponding EDX mapping images of a lithium metal 

electrode (f) and a Li/graphene-C/Li 3 N electrode (g) after 50 stripping/plating cycles at 1 mAh cm 

− 2 and 1 mA cm 

− 2 . 
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ts electrochemo-mechanical stability. The interfacial resistance of pure
i electrode increased to ∼80 ohms after 50 cycles, indicating its con-
inuous electrochemical degradation. The interfacial resistance of the
i/graphene-C/Li 3 N electrode remain small and stable, and the value
as only ∼6 ohms after 50 cycles, similar to the value after the 1 st cy-

le, verifying the good stability of the Li/Li 3 N/graphene electrode. 
The superior electrochemical and mechanical stability of

i/graphene-C/Li 3 N electrode could be ascribed to the synergistic
ffect of ironically conductive Li 3 N interphase layer and robust
raphene framework. The dense Li 3 N protection layer on the elec-
rode surface could homogenous the lithium-ion flux, and the high
onic conductivity and electronic resistivity of Li 3 N could compel
he lithium ions to come cross the Li 3 N protective surface layer and
roduce uniform Li deposition layer below. In addition, the graphene
ramework could act as a stable host for the metallic lithium, which
educed the volume change of the entire electrode and ensured stable
lectrode-electrolyte interphase as well as a stable SEI. In contrast,
ontinuous movement of electrode-electrolyte interphase and uneven
i plating/stripping behaviors for bare Li metal electrode took place
or bare metallic Li electrode, leading to repeated break and repair of
EI, continuous consumption of electrolyte, and increase in electrode

esistance. c  

567 
.3. Electrochemical performance of Li/graphene-C/Li 3 N anode 

The electrochemical performance of Li/graphene-C/Li 3 N||Li/
raphene-C/Li 3 N symmetric cell and LiCoO 2 ||Li/graphene-C/Li 3 N
ell was investigated with 4M LiFSI in DMC as electrolyte. Fig.
a compared the voltage profiles for the Li||Li symmetric and
i/graphene-C/Li 3 N||Li/graphene-C/Li 3 N cells for different cycles at
 mA cm 

− 2 and 1 mAh cm 

− 2 . As shown in Fig. 4 a, the Li/graphene-
/Li 3 N||Li/graphene-C/Li 3 N symmetric cell exhibited stable cycling

or over 1000 hours ( Fig. 4 a), delivering a stable overpotential of
round 36 mV. In contrast, a much higher overpotential of ∼340
V was observed at the beginning of the first cycle for the Li||Li

ymmetric cell cycled under the same conditions, due to the high
nterfacial resistance of the passivation layer. Then the overpotential
f the Li||Li symmetric cell decreased to ∼48 mV after the first cycle,
hich was also consistent with the EIS result, indicating the break
f the initial passivation layer and the inhomogeneous deposition
f metallic Li with high surface area [ 48 , 49 ]. During cycling, the
verpotential of the Li||Li symmetric cell continuously increased and it
eached over 700 mV at the 500th cycle. To further investigate the rate
apability of the Li/graphene-C/Li 3 N electrode, the Li||Li symmetric
ell and Li/graphene-C/Li N||Li/graphene-C/Li N symmetric cell were
3 3 
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Fig. 4. Electrochemical performance of lithium metal electrode and Li/graphene-C/Li 3 N electrode. (a) Lithium stripping/plating cycling of symmetric cells at 1 mA 

cm 

− 2 and 1 mAh cm 

− 2 . (b) Capacity vs. cycle number profiles of the LCO||Li and LCO||Li/graphene-C/Li 3 N cells with high LCO capacity loading ( ∼2.5 mAh cm 

− 2 ) 

and low areal capacity ratio of negative to positive electrodes (N/P ratio, 4). (c) Tafel profile obtained from cyclic voltammetry measurements after the first cycle at 

1 mA cm 

− 2 and 1 mAh cm 

− 2 . (d, e) Voltage vs. capacity profiles of the LCO||Li (d) and LCO||Li/graphene-C/Li 3 N (e) cells for various cycles. 
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lso tested under the current density of 3 mA cm 

− 2 with the fixed
real capacity of 1 mAh cm 

− 2 (Fig. S11). The Li||Li symmetric cell
howed a pretty high overpotential of 103 mV at the fifth cycle and
t reached 172 mV after the 50th cycle. Short-cut occurred in the
i||Li symmetric cell at the 68th cycle (Fig. S12). In contrast, the
i/graphene-C/Li 3 N||Li/graphene-C/Li 3 N symmetric cell displayed a
uch lower overpotential of ∼60 mV, and flat and smooth voltage

urves for more than 300 cycles, suggesting that the introduction of
igh ion-conductive Li 3 N interphase could enhance the lithium-ion
ransport, suppress side reactions and stabilize the structure (Fig. S12).
dditionally, the Tafel profile showed that the exchange current density
f the Li/graphene-C/Li 3 N electrode ( ≈0.225 mA cm 

− 2 ) was higher
han that of pure lithium metal electrode ( ≈0.024 mA cm 

− 2 ), which
lso supported the faster lithium ionic transport of Li/graphene-C/Li 3 N
lectrode ( Fig. 4 c). 

To further validate the superiorities of the Li/graphene-C/Li 3 N elec-
rode, high-voltage full cells were constructed by pairing with LiCoO 2 
LCO) cathode. Full cells with high cathode mass loading ( ∼10.9 mg
m 

− 2 ) and low areal capacity ratio of negative to positive electrodes
N/P ratio, 4) were tested at 0.5 C (1 C = 220 mA g − 1 ) in the voltage
ange of 2.8 – 4.6 V. The LCO||Li/graphene-C/Li N full cell exhibited
3 

568 
pecific capacity of 220 mAh g − 1 , and high areal capacity of 2.4 mAh
m 

− 2 . The energy density reached as high as 694.05 Wh kg − 1 based on
he total mass of cathode and anode. Moreover, the cell showed stable
ycling with a high reversible specific capacity of 168 mAh g − 1 and ca-
acity retention of 75.91% after 150 cycles. Although the LCO||Li full
ell delivered a higher energy density of 722.8 Wh kg − 1 at the first cy-
le, it quickly decayed after 20 cycles due to the quick decay of bare
i metal anode. (Fig. S13) Meanwhile, much smaller voltage hysteresis
as observed for the LCO||Li/graphene-C/Li 3 N full cell in comparison

o the LCO||Li full cell during battery operation ( Fig. 4 d, e). For exam-
le, the average charge/discharge voltage of LCO||Li full cell is 4.066 V
nd 3.910 V respectively at the first cycle, and the voltage hysteresis is
.156 V. Then with the further cycling, the voltage hysteresis of LCO||Li
ull cell increased to 0.916 V at the 40th cycle and which severely af-
ected the battery cycling. In contrast, LCO||Li/graphene-C/Li 3 N full
ell showed a much smaller voltage hysteresis of 0.060 V at the first
ycle and increased to 0.158 V at the 150th cycle at a slow rate of ∼
 mV per cycle, indicating a less resistive and highly stable surface of
i/graphene-C/Li 3 N electrode. (Fig. S14, S15) In addition, the Coulom-
ic efficiency of LCO|| Li/graphene-C/Li 3 N full cell was ∼99.4% for
ore than 150 cycles. However, the LCO||Li full cell showed relatively
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fter 20 cycles. 

. Conclusions 

In summary, to address the large volume change and unstable sur-
ace chemistry of metallic Li electrode, we demonstrated a Li/graphene-
/Li 3 N electrode with graphene framework as host for metallic Li and

onically conductive Li 3 N interphase to homogenize the Li + flux and
uppress side reactions. The ionically conductive and electronically re-
istive surface Li 3 N layer of the Li/graphene-C/Li 3 N electrode was re-
lized through the chemical reaction between molten lithium and the
-C 3 N 4 layer on graphene/g-C 3 N 4 composite film during their contact.
enefited from the synthetical effect of graphene framework and Li 3 N
rotection surface layer, good electrochemical-mechanical stability of
he electrode was realized. As a result, the Li/graphene-C/Li 3 N electrode
xhibited excellent electrochemical performance both in the symmetric
ell and high-voltage full cell configurations. The LCO||Li/graphene-
/Li 3 N full cell delivered a high energy density of 694.05 Wh kg − 1 at
otential range of 2.8 – 4.6 V and it showed high capacity retention of
5.91% for 150 cycles. These results provided a feasible design method
or achieving stable lithium metal anode for rechargeable high energy
ensity batteries. 
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