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ELECTROCHEMISTRY

Identifying the positive role of lithium hydride

in stabilizing Li metal anodes

Hongyu Zhang, Shunlong Ju, Guanglin Xia*, Xuebin Yu*

Lithium hydride has been widely identified as the major component of the solid-electrolyte interphase of Li metal
batteries (LMBs), but is often regarded as being detrimental to the stabilization of LMBs. Here, we identify the positive
and important role of LiH in promoting fast diffusion of Li ions by building a unique three-dimensional (3D) Li metal
anode composed of LiMg alloys uniformly confined into graphene-supported LiH nanoparticles. The built-in electric
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field at the interface between LiH with high Liion conductivity and LiMg alloys effectively boosts Li diffusion kinetics
toward favorable Li plating into lithiophilic LiMg alloys through the surface of LiH. Therefore, the diffusion coefficient
of Liions of the thus-formed 3D structured Li metal anode is 10 times higher than the identical anode without the
presence of LiH, and it exhibits a long cycle life of over 1200 hours at 3 mA cm™2 under 5 mA hour cm™,

INTRODUCTION
The ever-increasing demand for advanced electric vehicles and por-
table electronic devices has raised great interest in developing high-
energy density lithium-ion batteries (LIBs) (1-3). Replacing the
applied graphite anode in current LIBs with metallic Li, which has
an ultrahigh specific capacity of 3860 mA hour g™ and the lowest
reduction potential (—3.04 V versus standard hydrogen electrodes),
has long been considered as an effective strategy to increase the
energy density of current LIBs to be over 300 watt-hour (Wh) kg™’
(4-6). The practical application of lithium metal batteries (LMBs),
however, is still hindered by the uneven deposition of Li that results
in uncontrollable growth of dendritic Li, which could cause short
life and safety risks due to the possible pierce of the separator (7, 8).
Moreover, the infinite volume change during the Li stripping/plating
process is capable of breaking the originally fragile solid electrolyte
interface (SEI) formed by the thermodynamically favorable reaction
between Li and electrolyte, leading to the accelerated growth of Li
dendrites. The continuous formation of Li dendrites leads to the
dry-up of the electrolyte with low coulombic efficiency, the accumu-
lation of “dead Li,” and, eventually, the failure of batteries (9, 10).

Considering the important role of SEI in tuning the Li stripping
and plating behavior of Li metal anodes, the determination of the
components of SEI has been the focus of the research for developing
stable Li metal anodes. Recently, it has been widely demonstrated
that lithium hydride is one of the major components of SEI layers
with high abundance (11-14). However, the continuous formation
of LiH, on one hand, could undoubtedly contribute to the severe
loss of capacity and is capable of forming dendrites composed of
LiH instead of Li metal, eventually causing safety concerns. More-
over, because of its poor electrical conductivity and brittle nature,
the formation of LiH has been regarded as the main reason to
induce the pulverization process of Li metal anode during cycling Li
stripping and plating behavior. Therefore, it is generally accepted that
the formation of LiH plays a negative role in developing dendrite-
free Li metal anode.

Here, we demonstrate the positive role of LiH in suppressing the
growth of Li dendrites by building a three-dimensional (3D) Li metal
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anode composed of solid-solution LiMg alloys uniformly confined
into graphene-supported LiH nanoparticles (denoted as LiMg-LIH@G)
via the roll-press method of Li metal and graphene-supported
MgH, nanoparticles (denoted as MgH,@G). The favorable reaction
between MgH, nanoparticles uniformly distributed on graphene and
Li metal results in the homogeneous formation of solid-solution
LiMg alloys across the whole scaffold with uniformly distributed LiH
and graphene. The lithiophilic LiMg alloys with high solubility of Li
could first act as homogeneous nucleation sites and improve the Li
stripping and plating process based on the reversible solid solution-
based alloying reaction. Theoretical and experimental observation
confirms that the uniform building of the interface between LiH and
LiMg alloys results in the formation of numerous built-in electric
fields at the interface between LiH and LiMg alloys, which effectively
promotes Li ion transport from the surface of LiH with high Li ion
conductivity to the surface of LiMg alloys toward favorable Li plat-
ing into LiMg alloys. Therefore, the diffusion coefficient of Li ions
of LiMg alloys confined into graphene-supported LiH nanoparticles
is 10 times higher than that of pure LiMg alloys confined into
graphene, boosting fast Li ion transportation across the whole elec-
trode. In addition, the conductive 3D frameworks built by the
uniformly distributed graphene not only alleviate the large volume
change during the Li stripping/plating process but also reduce local
current density, leading to the suppressed formation of dendritic
Li and improved the cycling stability of Li metal anodes. As a result,
the as-fabricated LiMg-LiH@G with a high specific capacity of
3252 mA hour g™', which is higher than most of the reported 3D
structured Li metal anodes (15-19), exhibits a long cycle life of
over 1200 hours at a high current density of 3 mA cm™* with a
fixed capacity of 5 mA hour cm™2 More impressively, upon cou-
pling ultrathin LiMg-LiH@G foil (50 um, ~8.4 mA hour cm™?)
as the anode with commercial LiFePOy4 (LFP; 12 mg cm™2) and
LiNig 5Cog2Mng 30, (NCM523; 10 mg cm?) cathode, the assembled
full cells show remarkable cycling stability of over 200 cycles at 1 C.

RESULTS

Graphene-supported uniform MgH, nanoparticles were synthesized
through solvothermal reaction of dibutyl magnesium under the
structure-directing of graphene (fig. S1) (20). The loading amount
of MgH, on graphene is calculated to be about 63% based on the
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hydrogen desorption capacity of MgH,@G, according to the thermo-
gravimetric results (fig. S2). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images (fig. S3)
demonstrate that the as-synthesized MgH, nanoparticles with an
average particle size of 8 nm are distributed homogeneously on
graphene (MgH,@G). The porous structure constructed by graphene
layers provides sufficient room for the infiltration of molten Li and
hence could effectively promote the chemical reaction between
MgH,; and molten Li. As schematically illustrated in Fig. 1A, the
3D structured LiMg-LiH@G anode is fabricated by mixing a certain
amount of MgH,@G [5, 9, 13, and 17 weight % (wt %)] with Li foil
by rolling and pressing for several times, followed by thermal heating.
X-ray diffraction (XRD) patterns confirm the formation of LiMg
alloys and LiH in the as-obtained LiMg-LiH@G electrode (Fig. 1B),
which agrees well with the observation of LiMg alloys at 1302.5 eV
and LiH at 55.5 eV in the x-ray photoelectron spectroscopy (XPS)
results (Fig. 1, C and D). The as-formed LiMg alloys exhibit a typical
body-centered cubic crystal structure, indicating the formation of
solid-solution LiMg alloys with homogeneous distribution of Mg in
Li matrix (fig. S4). Induced by the favorable interaction between
MgHj, nanoparticles and Li, uniform distribution of LiH and graphene
inside the as-formed LiMg alloys could be achieved. Therefore, the
as-prepared LiMg-LiH@G foil exhibits a smooth surface after thermal
heating (Fig. 1, E and F). The corresponding elemental mapping

results illustrate that Mg and C are evenly distributed across the whole
electrode, which proves that LiMg alloys and graphene-supported
LiH nanoparticles are uniformly dispersed inside the LiMg-LiH@G
anode owing to the favorable reaction between MgH,@G and Li
induced by uniformly distributed MgH, nanoparticles and the porous
structure of layered and winkled graphene of pristine MgH,@G. After
stripping away Li metal, the color of the LiMg-LiH@G foil turns
from silver back to black (fig. S5) and the 3D structure composed of
uniformly dispersed graphene sheets and Li-poor LiMg/LiH nanopar-
ticles is well maintained (fig. S6), which provides additional evidence
to the uniform construction of 3D structured anode by confining
solid-solution LiMg alloys into graphene-supported LiH nanoparticles.

To evaluate the cycling performance and reversibility of LiMg-
LiH@G with various amounts of MgH,@G, symmetric cells are
first fabricated and tested at 1 mA cm ™2 with an areal capacity of
1 mA hour cm™ (fig. S7). In the case of the bare Li anode, the over-
potential increases rapidly after only 250 hours, and reaches 100 mV
after 400 hours, indicating the accumulation of “dead Li” originating
from the peel-off of Li dendrites due to the large volume change
upon cycling, which impedes the fast diffusion of Li ions. In strong
contrast, the as-prepared LiMg-LiH@G anodes with various amounts
of MgH,@G exhibit much better cycling stability with lower over-
potential, indicating that the building of lithiophilic solid-solution
LiMg alloys confined into LiH@graphene scaffolds could effectively
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Fig. 1. Fabrication strategy and the characterization of the LiMg-LiH@G electrode. (A) Schematic illustration of the fabrication of the LiMg-LiH@G electrode. (B) XRD
pattern, high-resolution Mg 1s (C) and Li 1s (D) XPS spectra after Ar ion etching for 50 nm, and top-view (E) and cross-sectional (F) SEM images, as well as the corresponding

elemental mapping, of the LiMg-LiH@G electrode. a.u., arbitrary units.
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alleviate the formation of Li dendrites and dead Li and hence im-
prove the reversibility of Li stripping/plating process. Among them,
the LiMg-LiH@G electrode fabricated with 9 wt % MgH,@G exhibits
the best performance with a stable cycle life of over 1700 hours
and a low overpotential of only ~16 mV after cycling, which is
adopted for further investigation in detail. Upon using Mg@G to
stabilize Li metal anode (denoted as LiMg-G), a notable improve-
ment of cycling performance could also be observed for the thus-
formed LiMg-G anode compared with the bare Li metal anode,
indicating that the graphene-confined lithiophilic LiMg alloys with
high solubility of Li (fig. S8), serving as homogeneous nucleation
sites, improves both the Li stripping and plating process based on
the reversible solid solution-based alloying reaction (21) and the
cycling stability due to the alleviated volume change induced by the
space-confinement role of graphene (22-24). The cycling stability
of LiMg-G with certain content of Mg@G, however, is far inferior to
LiMg-LiH@G with the same amount of MgH,@G, respectively
(fig. S9). This result directly demonstrates that in addition to the role
of graphene with interconnected lithiophilic LiMg alloys, the uni-
form introduction of LiH in the electrode plays an important role
in further improving the cycling reversibility of Li stripping and
plating process.

To deeply understand the effect of LiH in enhancing the stability
of LiMg-LiH@G, theoretical calculations by using density functional
theory (DFT) are subsequently conducted. The introduction of MgH,
into Li metal anode inevitably generates numerous interfaces of LiH/
LiMg alloys across the entire electrode, which would play an im-
portant role in the adsorption and diffusion behavior of Li inside the
anode. Therefore, models, which stand for the interfaces of LiMg
alloys/LiMg alloys and LiH/LiMg alloys, are first constructed in this
work, and LizMg is chosen to represent Li-rich LiMg alloys in the
LiMg-G and LiMg-LiH®@G anode. It is worth noting that although
the lihiophilic LiMg alloys promotes uniform Li nucleation and
regulates Li plating process, the diffusion barrier at the interface of
LizMg (001)/LizMg (001) reaches 0.49 eV (Fig. 2, A and B), corre-
sponding well with the high diffusion barrier of Li ions on the sur-
face of LizMg alloys (21), which retards the diffusion and uniform
plating of Li inside the electrode. By comparison, upon the intro-
duction of LiH with a much lower Li ion diffusion barrier than that
of LiMg alloys (21), the diffusion barrier at the interface of LiH (001)/
LizMg (001) is significantly decreased to 0.38 eV (Fig. 2, C and D).
It directly demonstrates that the homogeneous introduction of LiH
into LiMg alloys could effectively enhance the Li diffusion kinetics
inside the LiMg-LiH@G electrode. Charge analysis results demon-
strate that owing to the poor electronegativity of H in the ionic
compound of LiH, the charge on LiH could be easily freed and
transferred, resulting in the charge accumulation at the interface of
LisMg and the charge depletion regions at the interface of LiH as
evidenced by the charge density difference map, which could be
well preserved upon the diffusion of Li ions (fig. S10). This result
directly confirms the charge transfer from LiH to Li;Mg, leading to
the establishment of a built-in electric field directed from LizMg
to LiH, which therefore facilitates fast diffusion kinetics of Li ion
transferred through the surface of LiH to the surface of LiMg alloys
toward favorable Li plating into LiMg alloys. Therefore, the fast dif-
fusion pathway of Li ions across the whole electrode could be built
based on the synergistic role of LiH/LiMg interfaces in promoting
Li ion diffusion by virtue of the surface of LiH and facilitating Li ions
transfer to the surface of LiMg alloys toward favorable Li deposition.
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Although LiH is calculated to be lithiophobic (21), the binding
energy of Li atom at the interface of LiH (001)/LizMg (001) is still
as low as —2.6 eV, comparable to that of LizMg (001)/LizMg (001)
(i.e., —2.69 eV), which is much lower than that of Li metal (-2.26 eV)
(fig. S11). These results validate that the introduction of LiH is able
to improve the Li diffusion across the whole electrode without sac-
rificing the lithiophilicity of LiMg alloys and hence improve the
stability of Li stripping and plating of the electrode. Therefore, Li
would prefer to deposit at the interface of both LiH/LiMg alloys and
LiMg/LiMg alloys. As a result, owing to the solid solution-based
alloying process of LiMg alloys that leads to facile Li diffusion inside
LiMg alloys and the uniform distribution of numerous interfaces of
LiH/LiMg alloys (25, 26), Li would inevitably go through the inter-
face of LiH/LiMg alloys upon initial Li deposition at the interface of
LiH/LiMg alloys and/or LiMg/LiMg alloys. Hence, the synergistic
role of LiH/LiMg interfaces in promoting Li ion diffusion and facil-
itating Li ions transfer to the surface of LiMg alloys toward favor-
able Li deposition would effectively improve the Li diffusion kinetics
during Li deposition into LiMg-LiH@G. In addition, upon cycling,
although LiMg-LiH@G with poor distribution of LiH and graphene
(denoted as LiMg-LiH@G-2) shows better performance than bare
Li, its cycling stability is much inferior to that of LiMg-LiH@G with
uniform distribution of LiH and graphene (fig. S12). This finding
reveals that the uneven dispersion of LIH@G inside LiMg-LiH@G
would result in inhomogeneous Li deposition and poor cycling
stability due to the heterogeneous Li diffusion rate at different loca-
tions inside LiMg alloys, which provides indirect evidence to the
indispensable effect of LiH in boosting Li diffusion inside LiMg
alloys. To further confirm the fast diffusion of Li achieved by building
the interface of LiH/LiMg alloys, the diffusion of Li" in the electrode
is subsequently measured during the lithiation of LiMg-LiH@G and
LiMg-G after complete delithiation by galvanostatic intermittent
titration technique (GITT) (Fig. 2E). The diffusion coefficient of
Li* (Dy;) of MgH,@G after complete lithiation is calculated to be
around 1.49 x 107 cm? 57!, much higher than that of Mg@G
(2.05 x 1072 cm? s7Y), and the Dy; of both MgH,@G and Mg@G is
orders of magnitude higher than the self-diffusion coefficient of Li
metal (107! cm? s7}) (27). This demonstrates that the introduction
of both LiMg alloys and LiH could promote the diffusion of Li ions
inside the LiMg-LiH@G electrode. Therefore, the as-formed LiH-
graphene framework in LiMg-LiH@G could not only reduce the
local current density and accommodate the volume change during
cycling but also provide an ion/electron conductive network across
the whole electrode, synergistically enhancing the cycling reversibility
of the electrode.

The electrochemical Li plating/stripping behavior of LiMg-LiH@G
anodes, in comparison with LiMg-G and bare Li, is further investi-
gated under high current densities. When the applied current den-
sity is increased to 3 mA cm ™ (Fig. 2F), the overpotential of the bare
Lianode increases to be over 200 mV after only 300 hours due to the
severe dendrite formation at high current densities, while a prolonged
life span of 350 hours could be observed for the LiMg-G electrode
due to the formation of lithiophilic LiMg alloys. In strong contrast,
an ultralong cycle life of 800 hours with a low overpotential of
only 20 mV is achieved for LiMg-LiH@G. Moreover, LiMg-LiH@G
exhibits superior rate capability than both LiMg-G and bare Li metal
(Fig. 2G). Stable cycling performance with a small overpotential
value of 11, 23, 42, and 68 mV is observed for LiMg-LiH@G at 1, 3, 5,
and 8 mA cm ™, respectively. It is reported that upon the increase of
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Fig. 2. DFT calculations and electrochemical performance of various anodes in half and symmetric cells. (A and C) The diffusion pathway and (B and D) calculated
energy profile of Li along the diffusion path at the interface of Li;zMg7 (001)/LisMg7 (001) and LiH (001)/LisMg7 (001), respectively. The orange, green, and pink balls denote
Mg, Li, and adsorbed Li atoms, respectively. (E) GITT curves during the lithiation of LiMg-LiH@G and LiMg-G after complete delithiation for calculating the corresponding

Li ion diffusion coefficient. (F) Galvanostatic discharge/charge voltage profiles of 9% LiMg-LiIH@G, 9% LiMg-G, and bare Li electrode in symmetric cells at 3 mA cm™ with

a fixed areal capacity of 1 mA hour cm™

. (G) Rate performance of LiMg-LiH@G and bare Li electrode in symmetric cells at various current densities. (H) Galvanostatic

discharge/charge voltage profiles of the LiMg-LiH@G electrode with 9% MgH,@G and bare Li electrode in symmetric cells at 3 mA cm™2 with a fixed areal capacity of

5 mA hour cm™.

areal capacity, the large volume change of Li metal anode will aggra-
vate the fracture and reformation of SEI layers, the growth of
dendritic Li, and the formation of dead Li, leading to the severe deg-
radation of cycling stability (10, 28). Therefore, the bare Li anode
shows large voltage fluctuation and high voltage hysteresis of over
800 mV after only 120 hours at 3 mA cm™> with a high areal capacity
of 5 mA hour cm™ (Fig. 2H). Although this phenomenon could be
alleviated for the LiMg-G electrode to some extent, short circuit
could still be observed after 540 hours. By comparison, LiMg-LiH@G
exhibits long-term cycling stability of over 1200 hours with a low
overpotential of 22 mV under identical conditions, which demon-
strates the capability of the 3D LiMg-LiH@G electrode in suppressing
the formation of Li dendrites even at high current densities with

Zhang et al., Sci. Adv. 8, eabl8245 (2022) 21 January 2022

high areal capacities. These results verify that the 3D network of
LiH-graphene could not only reduce the local current density to
postpone the formation of Li dendrites but also accommodate the
large volume change even at high current densities with high areal
capacities, thus leading to stable cycling performance. The uniform
formation of lithiophilic LiMg alloys could effectively improve the
cycling stability of LiMg-G, and the introduction of LiH, which
could promote the diffusion of Li ion inside LiMg alloys, could further
prolong the life span of LiMg-LiH@G. Electrochemical impedance
spectroscopy (EIS) measurements are subsequently adopted to in-
vestigate the interfacial charge transfer in symmetric cells upon cy-
cling (fig. S13 and table S2). A comparable interfacial charge transfer
resistance (R) could be observed for LiMg-LiH@G and the bare Li
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anode after first cycle. Upon cycling before 50 cycles, the R of both
LiMg-LiH@G and bare Li decreases due to the rupture of the native
SEIlayer that is naturally formed on the surface of Li metal resulting
from its high reactivity and the formation of high-surface-area Li
dendrites, which leads to the increase of the surface area of Li metal
and hence the decrease of charge transfer resistance (fig. S14) (29).
After 100 cycles, the R of the bare Li anode increases to 32 ohms
due to the continuous accumulation of dead Li and the formation
of serious cracks on the surface of Li metal, while only negligible
change of R ¢ could be observed for the LiMg-LiH@G anode, indi-
cating a stable structural integrity of the LiMg-LiH@G electrode,
which could effectively suppress the formation of Li dendrites and
dead Li. It is noteworthy that although a lower Ry of 19.6 ohms
could be observed for LiMg-G compared with the bare Li anode due
to the positive role of graphene and LiMg alloys in enhancing the
stability of Li plating and stripping process, this value is still much
higher than that of LiMg-LiH@G after 100 cycles, which provides
additional evidence to the indispensable effect of LiH in improving
the diffusion of Li" across the electrode. Moreover, the exchange
current density (Ip) of LiMg-LiH@G (6.76 mA cm_z) is also much
higher than that of both LiMg-G (4.63 mA cm™) and the bare Li
anode (2.37 mA cm?) after cycling (fig. S15). During the Li strip-
ping and plating process, the Iy of LiMg-LiH@G could be well
preserved after 50 cycles, which is still much higher than that of both
LiMg-G (3.97 mA cm™2) and the bare Li anode (2.75 mA cm™>) (fig.
$16). These results further verify that the uniformly distributed LiH
in the LiMg-LiH@G electrode could enhance the interfacial trans-
port of Li ions. In addition, the symmetric cells are also tested in
commercial carbonate electrolyte, in which the LiMg-LiH@G elec-
trode exhibits stable cycling for 1600 and 500 hours with a low over-
potential of 40 and 70 mV at 1 mA cm ™ (fig. S17) and 2 mA cm >
(fig. S18), respectively, with a fixed capacity of 1 mA hour cm™.
A cycle life of over 500 h at 2 mA cm* with a fixed capacity of
3 mA hour cm ™ could be obtained for the LiMg-LiH@G electrode
(fig. S19), which is among the best reported Li metal anodes so far
(table S1).

The morphology analysis is subsequently conducted to gain
insights into the enhanced electrochemical performance of LiMg-
LiH@G. After stripping 2 mA hour cm™2 of Li at 1 mA c¢m 2, the
surface of bare Li is already full of pits, demonstrating the uneven Li
stripping process (Fig. 3A), which could induce severe uneven Li
deposition upon replating 2 mA hour cm™ of Li (Fig. 3B). When
the stripping capacity is increased to 5 mA hour cm ™7, the nonuni-
form pits become more apparent and deeper (fig. S20A). As a result,
a long tubular and moss-like Li structure could be observed on the
surface of bare Li after the reversible Li replating process (fig. S20B).
After 100 cycles, a porous dead Li layer with many cracks is accu-
mulated on the surface of bare Li (fig. S21), which would impede the
diffusion of Li" and hence result in large polarization after a few
cycles. In strong contrast, LiMg-LiH@G exhibits a dendrite-free and
smooth surface under an applied capacity of 2 mA hour cm™
(Fig. 3, Cand D), and it could be well preserved upon increasing the
applied capacity to 5 mA hour cm™ (fig. $20, C and D) owing to the
fast Li* transfer inside the LiMg-LiH@G electrode. A uniform sur-
face with a dense activated LiMg layer could still be observed for the
LiMg-LiH@G electrode after 100 cycles due to the dense and uni-
form dissolution/deposition of Li (Fig. 3E). The elemental mapping
of the cycled LiMg-LiH@G electrode further demonstrates the uni-
form distribution of Mg and C in the whole matrix (fig. S22),
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indicating the stable structural integrity of the LiMg-LiH@G elec-
trode with a good distribution of LiMg alloys and the LiH-graphene
network, which could effectively suppress the formation of dendritic
or moss-like Li metal and hence improve the cycling stability of
LiMg-LiH@G.

The chemical environment of Li metal anode upon cycling is
further investigated by depth profiling of XPS via Ar ion etching
(fig. S23) and LiMg-LiH@G (Fig. 3F) after 20 cycles. The N 1s peaks
at 398.3 eV, as well as the Li 1s peak at 54.6 eV, could be attributed
to Li3N (30, 31), originating from the decomposition of lithium
bis(trifluoromethane)sulfonimide (LiTFSI) and LiNO;. In parallel,
the peak at 685.3 eV in the F 1s spectrum and the peak at 56.2 eV in
the Li 1s spectrum could be attributed to the formation of LiF due
to the break of the C-F bond in LiTFSI. Before Ar ion etching, the
surface of both bare Li and LiMg-LiH@G is mainly composed of
LiF, LiH, Li-O-, and Li3N, which are common components of SEI
layers formed in ether-based electrolyte, whereas the LiMg alloys at
1302.7 eV and some species of Mg-containing compounds at 1303.2 eV
in the Mg 1s spectrum could be observed on the surface of the
LiMg-LiH@G electrode. With the increase of etching depth, only
negligible change of the peak intensity of LiF, LiH, Li-O, and LizN
could be observed for the bare Li metal anode, indicating that the
thickness of SEI layers on bare Li is much higher than 400 nm, re-
sulting from the continuous formation of SEI layers due to the large
volume change during the Li stripping/deposition process. In
contrast, the peak intensity of SEI components, except for LiH, of
LiMg-LiH@G decreases rapidly upon the increase of etching depth,
suggesting the formation of SEI layers with a smaller thickness
compared with that of the bare Li metal anode. Moreover, the char-
acteristic peak of LiMg alloys in the Li 1s spectrum becomes domi-
nated with the increase of etching time, which provides further
evidence for the formation of much thinner SEI layers on the
LiMg-LiH@G electrode. The amount of LiH of LiMg-LiH@G re-
mains stable after cycling, while obvious formation of LiH could be
observed for the bare Li metal anode, indicating the suppressed for-
mation of LiH in SEI upon repeated Li stripping and plating process
(fig. S24). These results further demonstrate that the building of the
3D structured LiMg-LiH@G electrode could not only induce dense
and uniform stripping and plating of Li but also effectively alleviate
the side reaction between Li and electrolyte toward enhanced
cycling stability.

To evaluate the potential practical applications of LiMg-LiH@G,
full cells coupled with commercial cathodes are assembled and tested.
The specific capacity of LIMg-LiIH@G is first evaluated by galvanostatic
charging to confirm the N/P ratio in full cell test (Fig. 4A), which
shows a high specific capacity of 3252 mA hour g™* for LiMg-LiH@G
(activated Li in LiMg-LiH@G, 84.2 wt %), comparable to the theo-
retical specific capacity of Li. First, LFP with a mass loading of
12mg cm™? (~2 mA hour cm™) is used as the cathode, and ultrathin
LiMg-LiH@G and Li foil (~50 pm) are used as the anode to reach a
practically low anode/cathode ratio of 4.2:1 and 5:1, respectively.
Although LiMg-LiH@G//LFP exhibits a similar capacity to bare
Li//LFP at low rates (i.e., ~1.92 mA hour cm™? at 0.5 C and
~1.81 mA hour cm ™ at 1 C) in rate performance tests (Fig. 4B and
fig. $25), a higher areal capacity at high rate (i.e., 1.69 mA hour cm >
and 1.46 mA hour cm ™ at 2 and 4 C, respectively) could be achieved
for LiMg-LiH@G//LFP full cells. Moreover, when the current den-
sity is changed back to 1 C, the reversible capacity of LiMg-LiH@G//
LFP could be fully recovered, indicating stable reversibility of the
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Fig. 3. Morphology characterization and the XPS depth profiles of cycled LiMg-LiH@G. Top-view and cross-sectional SEM images of (A and B) bare Li and (C and
D) LiMg-LiH@G electrodes after stripping and replating 2 mA hour cm™ of Li, respectively, and (E) top-view and cross-sectional SEM images of the LiMg-LiH@G electrode

after 100 cycles at 1 mA cm™2 for 1 mA hour cm™>

thus-formed full cells. The improved rate capability could be attributed
to the fast ion/electron transfer of the LiMg-LiH@G electrode as
proved by the lower polarization at high rates. Long-term cycling
performance demonstrates that bare Li//LFP with a N/P ratio of
~5:1 (Fig. 4C and fig. S26) shows rapid capacity decay at 1 C after
only 78 cycles, and only negligible capacity could be retained after
120 cycles due to the severe formation of Li dendrites and dead Li
on the surface of Li metal anode with obvious cracks (Fig. 4D). SEM
image validates that the thickness of the thus-formed porous and
thick dead Li layer reaches ~30 um for the bare Li anode, indicating
that ~24% of the original bare Li electrode has been transformed to
inactivated dead Li due to the large volume change during cycling,
and hence the depletion of limited fresh Li underneath will eventually
lead to rapid capacity fading. In sharp contrast, LiMg-LiH@G//LFP
exhibits a stable cycling performance over 200 cycles with a capacity
retention of 97.0% even with a lower N/P ratio of 4.2:1. The excellent
cycling stability could be indirectly supported by the smooth and
dense surface morphology and negligible thickness variation of the
LiMg-LiH@G electrode after cycling (Fig. 4E). Moreover, full cells
with ultrathin LiMg-LiH@G (50 pm, ~8.4 mA hour cm™) as the
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. (F) XPS depth profiles of the LiMg-LiIH@G electrode after 20 cycles at 1 mA cm ™2 for 1 mA hour cm ™2,

2

anode and NCM523 (10 mg cm %, ~1.7 mA hour cm™) as the
cathode are subsequently built for electrochemical performance
investigation. Rate capability performance demonstrates that
LiMg-LiH@G//NCM523 exhibits a higher reversible areal capacity
of 1.57, 1.49, 1.40, 1.31, and 1.23 mA hour cm™*at 0.2, 0.5, 1, 2, and
3 C, respectively, than that of the bare Li metal anode, especially at
high rates (fig. S27). Moreover, induced by the uniform Li stripping
and plating process (fig. S28), the LiMg-LiH@G//NCM523 full cell
also delivers a high areal capacity of over 1.21 mA hour cm™ after
215 cycles with a capacity retention of 79.1% at 1 C (fig. S29), while
only a capacity of 0.29 mA hour cm ™ could be obtained for bare
Li//NCM523 full cells after 68 cycles owing to the numerous forma-
tion of porous and thick dead Li. It is worth noting that the Li//
NCMB523 full cell is less stable than the Li//LFP full cell, which could
be attributed to the poor stability of the NCM523 cathode (fig. S30)
induced by residual species on the surface, microcracking of NCM
particles, spontaneous side reactions, Li*/Ni** mixing, and the dis-
solution of transition-metal ions (fig. S31). To further investigate the
potential application of LiMg-LiH@G under practical conditions, the
electrochemical performance of full cells with an ultrathin anode
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Fig. 4. Electrochemical performance of full cells and SEM characterization of cycled anodes. (A) Galvanostatic charge profile of LiMg-LiIH@G. (B) Rate performance

of LiMg-LiH@G//LFP and bare Li//LFP full cells at various rates from 0.5 Cto 4 C (1 C=

170 mA g7). (€) Cycling performance of LiMg-LiH@G//LFP and bare Li//LFP full cells

at 1 C. Top-view and cross-sectional SEM images of the (D) bare Li and (E) LiMg-LiH@G electrode taken from bare Li//LFP and LiMg-LiH@G//LFP after 50 cycles at 1 C,

respectively. (F) Cycling performance of LiMg-LiH@G//S and bare Li//S full cells at 1

C(1C=1650 mA g7"). (G) Top-view SEM image and the corresponding elemental

mapping of the LiMg-LiH@G electrode taken from bare Li//S full cells after 50 cycles at 1 C.

and a high mass loading of an LFP cathode (LFP, 5 mA hour cm™?)
is further investigated. Upon cycling at 0.5 C (fig. $32), bare Li//LFP
full cells show rapid capacity decay after only 40 cycles. In strong
contrast, LiMg-LiH@G//LFP full cells exhibit a stable cycling per-
formance of over 120 cycles with a capacity retention of 91.5% and
stable voltage profiles. The improved cycling stability could be
attributed to the favorable and uniform deposition/stripping of Li
as observed in the LiMg-LiH@G.

The LiMg-LiH@G electrode is further used as the anode to couple
with the Li-free S cathode (S loading, 1.5 mg cm™?) for assembling
Li-S full cells with a N/P ratio of 3.4 for the LiMg-LiH@G anode
and 4.0 for the bare Li anode, respectively. Upon cycling at 1 C
(1 C=1650 mA g"), the areal capacity of bare Li//S rapidly drops
to 0.6 mA hour cm™? after only 90 cycles (Fig. 4F) owing to the rapid
consumption of active Li due to the reaction between electrolyte
and fresh Li and the formation of a porous dead Li layer (fig. S33A).
Besides, as evidenced by the strong concentration of S element on
the surface of the bare Li anode (fig. $34), the aggravated consump-
tion of limited S and Li sources could also be observed on the surface
of the bare Li anode after cycling due to the reaction of Li metal
with soluble polysulfides resulting from the shuttle effect. In strong
contrast, LiMg-LiH@G//S displays a much higher capacity of
0.97 mA hour cm™ even after 400 cycles, with a capacity retention
of 74.5% due to the uniform Li stripping and plating process of the
LiMg-LiH@G electrode (fig. S33B). A lower content of S element
could be observed on the surface of the LiMg-LiH@G electrode
compared with the bare Li metal anode (Fig. 4G and fig. $35), sug-
gesting the suppression of the reaction between polysulfides and Li.
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To identify the positive role of LiMg-LiH@G in suppressing the
corrosion of Li metal by polysulfides, the surface components are
measured via in-depth XPS spectra (fig. $36). After 50 cycles, only
one peak at 1303.5 eV could be observed in the Mg 1s spectrum of
the LiMg-LiH@G electrode, which could be indexed to MgS/MgO
(26). After Ar ion etching for 50 nm, the characteristic peak of LiMg
alloys at 1302.5 eV appears to be accompanied by the significant
decrease of the density of MgS/MgO signals. Moreover, the signifi-
cant decrease of the intensity of Li,S/MgS peaks could also be ob-
served in Li 1s and S 2p spectra upon the proceeding of etching,
indicating that Li,S mainly forms on the surface of LiMg-LiH@G
with the protection of LiMg alloys. It demonstrates that the erosion
of anode could be effectively suppressed by building LiMg-LiH@G
electrodes, leading to the prolonged life span of LiMg-LiH@G//S
full cell. The intensity of Li,S peaks on the bare Li metal anode, how-
ever, almost remains unchanged under identical conditions, indi-
cating the severe corrosion of bare Li by polysulfides (fig. S37).

DISCUSSION

In summary, we have systematically investigated the role of LiH in
stabilizing the Li stripping and plating process of LiMg alloys by
building a unique 3D structured Li metal anode. Owing to the poor
electronegativity of H in the ionic compound of LiH, the interfaces
between LiH with high Li ion conductivity and LiMg alloys results
in the formation of numerous stable built-in electric fields, which
effectively boosts Li diffusion kinetics from the surface of LiH to the
surface of LiMg alloys toward favorable Li plating into LiMg alloys.
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Therefore, the diffusion coefficient of Li ions of the thus-obtained
3D structured Li metal anode composed of LiMg alloys confined
into graphene-supported LiH nanoparticles is almost 10 times
higher than that of pure LiMg alloys confined into graphene. In
addition, the lithiophilic LiMg alloys are capable of acting as homo-
geneous nucleation sites, which synergistically contribute to stabi-
lizing the Li stripping and plating process based on the reversible
solid solution-based alloying reaction. Coupled with the important
role of graphene frameworks in reducing local current density and
alleviating the large volume change during the Li stripping and plat-
ing process, the as-fabricated LiMg-LiH@G with a high specific
capacity of 3252 mA hour g™' exhibits a long cycle life of over
1200 hours at 3 mA cm > with a fixed capacity of 5 mA hour cm ™.
Moreover, upon coupling the ultrathin LiMg-LiH@G foil (50 um,
~8.4 mA hour cm™2) as the anode with commercial LFP (12 mg cm™?)
and NCM523 (10 mg cm™2) cathode, the assembled full cells show
remarkable cycling stability of over 200 cycles at 1 C. This study
provides a promising strategy to develop dendrite-free Li metal
anodes with high energy density by adopting the unique role of LiH
in stabilizing the Li stripping and plating process.

MATERIALS AND METHODS

All samples containing MgH,@G, Mg@G, and Li metal were pre-
pared in an argon-purified glove box (MBraun Labmaster) with
moisture and oxygen levels below 0.1 parts per million.

Preparation of MgH,@G and Mg@G

Graphene-confined MgH, nanoparticles were prepared via our pre-
vious work. Typically, 1.6 ml of dibutyl-magnesium solution
(Sigma-Aldrich, 1 M in heptane), 13.6 mg of graphene, and 40 ml of
cyclohexane (Sigma-Aldrich, 99.5%) were mixed in a pressure reactor
vessel under vigorous stirring and ultrasonic treatment. Subsequently,
the mixture was heated at 200°C under a hydrogen pressure of
4.5 MPa for 24 hours. After consecutive washing and centrifugation,
the composites were dried under dynamic vacuum at 80°C for
12 hours on a Schlenk line to obtain MgH,@G. The as-prepared
MgH,@G was dehydrogenated to obtain Mg@G.

Preparation of LiMg-LiH@G and LiMg-G

A certain amount of MgH,@G/Mg@G was dispersed uniformly
on Li foil and then rolled and pressed multiple times. MgH,@G/
Mg@G shows a porous structure and large volume, which is compa-
rable to the volume of Li foil (fig. S38). Therefore, to ensure the uniform
dispersion of MgH,@G/Mg@G inside the as-fabricated Li metal
anodes, the amount of MgH,@G/Mg@G each time was controlled
to be approximately 1.5 mg when using 120 mg of Li foil. This
means that the rolling and pressing times for the initial fabrication
of MgH,@G-Li and Mg@G-Li are 4, 8, 12, and 16 for 5, 9, 13, and
17% LiMg-LiH@G and LiMg-G, respectively. After the initial rolling
and pressing process, the as-obtained MgH,@G-Li and Mg@G-Li
were heated at 280°C under vigorous stirring for 30 min to further
promote the uniform distribution between LiMg alloys and LiH and
graphene and avoid the possible aggregation of LiH and graphene.
Moreover, the uniform distribution of LiH inside LiMg alloys could
effectively avoid contamination of the as-prepared LiH. Subse-
quently, the LiMg-LiH®@G and LiMg-G were rolled and pressed for
about 20 times before cutting into 12-mm-diameter electrodes for
symmetric and full-cell tests.
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Materials characterization

The phase composition of as-prepared samples was measured by
XRD (Bruker D8 Advance) with Cu Ko radiation (A = 1.5418 A). XPS
(Thermo Fisher Scientific K-Alpha*) experiments were performed
with a single x-ray source, using an Al Ko (1486 eV) anode. The
pressure in the analysis room during data acquisition was maintained
at <2 x 10”7 mbar. All binding energies were calibrated by using the
contaminant carbon (C 1s = 284.8 eV) as a reference. The morphology
of as-prepared samples was determined with a scanning electron
microscope (SEM, FEI Nova Nano 450) and a transmission electron
microscope (JEOL 2011F).

Electrochemical measurement

The electrochemical performance was tested in CR2032-type coin
cells with a Celgard 2500 separator. LiTFSI (1 M) in 1,3-dioxolane
and dimethoxyethane (1:1 in volume) with 0.2 M LiNO3 was used
as an electrolyte of symmetric and Li//S cells. Lithium hexafluoro-
phosphate (1 M) in ethylene carbonate and diethyl carbonate
(1/1 in volume) with the addition of 10 wt % fluoroethylene
carbonate and 1% vinylene carbonate was used as an electrolyte of
symmetric, Li//LFP, and Li//NCM523 cells. The volume of electro-
lyte in each cell was 40 pl. In symmetric cells, Li metal electrodes
(12 mm in diameter) were used as both working and counter
electrodes. In Li//LFP and Li//NCM523 full cells, LFP and NCM523
cathodes were purchased from Canrd (Guangdong Canrd New
Energy Technology Co. Ltd). The active mass loading of LFP and
NCM523 was about 12 and 10 mg cm 2, respectively. In Li//$ full
cells, the carbon-sulfur composite was first prepared by mixing
CMK-3 and sublimated sulfur (4:6 in weight) and then heated at
155°C for 12 hours. Sulfur cathodes were then prepared by casting
N-methyl-2-pyrrolidinone slurry containing carbon-sulfur com-
posite (80 wt %), CNTs (10 wt %), and polyvinylidene fluoride
(10 wt %) onto Al foil, followed by drying at 55°C under vacuum for
12 hours. The loading amount of S on sulfur cathodes is about
1.5 mg cm . Before assembling full cells, Li metal electrodes (bare
Li and LiMg-LiH@G) were rolled and pressed to obtain foils with a
thickness of about 50 um. All electrodes were punched into disks
with a diameter of 12 mm.

The cycling performance of symmetric cells and full cells was
carried out on a LAND battery testing system at room temperature.
The voltage window for Li//LFP, Li//NCM523, and Li//S full cells
was 2.5t04 V, 3 to 4.3 V, and 1.7 to 2.8 V, respectively. The EIS
measurements were performed over a frequency range of 100 kHz
to 100 mHz. Linear sweep voltammetry (LSV) was conducted at a
fixed sweep rate of 1 mV s~ with the voltage range from —200 to
200 mV. The corresponding exchange current density was calcu-
lated by linear fitting (from —-150 to —100 mV). Both EIS and LSV
measurements were conducted on a SP-300 electrochemical work-
station (Bio-Logic). The Li" diffusion coefficient (Dy;) of MgH,@G
and Mg@G during lithiation was calculated using GITT based on
Eq. 1, where ny,, Vi, and S are the molar number, molar volume,
and electrode surface area of LiMg-LiH@G/LiMg-G, respectively;
AE; stands for the voltage variation during current pulse, and
AE; denotes the voltage drop during galvanostatic discharge of
MgH,@G/Mg@G

Vi \2 (AE \?
D = 7e(™5™ ) (3E) W
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Theoretical calculation

DEFT calculations were carried out using the projector-augmented
wave method as implemented in Vienna ab initio simulation package
(32-34). A generalized gradient approximation of Perdew-Burke-
Ernzerhof functional was used to describe the exchange-correlation
interaction (35). An energy cutoff of 500 eV and Gamma-centered
3 x 3 x 1 k-points mesh were applied to all calculations. LizMg (001)
and LiH (001) were selected to simulate the interfaces in the elec-
trode. 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 0.05 eV A " and 1 x 10 ° V. To evaluate
the interaction between Li and the electrode, the binding energy
(Ep) was calculated as follows

Ey = Etotal — ELi — Esub

where Egp, and Erota are the total energy of compound before and
after Li deposition, respectively. Ey; is the energy of a single Li atom.
The lower the binding energy, the stronger the interaction between
Li and electrode. Activation barriers for deposited Li hopping be-
tween adjacent interstitial sites in the interfaces were calculated using
the climbing-image nudged elastic band method (36).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl8245
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