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Li metal anode is considered as one of the most promising candidates for next-generation batteries due to its high
energy density. The undesired growth of Li dendrites and infinite volume change, however, hinders its practical
application. Herein, a 3D structured Li metal anode featured with uniform electron and Li ion conductive

I(\?;:Iilesium hvdride pathway is fabricated through the favorable reaction between MgH, that are uniformly distributed on g-C3N4 and
Fulzlg cells Y molten Li. The thus-formed lithiophilic LiMg alloys under the structural support of lithiophilc g-CsN4 could

synergistically lower the nucleation barrier of Li plating and hence promote the uniform Li deposition process.
Simultaneously, the high Li ion conductivity of thus-formed both LiH and Li3N resulting from the reaction be-
tween molten Li and MgH, and g-C3Ny, respectively, facilitates fast Li ion transportation kinetics along their
surfaces towards favorable Li deposition on the surface of g-C3N4. Consequently, the thus-fabricated Li metal
anode with a high specific capacity of 3511 mA h g ~ ! delivers a long cycling life of over 500 h at 3 mA cm ™2
under 3 mA h em™2, Impressively, upon coupling this anode with commercial LFP cathode, the thus-assembled
full cells deliver a specific capacity of 145 mA h g ~ ! after 450 cycles at 1 C.

1. Introduction

The increasing demand for energy density of Li-ion batteries (LIBs)
promotes intensive investigation of Li metal anode due to its high
theoretical specific capacity (3860 mA h g ~ 1) and redox potential
(—3.04 V vs standard hydrogen electrode) [1, 2]. Moreover, Li metal
anodes could be directly paired with Li-containing and Li-free cathodes
(e.g., oxygen and sulfur) to assemble next-generation batteries with high
theoretical energy density than is over ten times that of current LIBs
[3-5]. Despite these advantages, the uncontrollable growth of Li den-
drites induced by the uneven Li nucleation and the formation of unstable
solid electrolyte interphase (SEI) from the spontaneous reaction be-
tween Li metal and electrolyte lead to rapid capacity decay and limited
lifespan [6-8]. More importantly, the infinite volume change of Li
during repeated plating/stripping processes could easily break
thus-formed fragile SEI layer, which hence aggregates the continuous
formation of Li dendrites and “dead Li”. The continuous growth of Li
dendrites may lead to the penetration of the separator and cause short
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circuit and safety hazard, which severely hinders the practical applica-
tion of Li metal anodes.

Accordingly, considerable efforts have been devoted to suppressing
the uneven growth of Li dendrites and improving the stability of Li metal
anodes. Among them, optimizing the composition of electrolyte with
additives is able to stabilize Li metal anodes via the formation of stable
SEI passivation layers [9-15]. Meanwhile, the stability of Li metal an-
odes could also be improved by building artificial protective layers,
which could reduce the parasitical reaction and restrain the Li dendrite
growth, and lithiophilic composites, which could effectively guide uni-
form nucleation and deposition of Li and induce dendrite-free Li plating
performance [16-20]. Nevertheless, induced by the hostless nature of Li
metal anode, the huge volume fluctuation during continuous Li plating
and stripping process could easily deform or even destroy the fragile SEI
layers and the modified surface, which aggravates side reactions be-
tween Li and electrolyte and hence the growth of Li dendrites, leading to
severe degradation of cycling stability and even short circuit. As a result,
designing conductive three-dimensional (3D) frameworks, which could
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not only alleviate volume change during Li stripping/plating process,
but also reduce local current density, have been widely proposed to
restrain the formation of dendritic Li and improve the cycling stability of
Li metal anodes [21-26]. Unfortunately, the introduction of inactive 3D
hosts would add extra weight to Li metal anode and hence result in the
sharp decrease of energy density. Moreover, due to the slow diffusion
kinetics of Li ions inside the interior of 3D hosts, the growth of Li mainly
occurs on the surface of Li metal anode, rather than inside the 3D hosts,
especially at a high current density [27, 28]. It weakens the capability of
3D hosts in buffering the large volume change and reducing the local
current density, which hence leads to the uneven plating of Li and the
growth of Li dendrites upon long-term cycling process. Although the
uneven growth of Li dendrites could be alleviated to some extent by
enhancing the lithiophilicity of 3D hosts, the Li plating and stripping at
the area away from the interface between 3D hosts and Li metal is still
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lack of control. Therefore, it is still a great challenge to stabilize Li metal
anode under high current density towards long-term cycling
performance.

Herein, taking advantage of MgH; nanoparticles (NPs) that are
uniformly distributed on g-C3N4 (denoted as MgH,@g-C3N4) as a
structural platform, a 3D structured Li metal anode featured with
favorable electronic and Li ion conductive pathways is built to suppress
the formation of Li dendrites (Fig. 1a). Induced by the favorable reaction
between MgH,@g-C3N4 and molten Li, the simultaneous formation of
lithiophilic LiMg alloys and LiH and LisN with high Li ion conductivity
that are homogeneously distributed inside of the lithiophilic g-C3Ny4 as
the structural support could be facile realized (denoted as LiMg-
LiH@C3Ny). The uniform formation of lithiophilic LiMg alloys with high
solubility of Li under the structural support of lithiophilic g-C3N4 could
synergistically lower the nucleation barrier of Li plating and hence
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Fig. 1. (a) Schematic illustration for the fabrication of LiMg-LiH@C3N4 anode. (b) TEM image of g-C3N4 and the digital photograph of g-C3N4 powder (inset). (c)
TEM image with the corresponding particle size distribution pattern (inset) of MgH,@g-C3N4. (d) XRD patterns of the as-synthesized MgH,@g-C3N4 and LiMg-
LiIH@C3Ny4. (e) HRTEM image of MgH,@g-C3N4. (f) Li 1 s and (g) N 1 s XPS spectra of LiMg-LIH@C3Ny4. (h) Elemental mapping results of LiMg-LIH@C3N4 with

atomic content of each element shown in the inset.
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facilitate the uniform Li deposition process of LiMg-LiH@C3N4 anode.
More importantly, owing to high Li ion conductivity of both LiH and
LigN that are uniformly formed through the reaction between molten Li
and MgH; and g-C3Ny, the Li ion diffusion kinetics along their surfaces
are thermodynamically favored towards favorable Li deposition on the
surface of lithiophilic g-C3N4. In addition, the structural support role of
the uniform distribution of g-C3N4 is capable of mitigating the large
volume change during repeated Li stripping and plating process and
hence stabilizing the formation of SEI layers. As a result, the as-
fabricated LiMg-LiIH@C3N4 anode with a high specific capacity of
3511 mA hg ~ ! delivers a long cycling life of over 500 h at a high current
density of 3 mA cm~2 with a fixed capacity of 3 mA h cm 2. More
importantly, when coupling LiMg-LiH@C3N4 anode with commercial
LiFePO4 (LFP; 10.5 mg em™?) cathode, the thus-assembled full cell could
deliver a specific capacity of 145 mA h g ~ ! after 450 cycles at 1 C,
corresponding to a capacity retention of 94.2%. Moreover, the assem-
bled full cells by coupling LiMg-LiIH@C3N4 anode with commercial
LiNig §Cop.1Mnp 102 (NCM811; 10 mg cm2) cathode exhibit stable
cycling performance of over 450 cycles at 1 C, whereas a sharp decrease
of capacity could be observed for the full cell using bare Li metal as the
anode under identical condition after only 160 cycles.

2. Results and discussion

First, g-C3N4 nanosheets, which exhibit characteristic peaks in the X-
ray diffraction (XRD) results (Fig. S1) with a typical stacked-layer
structure as verified by transmission electron microscopy (TEM) image
(Fig. 1b), are synthesized based on the self-polymerization of urea [29].
Subsequently, MgH; NPs supported on g-C3N4 (denoted as
MgHo@g-C3Ny) are fabricated according to the hydrogenation-induced
self-assembly process [30]. Scanning electron microscopy (SEM)
(Fig. S2) and TEM images validate the uniform distribution of MgH, NPs
with an average particle size of 9.6 nm on the surface of g-C3N4 (Fig. 1c).
In the XRD pattern of MgH,@g-C3N4 (Fig. 1d), the crystalline size of
MgH, is calculated to be approximately 3.95 nm according to
Debye-Scherrer equation, indicating that each MgH, nanoparticle is
composed of 2~3 MgHj crystalline grains. In addition, high-resolution
TEM (HRTEM) image verifies the presence of characteristic p-spacings
of MgH, (Fig. 1e), which confirms the formation of MgHj, correspond-
ing well with the XRD and X-ray photoelectron spectroscopy (XPS) re-
sults (Fig. S3). Based on the hydrogen desorption amount, the loading
capacity of MgH; is calculated to be approximately 50% (Fig. S4).
Subsequently, the 3D structured Li metal anode is fabricated by mixing
MgH>@g-C3N4 and Li foil with various mass ratio by facile rolling and
pressing for several times followed by thermal heating (denoted as
LiMg-LiH@C3Ny). After the reaction of MgH>@g-C3N4 with Li metal, the
characteristic peaks of LiH and LiMg alloys could be clearly observed,
indicating the proceeding of the conversion rection between MgH, and
molten Li. In the magnified XRD pattern (Fig. S5), the main peaks of
LiMg alloys shift to higher angles compared with Li, which demonstrate
the formation of Li-rich solid-solution LiMg alloys with a body-centered
cubic (bcc) structure. The peaks at 55.5 eV and 54.1 eV in
high-resolution Li 1 s XPS spectra, which could be indexed to LiH and
LiMg alloys, respectively, provide additional evidence to the formation
of LiH and LiMg alloys. Interestingly, an extra peak at 54.5 eV that could
be indexed to Li3N is clearly detected, indicating the formation of LisN
induced by the favorable reaction between molten Li and g-C3Ny4
(Fig. 1f). The presence of LisN could be further supported by the pres-
ence of the characteristic peak of LisN at 398.1 eV in the N 1 s XPS
spectra (Fig. 1g), in which the characteristic peaks of N-(C)3 groups and
C—N=C groups in the tri-s-triazine units of g-C3N4 could also be
detected. The energy dispersive X-ray spectroscopy (EDX) mapping re-
sults (Fig. 1h) reveal the homogeneous distribution of C, N, and Mg
inside of the whole electrode, demonstrating uniform distribution of
MgH,@g-C3Ny4 into Li metal, which could be attributed to the thermo-
dynamically favored reaction of both g-C3N4 and MgH, with molten Li.
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After stripping away all active Li metal, the 3D structure composed of
uniformly dispersed g-CsN4 sheets encapsulated with Li-poor LiM-
g-LisN-LiH nanoparticles is maintained (Fig. S6éa and b). This result
further demonstrates that the structure and morphology of g-C3N4 could
be well preserved after partial reaction with Li, and solid-solution LiMg
alloys could be uniformly confined into 3D structured g-C3N4-LigN-LiH.

The nucleation overpotentials for Li plating, a key indicator for
estimating the lithiophilic degree of the electrode, is first investigated to
reveal the role of LiMg-LiH@C3Ny4 in suppressing the growth of Li den-
drites (Fig. S7). Based on the difference between the tip potential and the
later stable voltage, a nucleation overpotential of 61 mV could be
observed for bare Li metal anode, which demonstrates the presence of
large nucleation barrier for Li plating into pristine Li metal [31]. The
introduction of either g-CsN4 (denoted as Li@C3N4) or MgH; NPs
(denoted as LiMg-LiH) into Li metal could effectively lower the nucle-
ation overpotential of Li plating down to 24 and 27 mV, respectively,
indicating the lithiophilic nature of g-C3N4 and LiMg alloys, which could
be verified by the theoretical simulations based on density functional
theory (DFT) calculations. The binding energy between Li and the
thus-formed LiMg alloys from the reaction between MgH» and Li could
reach —1.7 eV (Fig. 2a), slightly lower than that for Li metal (—1.4 eV)
[32], and moreover, this value could be significantly decreased to —3.5
eV for g-C3Ny (Fig. 2b). As a result, the introduction of LiMg alloys and
g-C3Ny is able to effectively lower the nucleation barrier of Li plating,
which hence could facilitate the homogeneous nucleation of Li metal
and hinder the formation of Li dendrites. Accordingly, induced by the
co-existence of g-C3N4 and MgH, NPs, the nucleation overpotential of
LiMg-LiIH@C3Ny is further reduced to 17 mV, which provides direct
evidence to the synergistic role of MgH» and g-C3N4 of MgH,@g-C3Ny4 in
facilitating Li plating process.

The electrochemical performance of LiMg-LiIH@C3N4 anode is
initially investigated in symmetric cells at 1 mA cm ™2 with a fixed areal
capacity of 1 mAh cm? (Fig. 2¢), with bare Li, Li@C3N4, and LiMg-LiH
electrode included for comparison. The voltage hysteresis exhibits an
obvious increase after only 290 h for bare Li anode due to the continuous
increase of interfacial impedance resulting from the rapid corrosion of Li
metal by electrolytes and the growth of Li dendrites. After the modifi-
cation with g-C3N4, the symmetric cells of Li@C3N4 deliver stable
cycling in the initial 485 h, confirming the positive role of g-C3Ny4 in
suppressing the growth of Li dendrites. It could be attributed to both the
lithiophilic nature of g-C3N4, which regulates the uniform Li plating
process, and the formation of LigN with high Li ion conductivity, which
promotes uniform transportation of Li ion across the whole electrode
[33-35]. Unfortunately, upon the proceeding of cycling Li stripping and
plating process, the voltage hysteresis gradually increases after 500 h
and reaches 80 mV after 900 h. By comparison, the LiMg-LIH@C3N4
anode could operate stably for over 1100 h without obvious increase of
overpotentials, suggesting the synergistic role of g-C3N4 and MgH; NPs
in effectively stabilizing Li metal anode. In addition to the effect of
g-C3Ny4 in enhancing stability of Li metal anode, the positive role of
MgHj> in stabilizing Li metal anode could be attributed to the lithiophilic
nature of thus-formed LiMg alloys. Various amounts of MgH@g-C3N4
were investigated. When the content of MgH@g-C3Ny is only 2.5 wt.%,
the contents of lithiophilic LiMg alloys and g-C3Ny, and Li ion conductor
(LisN and LiH) are low, which is not favorable for uniform Li deposition
and good cycling stability. Meanwhile, when MgH,@g-C3N4 contents
are increased to 7.5 and 10 wt.%, g-C3N4-LisN-LiH may not disperse
uniformly in the whole electrode (Fig. S8 and S9), which could induce
heterogeneous Li deposition and thus poor cycling performance.
Therefore, the weight percent of MgH,@g-C3N4 was optimized to be 5
wt.% (Fig. S10). Interestingly, upon using Mg@g-C3Ny as the structural
support, which would prevent the formation of LiH upon the reaction
with Li, although the nucleation overpotential could also be largely
decreased owing to the presence of both LiMg alloys and g-C3N4 as the
lithiophilic sites, the cycling stability of Li metal anode is degraded
compared with MgH,@g-C3N4 (Fig. S11). This result directly
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Fig. 2. The adsorption configuration of Li on (a) Li;Mg (001) surface and (b) g-C3Ny4. (c) Galvanostatic discharge/charge voltage profiles of the LiMg-LIH@C3N, in
symmetric cells at 1 mA cm ™~ with a fixed capacity of 1 mA h em ™2, with LiMg-LiH, Li@CsNy, and bare Li anode included for comparison. The diffusion pathway and
calculated energy profile of Li along the diffusion path of (d) LiH and (e) Li3N towards Li plating on the surface of g-C3Ny. (f) Rate performance of LiMg-LIH@C3Ny,
Li@C3Ny, and bare Li electrode in symmetric cells. The orange, green, blue and light pink balls denote Mg, Li, N and H atoms, respectively. The deep pink balls stand
for Li atoms in adsorption or diffusion configuration. Galvanostatic discharge/charge voltage profiles of the LiMg-LiH@C3Ny4, LiMg-LiH, Li@C3Ny4, and bare Li

electrode in symmetric cells (g) at 2 mA cm 2 with a fixed capacity of 2 mA h cm 2 and (h) at 3 mA em~? with a fixed capacity of 3 mA h cm

demonstrates that the presence of LiH with high Li ion conductivity also
plays an important role in regulating the homogeneous Li plating
behavior. Therefore, in addition to lithiophilic property, the Li ion
diffusion behavior of LiMg-LiH@C3N4 anode is investigated by theo-
retical calculation. As shown in Fig. 2d and e, with the assistance of LiH
and LisN resulting from the reaction between molten Li and g-C3N4 and
MgH; NPs, respectively, the Li diffusion along both LiH and LisN down
to the surface of lithiophilic g-C3N4 towards Li plating is thermody-
namically favored without observation of any obvious energy barrier. It
validates the presence of LiH and LigN that is uniformly distributed in-
side of LiMg-LiH@C3N4 anode could promote the fast Li ion diffusion on
their surfaces towards favorable Li plating. This result could be experi-
mentally supported by the exchange current density (Ip) of LiM-
g-LIH@C3N4 anode that is much higher than that of both Li@C3N4 and
bare Li metal anode before and after cycling process (Fig. S12), which
provides direct evidence to the significantly enhanced interfacial
transport of Li ion owing to the simultaneous formation of LiH and LigN
induced by the homogeneous introduction of MgH,@g-C3N4. Hence, it is
concluded that the homogeneous introduction of both g-C3N4 and MgH,
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with uniform distribution play an important role in enhancing both
lithiophilic property and the Li ion diffusion of the whole electrode,
which effectively suppresses the formation of Li dendrites owing to the
lithiophilic nature of both C3N4 and LiMg alloys and the high Li ion
conductivity of LisN and LiH.

In order to develop rechargeable batteries with high energy/power
density, the cycling stability at high operating current densities with
high areal capacities, which in general would aggravate the formation of
Li dendrites and dead Li, should be measured [36, 37]. The rate per-
formance of LiMg-LiH@C3N4 anode are further tested at various current
densities with a fixed areal capacity of 1 mA h cm™2 (Fig. 2f). The
LiMg-LiH@C3N4 anode shows a steady voltage polarization value of 12,
17, 28, 35, and 49 mV at the current density of 0.5, 1, 2, 3, and 5 mA
cm 2, respectively. When the current density drops back to 0.5 mA
em 2, the voltage value reinstates a lower value of ~10 mV, indicating
the excellent reversibility of LiMg-LiH@C3sN4 anode. By comparison,
symmetric cells of bare Li metal present a larger voltage hysteresis,
particularly at high current densities. Long-term cycling performance
illustrates that the symmetric cells with pristine Li anode exhibit severe
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increase of voltage hysteresis with dramatic fluctuation at 2 mA cm ™2

with a fixed capacity of 2 mA h ecm™2 after only 200 h. Although the
cycling stability of Li metal anode could be enhanced to some extent via
the modification of g-C3N4, the overpotential of Li@CsNy4 is still
increased to 60 mV after only 380 h. In strong contrast, the
thus-fabricated LiMg-LiIH@C3N4 anode exhibits stable cycling perfor-
mance with a low overpotential of only ~30 mV after 890 h under
identical condition (Fig. 2g). More importantly, when the current den-
sity is increased to 3 mA cm ™2 and the capacity is fixed at 3 mA h cm 2,
LiMg-LiH@C3N4 anode is still capable of operating stably with low
overpotential for 500 h (Fig. 2h).

To visually investigate Li stripping and plating behavior, the
morphology of LiMg-LIH@C3N4 after Li stripping and plating are
detected. As shown in Fig. S13, obvious pits could be observed for bare
Li metal anode after stripping 2 mA h cm™2 of Li at 1 mA cm ™2 and
inhomogeneous plating of Li with the presence of cracks is clearly
detected on the surface of Li metal after the reversible Li replating
process, which directly demonstrates the uneven Li stripping and plating
process of pristine Li metal. The increase of Li stripping and plating
capacity to 5 mA h cm™2 could largely exacerbate the growth of pits and
the irregular Li plating behavior (Fig. 3b and c). As a result, upon the
proceeding of Li plating and stripping process, mossy Li and numerous
cracks is clearly observed for bare Li metal anode with the observation of
Li dendrites and “dead Li” after 50 cycles (Fig. 3d), which could lead to
penetration of electrolyte and accelerate the side reaction between
electrolyte and fresh Li underneath to consume residual Li metal.
Although this phenomenon could be alleviated to a large extent due to
the uniform introduction of g-C3N4 with excellent lithiophilic nature and
the thus-induced formation of LisN with high Li ion conductivity, the
formation of pits and holes and the reversible formation of irregular Li
grains could still be observed occasionally on the surface of Li@C3N4
(Figs. 3e-h and S14). Meanwhile, with the introduction of Mg in Li metal
to form lithiophilic solid-solution LiMg alloys, small amount of “dead Li”
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and a few cracks could also be observed on the LiMg alloys after 50
cycles (Fig. S15), which is responsible for its limited cycling perfor-
mance [38, 39]. This may result from the absence of LiH and LigN to
facilitate the Li ion diffusion inside LiMg alloys towards favorable Li
plating and the lack of host to buffer the volume change during cycling.
In strong contrast, the surface of LiMg-LiH@C3N4 remains smooth after
Li stripping and plating at 1 mA cm ™2 with a fixed capacity of 2 mA h
cm ™2 and more importantly, the smooth surface could be well preserved
even after stripping and replating of 5 mA h ecm ™2 of Li at 1 mA cm ™2
(Fig. S16 and Fig. 3i-k). It could be attributed to the enhanced kinetics of
both electron and Li ion diffusion kinetics across the whole electrode
induced by the introduction of MgH;@g-CsN4. More importantly, a
relatively uniform surface could still be obtained for LiMg-LIH@C3N4
anode after 50 cycles (Fig. 31), Meanwhile, when all the active Li were
stripped away, the 3D structure composed of Li-poor LiMg-LigN-LiH
nanoparticles embedded in uniformly dispersed g-CsNy4 sheets is still
well maintained after 50 cycles (Fig. S6¢ and d), which demonstrates the
structure and morphology could be well preserved after repeated Li
stripping/plating process. These results indicate the capability of LiM-
g-LIH@C3N4 anode in withstanding large volume change during Li
plating and stripping process, which could be attributed to the structural
support role of g-C3N4 that is uniformly distribution inside of LiM-
g-LiIH@C3N4 anode. Furthermore, elemental mapping results validate
the homogeneous distribution of Mg, C, and N element in the whole
matrix of the cycled LiMg-LiH@C3N,4 anode, which demonstrates the
stable structural integrity of the whole electrode with well distribution
of C3N4 and LiMg alloys as the lithiophilic sites and LiH and LigN as the
Li ion conductors (Fig. 3m). It is able to effectively suppress the for-
mation of Li dendrites and hence improve the cycling stability of LiM-
g-LiIH@C3N4 anode.

Electrochemical impedance spectrum (EIS) measurements are sub-
sequently carried out to investigate the interfacial charge transfer of
symmetric cells during cycling Li stripping and plating process. Detailed

10 pm 50 pm

Fig. 3. SEM images of the (a-d) bare Li, (e-h) Li@C3Ny, and (i-1) LiMg-LiIH@C3Nj4 (a, €, i) before cycling, (b, f, j) after stripping 5 mA h cm 2 of Liat 1 mA cm ™2, (c, g,
k) after stripping of 5 mA h cm 2 and replating 5 mA h ecm2of Li at 1 mA cm ™2 and (d, h, 1) after 50 cycles at 1 mA cm ™2, 1 mA h cm 2, respectively. (m) SEM image
and the corresponding elemental mapping results of LiMg-LiH@C3N, after 100 cycles.
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fitting results exhibit that both SEI resistance (Rgg;) and the interfacial
charge transfer resistance (R.) of LiMg-LiIH@C3N4 anode is obviously
lower than that of both Li@C3Ny4 and bare Li metal anode, suggesting the
improvement of electronic conductivity due to the introduction of
MgH;@g-C3N4 (Fig. S17 and Table S1). Although the decrease of Rgg;
and R could be observed for bare Li metal anode after 50 cycles of Li
stripping and plating process, which should be attributed to the for-
mation of Li dendrites with higher surface area that enhances the elec-
trolyte contact, the continuous consumption of the electrolyte and the
thickening of the SEI layers leads to the increase of Rgg; and R to 34 and
14 Q, respectively, after 100 cycles. Impressively, the 3D LiMg-
LiH@C3N4 anode exhibit stable both Rgg and R during 100 cycles of Li
stripping and plating process, much lower than that of bare Li metal
anode, which indicates the improved interfacial stability of the whole
electrode due to the suppressed formation of Li dendrites and dead Li.
The interfacial stability of LiMg-LiIH@C3N4 anode after 20 cycles is
subsequently investigated by depth profiling of X-ray photoelectron
spectroscopy (XPS) analysis via Ar ion etching (Fig. 4). It can be clearly
observed that, the N 1 s spectra of LiMg-LiIH@C3N4 anode at 398.3 eV,
398.9 eV, and 397.4 eV could be attributed to the LigN and the pyrrolic N
and pyridinic N of g-C3Ny, respectively. The Li 1 s peaks at 54.5 eV and
54.1 eV could be assigned to Li3N and Li,Mgy alloys, respectively, in
accordance with N 1 s peak at ~398.3 eV and Mg 1 s peak at ~1303.0
eV, which provides additional evidence to the formation of LigN and
Li,Mg, alloys from the interaction between molten Li and g-C3N4. In
addition, the peak at 684.7 eV in F 1 s spectrum and the peak at 56.0 eV
in Li 1 s spectrum could be attributed to the formation of LiF, which
results from the decomposition of LiTFSI from the electrolyte [40, 41]. It
could be directly noticed that the surface of both bare Li and LiM-
g-LiH@C3N4 anode is mainly covered by LiH, Li-O-, LiF, and LigN, which
are the common components of SEI layers that would be formed in
ether-based electrolyte. Owing to the continuous formation of SEI layers
induced by the growth of Li dendrites and dead Li, only negligible
change of peak intensity of LiH, Li-O-, LiF, and Li3N could be observed
for bare Li metal anode upon the proceeding of etching (Fig. S18),
suggesting the thickness of thus-formed SEI layers is much higher than
500 nm. In strong contrast, the obvious decrease of peak density of these
major SEI components and the increase of peak density of LiMg alloys
could be observed for the LiMg-LiH@C3Ny4 anode after cycling upon the
increase of etching depth, which directly demonstrates the formation of
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stable SEI layers with a thickness that is much smaller than that of bare
Li metal anode. These results verify that the facile construction of 3D
structured LiMg-LiH@C3Ny4 anode via introducing MgH,@g-C3N4 could
not only promote the uniform Li stripping and plating process but also
stabilize the formation of SEI layers, leading to the significantly
enhanced cycling stability.

To validate the potential practical applications of the LiMg-
LiH@C3N4 anode, full cells are constructed by coupling LiMg-LiIH@C3N4
anode with commercial cathodes, i.e., LiFePO4 (LFP) and LiNigg.
Cog.1Mng 102 (NCM811), for electrochemical investigation. The specific
capacity of LiMg-LIH@C3Ny4 anode is first evaluated by galvanostatic
charging to confirm the N/P ratio in full cells test (Fig. 5a), which ex-
hibits a high specific capacity of 3511 mA h g ~ ! for LiMg-LIH@C3N4
anode (activated Li in LiMg-LiIH@C3N4 anode: 90.9 wt.%), close to the
theoretical specific capacity of Li. According to this result, the atomic
ratio of active Li and Mg in the as-fabricated LiMg-LiH@C3Ny is calcu-
lated to be approximately 1000:7.4, which further demonstrates the
formation of Li-rich solid-solution LiMg alloys. Furthermore, consid-
ering the reaction of MgH, + 2Li —» Mg + 2LiH, the mass ratio of LiMg
alloys, LiH, and Li3N in LiMg-LiH@C3Ny, is estimated to be 93.3%, 1.6%,
and below 4.4%, respectively. Rate capability performance validates
that LiMg-LiIH@C3Ny4||LFP full cell delivers a higher reversible specific
capacity of 172,162,150, 133,and 110mAhg ™~ Lat 0.2,0.5,1,2,and 4
C, respectively, much higher than that of bare Li metal anode, especially
at high rates (Fig. 5b). The improved capacity of LiMg-LiH@C3Ny4||LFP
full cell could be attributed to the superior Li ion transfer kinetics of
LiMg-LiH@C3Ny as verified by the lower overpotential in the discharge
and charge profiles at various current densities (Figs. 5¢ and S19). In
addition, long-term cycling performance illustrates that the full cells
assembled with the pristine Li metal as the anode and LFP (10.5 mg
em 2, ~1.785 mA h cm™2) as the cathode exhibit rapid capacity decay
after only 200 cycles at 1 C, delivering a capacity retention rate of only
85.2% after 220 cycles. The capacity degradation could be ascribed to
the formation of “dead Li” induced by repeated growth and isolation of
Li dendrites (Fig. S20a and b), which always companied with the
thickening of SEI and the consumption of active Li and electrolyte. By
comparison, the assembled LiMg-LIH@C3Ny4| |LFP full cells show stable
cycling performance and a specific capacity of 145 mA h g ~ ! could still
be obtained after 450 cycles, corresponding to a capacity retention of
94.2%, suggesting the formation of stable SEI layers between LiMg-
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Fig. 4. XPS depth profile of LiMg-LiIH@C3N, electrode after 20 cycles at 1 mA cm~2 with a fixed capacity of 1 mA h em ™2
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LiH@C3N4 anode and electrolyte upon cycling. The excellent cycling
performance could be further supported by the smooth and dense sur-
face morphology of LiMg-LiH@C3Ny4 (Fig. S20c and d). In addition, a
lower polarization could be observed for the LiMg-LIH@C3N4| |LFP full
cell that of the bare Li||LFP full cell during different cycles of charge and
discharge process, indicating the well-preserved electron and Li ion
conductivity of LiMg-LiH@C3N4 anode upon cycling (Figs. 5e and S21).
To test the cycling performance at high rates, the current density was
increased to 4 C (Fig. S22), bare Li||LFP full cells show rapid capacity
decay after 150 cycles with a capacity retention of 13.2% after 300
cycles. In contrast, LiMg-LIH@C3N4||LFP full cells exhibit a stable
cycling performance of over 500 cycles with a capacity retention of
81.3% due to the uniform deposition/stripping of Li and fast Li ion
diffusion kinetics in LiMg-LiH@C3N4 electrode. The advantages of LiMg-
LiH@C3Ny4 anode is further investigated by coupling with commercial
NCMB811 cathode (10 mg cm ™2, ~ 1.7 mA h cm™2). Taking advantage of
the uniform Li stripping and plating process, the thus-assembled LiMg-
LiH@C3Ny4||NCM811 full cell delivers a high specific capacity of 89 mA
h g~ !at1 C after a long cycling life of 450 cycles, whereas a sharp
decrease of capacity could be clearly observed for bare Li|[NCM811 full
cell under identical condition after only 160 cycles (Fig. 5f). In addition,
induced by the well-preserved stability of LiMg-LiIH@CsN4 anode, the
polarization of the charge and discharge process for LiMg-LIH@C3Ny||
NCMS811 full cell exhibits a superior stability with a much lower value
that of bare Li||[NCM811 full cell during the proceeding of cycling
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process (Figs. 5g and S23). To further investigate the potential appli-
cation of LiMg-LiH@C3N4 under practical conditions, the N/P ratio of
LiMg-LiH@g-C3Ny4| |LFP and bare Li||LFP full cells is controlled to be 1.7
and 1.9, respectively, and the E/C ratio is reduced to about 5.7 pL (mA
h)~L. Upon cycling at 0.5 C (Fig. $24), bare Li||LFP full cells exhibited
rapid capacity decay after only 58 cycles owing to the significant in-
crease of loading ratio of LFP. In strong contrast, LiMg-LiH@C3Ny4||LFP
full cells exhibited a stable cycling performance of over 150 cycles with a
capacity retention of 93.6%. The excellent cycling stability of LiMg-
LiH@C3Ny4||LFP indicates the potential practical application of LiMg-
LiH@C3N4 anode. Moreover, Li||[NCM811 pouch cells with a designed
capacity of 780 mA h were assembled and investigated (Fig. S25). Upon
charging at 0.5 C and discharging at 1 C, bare Li||[NCM811 pouch cells
exhibit rapid capacity decay after only 7 cycles toward battery failure,
whereas LiMg-LiIH@C3N4||NCM811 pouch cells exhibit a much better
cycling stability with a capacity of 595.8 mA h after 14 cycles. The
calculated overall energy density in weight and volume is approximately
291.9 Whkg ! and 351.7 Wh L ~ !, respectively. This further confirms
the potential application of LiMg-LiIH@C3N4 anode under practical
condition.

3. Conclusion

In conclusion, taking advantage of the favorable reaction between
MgH,@g-C3N4 and molten Li, a 3D structured LiMg-LiH@C3sN4 anode
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featured with uniform electron and Li ion conductive pathway is fabri-
cated. The uniform formation of lithiophilic LiMg alloys under the
structural support of lithiophilic g-C3N4 could synergistically lower the
nucleation barrier of Li plating, which effectively promotes the uniform
Li deposition process of LiMg-LiH@C3Ny4 anode. On the other hand, the
high Li ion conductivity of LiH and LisN resulting from the reaction
between molten Li and MgH, and g-C3Ny, respectively, thermodynam-
ically enhances the Li ion transportation kinetics along their surfaces
towards favorable Li deposition on the surface of g-C3Ny4. In addition, the
uniform distribution of g-C3Ny is able to act as stable structural support,
which would mitigate the large volume change upon the repeated Li
stripping and plating process and hence stabilize the formation of SEI
layers. As a result, the thus-fabricated LiMg-LiH@C3N4 anode, which has
a high specific capacity of 3511 mA h g ~ !, delivers a long cycling life of
over 500 h at 3 mA cm 2 with a fixed capacity of 3 mA h cm~2. More
importantly, when coupling LiMg-LiH@C3N4 anode with commercial
LFP cathode, the thus-assembled full cell could deliver a specific ca-
pacity of 145 mA h g ~ ! after 450 cycles at 1 C, corresponding to a
capacity retention of 94.2%. This proof-of-concept study in the design of
electron and Li ion conductive pathway provides a fundamental and
fresh insight into the development of stable Li metal anode, which could
be further extended to the enhancement of Na or K metal anodes.

4. Experimental section/methods
4.1. Synthesis of g-CsN4

g-C3Ny4 was prepared via twice calcination assembly of lamella.
Firstly, 5 g of urea was put into porcelain crucibles equally to be calci-
nated in a tube furnace at 550 °C under the atmosphere of nitrogen. The
thus-obtained product was named as bulk g-C3N4. After cooling down to
room temperature, bulk g-C3N4 was exfoliated into nanolamellar named
g-C3Ny4 by calcination at 600 °C.

4.2. Preparation of MgH,@g-C3N4, MgH2 nanoparticles, and Mg@g-
C3Ny

MgH, nanoparticles supported on g-C3N4 were first synthesized via
the hydrogenation-induced self-assembly method. In a typical fabrica-
tion process, 1.5 mL di-n-butylmagnesium (MgBu2) (1 M in heptane)
and 28 mg C3N4 were added into a pressure reactor vessel, containing
40 mL cyclohexane. Subsequently, the self-assembly process was con-
ducted at 200 °C under a hydrogen pressure of 40 atm for 24 h. After
consecutive washing with anhydrous hexane and tetrahydrofuran fol-
lowed by centrifugation, the thus-obtained products were vacuum-dried
at 100 °C for 10 h on a Schlenk line to obtain MgH,@g-C3N4. MgH,
nanoparticles were synthesized by the same method without the addi-
tion of g-C3Ny. The as-prepared MgH,@g-C3N4 was dehydrogenated by
thermal annealing to obtain Mg@ g-CsNjy.

4.3. Preparation of LiMg-LiIH@C3N,, LiMg-C3Ny, LiMg-LiH, and
Li@C3Ny4

A certain amount of MgH,@g-C3N4 (2.5, 5, 7.5 and 10 wt.%) was
dispersed uniformly on Li foil, followed by pressing and rolling for
several times. Subsequently, these Li foils were heated at 280 °C to
obtain LiMg-LiH@C3N4. Based on the cycling performance of the as-
prepared anodes, the optimal adding content of MgH,@g-C3Ny is 5
wt.% according to the symmetric cell test. The fabrication of LiMg-C3Ny,
LiMg-LiH, and Li@C3N4 was realized based on the same procedure using
Mg@g-C3N4, MgH; nanoparticles, and g-C3Ny, respectively, as the pre-
cursor. The as-prepared LiMg-LiIH@C3N4, LiMg-C3N4, LiMg-LiH, or
Li@C3N4 was pressed and cut into 12 mm-diameter electrodes for
symmetric and full cell tests. In symmetric cell tests, the thickness of
these 3D structured Li metal anode was controlled to be 150 pm. The
areal capacity of LiMg-LiH@C3N4 and bare Li was approximately 27.3
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and 30 mA h cm ™2, respectively. In Li||[LFP (LFP: 10.5 mg cm~2) and Lil |
NCMS811 (10 mg em ™) full cells, the thickness of anode is controlled to
be 150 pm. In Li||LFP (LFP: 31 mg cm2) full cells and pouch cells, the
thickness of anode is controlled to be 50 pm.

4.4. Materials characterization

The phase composition of g-C3N4, MgH>@g-C3N4, and LiMg-
LiH@C3N4 was measured by X-ray diffraction (XRD, Bruker D8
Advance) with Cu Ka radiation (1 = 1.5418 i\). The morphology of as-
prepared samples was determined with a scanning electron micro-
scope (SEM, FEI Nova Nano 450) and a transmission electron micro-
scope (TEM, JEOL 2011F). X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha™) experiments were performed with single X-
ray source, using an Al Ka (1486 eV) anode. The pressure in analysis
room during data acquisition was maintained at < 2 x 10~/ mbar. All
binding energies were calibrated by using the contaminant carbon (C 1 s
= 284.8 eV) as a reference.

4.5. Electrochemical measurement

The electrochemical performance was tested in CR2032 type coin
cells with Celgard 2500 separator. 1 M lithium bis(trifluoromethane)
sulfonimide (LiTFSI) in 1,3-dioxolane (DOL) and dimethoxyethane
(DME) (1:1 in volume) with 0.2 M LiNO3 was employed as the electro-
lyte of symmetric cells. 1 M lithium hexafluorophosphate (LiPFg) in
ethylene carbonate (EC) and diethyl carbonate (DEC) (1/1 in volume)
with the addition of 10 wt.% fluoroethylene carbonate (FEC) and 1%
vinylene carbonate (VC) was used as another electrolyte of full cells. The
volume of electrolyte in each cell was controlled to be 40 pl. LiNO3 and
FEC were introduced in electrolyte to optimize SEI In symmetric cells, Li
metal electrodes (12 mm in diameter) were used as both working and
counter electrodes. The LFP and NCM811 cathodes were purchased from
Canrd (Guangdong Canrd New Energy Technology Co.,Ltd). In Li||LFP
full cells, when the active mass loading of LFP cathode is 10.5 mg cm ™2,
the E/C ratio in the full cell test of LFP is 22.4 pL (mA h)’1 and the N/P
ratio for LiMg-LIH@C3N4||LFP and bare Li||LFP is 15.3 and 16.8,
respectively. When the active mass loading of LFP increases to 31 mg
cm~2 and the electrolyte is controlled to be 30 pL, the E/C ratio is 5.7 pL
(mA h)~! and the N/P ratio for LiMg-LiH@CsN,| |LFP and bare Li| |LFP is
1.7 and 1.9, respectively. In Li|[NCM811 full cells, when the active mass
loading of NCM811 cathode is 10 mg cm ™2, the E/C ratio in the full cell
test of NCM811 is 23.5 pL (mA h)~! and the N/P ratio for LiMg-
LiH@C3N4||NCM811 and bare Li||[NCM811 is 16.1 and 17.6, respec-
tively. The pouch cells were assembled by pairing double-sided NCM811
cathodes (2.72 mA h ecm~2 on each side; size: 5.4 cm x 5.2 cm) with Li
metal anodes (thickness: 50 pm; size: 5.6 cm x 5.4 cm). The E/C ratio in
the pouch test is 1.6 pL (mA h) ! and the N/P ratio for LiMg-LiH@C3Ny||
NCM811 and bare Li||[NCM811 is 1.7 and 1.8, respectively.

The galvanostatic charge/discharge measurements of symmetric
cells and full cells were carried out on a LAND battery testing system at
room temperature. The voltage window for Li//LFP and Li//NCM811
full cells was set to be 2.5 - 4 V and 3 - 4.3 V, respectively. The elec-
trochemical impedance spectroscopy (EIS) measurements were per-
formed in the frequency range of 100 kHz to 0.1 Hz. Linear sweep
voltammetry (LSV) was conducted at a fixed sweep rate of 1 mV s ~ 1
with the voltage range from —200 mV to 200 mV. The corresponding
exchange current density was calculated by linear fitting (from —150
mV to —100 mV). Both EIS and LSV measurements were conducted on a
SP-300 electrochemical workstation (Bio-Logic).

4.6. Theoretical calculation
Density functional theory (DFT) calculations were carried out using

projector-augmented wave (PAW) method as implemented in Vienna ab
initio simulation package (VASP) [42-44]. A generalized gradient
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approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional was
utilized to describe the exchange-correlation interaction [45]. The van
der Waals (vdW) correction DFT-D3 proposed by Grimme was employed
to describe the dispersion interaction [46]. The energy cutoff was set to
500 eV. Spin polarization and Gamma centered 3 x 3 x 1 k-points mesh
were applied to all calculations. LigN (100), Li;Mg (001), and LiH (001)
were selected to simulate the interfaces in the electrode. The vacuum
layer of 20 A was adopted in all calculations. The structures were relaxed
until the forces and total energy on all atoms were converged to less than
0.05eVA "'and 1 x 10 ~ ® eV. To evaluate the interaction between Li
and the electrode, the binding energy (Ep) was calculated as follows,

Ey, = Erpar — Eri — Eup
where Eg;, and E7qq are the total energy of compound before and after Li
deposition, respectively. Ey; is the energy of a single Li atom. A lower the
binding energy suggest that the interaction between Li and electrode is
stronger. Activation barriers for deposited Li hopping between adjacent
interstitial sites in the interfaces were calculated using the climbing-
image nudged elastic band (CI-NEB) method [47].
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