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The high specific capacity and low negative electrochemical potential of lithium metal anodes (LMAs),
may allow the energy density threshold of Li metal batteries (LMBs) to be pushed higher. However, the
existing detrimental issues, such as dendritic growth and volume expansion, have hindered the practical
implementation of LMBs. Introducing three-dimensional frameworks (e.g., copper and nickel foam), have
been regarded as one of the fundamental strategies to reduce the local current density, aiming to extend
the Sand’ time. Nevertheless, the local environment far from the skeleton is almost the same as the
typical plane Li, due to macroporous space of metal foam. Herein, we built a double-layered 3D current
collector of Li alloy anchored on the metal foam, with micropores interconnected macropores, via a viable
thermal infiltration and cooling strategy. Due to the excellent electronic and ionic conductivity coupled
with favorable lithiophilicity, the Li alloy can effectively reduce the nucleation barrier and enhance the Li*
transportation rate, while the metal foam can role as the primary promotor to enlarge the surface area
and buffer the dimensional variation. Synergistically, the Li composite anode with hierarchical structure of
primary and secondary scaffolds realized the even deposition behavior and minimum volume expansion,

outputting preeminent prolonged cycling performances under high rate.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The emerging demands for the high-mileage electrical vehicles
and large-scale renewables depository have driven the rapid de-
velopment of advanced energy storage systems, with high energy
densities, accompanied by a rigid requirement of safety and sta-
bility. However, the available lithium-ion batteries (LIBs) were re-
stricted by the theoretical limit of state-of-the-art graphite/silicon
based anodes (339 mAh/g, 747 mAh/cm3) [1-3]. Consequently,
the commercial batteries normally achieved the energy density of
256 Wh/kg and 697 Wh/L (2015: Panasonic NCR18650GA cell) [4,5].
Recently, replacing a graphite-based anode by lithium (Li) metal
can dramatically increase the anode energy density, since Li metal
has been considered as the “Holy Grail” of anodes, with a theoretic
specific capacity of 3860 mAh/g and 2050 mAh/L, coupled with the
most negative electrochemical potential (—3.04V vs. the standard
hydrogen electrode) [6,7]. Hence, the metallic Li has been widely
applied as anode material for the devices beyond LIBs (all solid-
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state batteries, Li-S, and Li-air batteries), with three to six times
energy density relative to the current LIBs. Nevertheless, several
notorious problems have been standing in the commercialization
way of Li metal batteries (LMBs). Specifically, the hostless nature
of Li and rough surface of most current collector would induce the
random nucleation of Li*, resulting in the continuous growth of
Li dendrite. The large-sized dendritic Li can cause the volume ex-
pansion, solid electrolyte interface (SEI) cracking, and dead Li for-
mation [8,9]. Inherently, such process can over-consume the active
material including Li and electrolyte, and damage the integrity of
separator. Externally, these phenomena can trigger the large over-
potential, capacity loss, low coulombic efficiency (CE) and poten-
tial thermal runway [10]. Therefore, restraining the growth of Li
dendrite is essential to accomplish the next-generation LMBs with
high energy density and safety threshold.

To date, various tactics have been proposed to address the
above-mentioned issues, including electrolyte modification, solid
state electrolyte, artificial protective layer, 3D current collector, and
Li alloys. According to the Sand’ time model, these strategies can
be categorized as: the interlayer modification towards rapid Li*
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migration and rational stress-release; introducing functional addi-
tive in electrolyte or localized high-concentration electrolytes, to
improve the quality of SEI film; anchoring lithiophilic sites to re-
duce the nucleation barrier for homogenous growth of Li; increas-
ing the surface area to reduce the effective current density and re-
tard the dendritic growth; regulating the Li™ distribution to avoid
the fast depletion of Li* on the anode surface [11-14]. Among
them, the former two strategies focus on enhancing the robust-
ness of SEI film and modifying the Li nucleation in the interface,
without the whole matrix. The nucleation inside the electrode is
normally uneven and SEI film would eventually crack as the accu-
mulation of dead Li; hence, it can only restrict the Li dendrite to a
limited extent. The latter ones can fundamentally solve the issues
throughout the whole electrode structure, as verified by numer-
ous reports [15-17]. For instance, Chi et al. utilized a nickel foam
as the conductive 3D host to obtain a composite anode of Li@Ni
foam via thermal infusion, presenting a smooth voltage pattern
with considerable hysteresis over 100 cycles (200mV, 5.0 mA/cm?).
The modulate mechanical strength of the composite anode enabled
a minimum dimension change (merely ~3.1%), and herein the ef-
fective inhibition of dendrite formation [18]. However, Li metal is
essentially unaffiliated to Ni foam; therefore, the nucleation bar-
rier is relatively high, resulting in large overpotential and low CE
[19,20]. On top of such situation, the decorations of 3D host with Li
wettable components have come into the stage. Specifically, Sun’s
group has in-situ chemically transformed the inert copper surface
into 3D wettable Cu(OH), nanowires, easily thriving a functional
3D Li@CuLi host, with the improved cyclic and rate performances
[21]. Similarly, Jiang and his collaborators applied the immers-
ing strategy to prepare interwoven nickel(Il)-dimethylglyoxime (Ni-
DMG) nanowires on nickel foam, as a robust host for Li metal an-
odes [22]. In line with this, some researchers incorporated metal-
organic framework-derived Co30,4 into nickel foam to achieve sta-
ble Lit storage, and the corresponding Li||Li symmetric cells can
operate over 1000h at 1.0mA/cm2, 1 mAh/cm? [23]. Of note, the
pore sizes of those conventional metal foam hosts are usually
around 100pm [19,24]. Therefore, despite those modification on
the 3D framework can improve the lithiophilicity of metal foam
to a certain extent, the broad inner voids of metal foam were filled
with pure Li, whose deposition/dissolution behaviors follow the in-
trinsic trend, particularly for the local region far from the skele-
ton of metal foam. Consequently, the volume expansion and un-
even nucleation would unavoidably occur, after limited cycles. Be-
sides, the size of those in-situ/ex-situ decorations were relatively
small (<1pm), tending to crumble over repetitive cycling [25-29].
More importantly, the additional lithiophilic components were nor-
mally inferior electrotonic and ionic conductor, causing incremen-
tal internal cell resistance [27,30]. Hence, it is highly desirable to
develop secondary network inside the macropores of metal foam,
with primary requirement of considerable electronic and ionic con-
ductivity, coupled with high lithiophilicity and relatively large size.
Given this, Li-riched alloy can be a proper candidate to be a multi-
functional subsidiary nest inside the metal foam, to obtain ad-
vanced composite anodes.

Recently, Li-riched alloys, including Li-Sn, Li-Al, Li-B and Li-
Mg have attracted extensive attentions, as a proper replacement
for traditional Li anode, owing to the superior Li lithiophilicity,
Li+ diffusion coefficient, electronic conductivity, and high theoret-
ical capacity [14,31,32]. Li-riched alloy, typically are composed of
Li intermetallic compound/solid-solution phase as inherent skele-
ton, and pure Li metal phase as a reversible Li reservoir. Further-
more, the unique 3D structure of Li alloys can buffer the dimen-
sional fluctuation to realize the improved electrochemical perfor-
mance [33,34]. Liu and her collaborators prepared Liy;Sns lithio-
philic skeleton with Li phase implanted inside, via a thermal melt-
ing method, where the rod like Li,»Sns acted as an inert frame-
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work and free metal Li accounted for ultra-high specific capacity.
Owing to the high electrical conductivity and redox potential, the
Li-riched Li-Sn alloy anode achieved the conformal deposition of
Li metal, more stable SEI and lowered charge transfer resistance
[35]. However, the complete volume expansion of Li-Sn alloy is as
high as 676%, comparable to silicon-based anode, disadvantageous
for structural stability of LMA. Alternatively, other alloys like Li-Zn,
Li-Al and Li-Mg presenting lower expansion rate were investigated
[32-34,36]. Li et al. reported a new Li anode with LigAl4 and Li-Mg
to enable the boosted surface stability, minimum volume variation
and excellent rate capability. The symmetric cell with LigAly/Li-Mg
alloy anode delivered a low polarization voltage of 18 mV and pro-
longed cycling stability at 1mA/cm? and 1 mAh/cm?, over 1600 h
[36]. Of note, the practical application normally bears high stan-
dard for the batteries at high rate, to realize considerable energy
retention over ultrafast charge/discharging. Impressively, Li alloys
can totally answer to such strict requirements. For example, Yao
and co-workers applied Li-Zn dual-phase alloy to build advanced Li
anode with rapid electron/ion channels to balance the gap in be-
tween ionic and electronic resistance, leading to the even inside-
out deposition of Lit in Li10Zn matrix. The symmetric cell with
thus-thrived electrode can smoothly operate for 500 h, under the
harsh testing parameter of 10mA/cm?, 10 mAh/cm?2, and the cor-
responding full cell with Li4TisO;, can maintain a stable cycling for
3800 cycles at 1.0 C (capacity retention: 80%) [33]. Therefore, the
Li alloy, as a combination of fine electronic and ionic conductor,
can readily realize the spatial distribution of Li* throughout the
electrode framework. Although Li alloy can self-assembled as a 3D
network for Li plating/stripping, the mechanical strength is insuffi-
cient to cope with ultralong cycling test. In the extreme condition
of large Li stripping, the Li alloy can be decomposed to provide ad-
ditional Li source [34,37]. This function can be a savior in certain
cases; however, the disintegration of Li alloy skeleton can cause the
structural collapse and cell failure. Thus, rigid 3D nest like metal
foam can be incorporated to avoid such potential risk, as well as
homogenously distribute the Li alloy species.

With those considerations bearing in mind, we developed an
advanced composite anode with double-layered skeleton, where
the metal foam played the part as fundamental network to ac-
commodate substantial Li alloy anchoring and Li deposition, while
Li alloy served as a secondary framework of the preeminent elec-
tronic and ionic conductor. Through a facial thermal infusion strat-
egy, the lithiophilic Li alloy components were readily and evenly
nested inside the macropores of metallic foam (Li10Zn@Ni and Li-
Al@Cu). The phase segregation occurred upon the cooling process,
the LiZn and LiAl solid solution were in-situ formed, functional-
izing as a secondary scaffold to fill the macropores with smaller
micropores, guaranteeing the homogenous deposition in the lo-
cal environment inside the voids of metal foam to the fullest ex-
tent. Owing to the double-layered network of our composite an-
ode, the reduced local current density, lowered nucleation barrier,
and fast Lit conduction were realized, leading to the depressed
dendritic formation and minimum volume variation. Accordingly,
the cell with Li10Zn@Ni foam exhibit the improved electrochem-
ical performance from all due aspects. Specifically, the symmetric
cell with Li10Zn@Ni foam can continuously run for 2000 cycles un-
der 5mA/cm? and 5 mAh/cm?2, whist the counter cell with Li@Ni
failed merely after 400 cycles. Impressively, the Li10Zn@Ni elec-
trode can exert ultralong lifespan of 1000 cycles at a harsher test-
ing of 10mA/cm?, 10 mAh/cm?. Similar phenomena happen in the
cell with Li-Al@Cu foam. When pairing with LTO cathode, the full
battery can deliver over 2000 cycles in a high rate of 5.0 C with a
high capacity retention of 78% in ester-based electrolyte.

Fig. 1a illustrates the synthetic procedure of the composite an-
ode of Li alloy anchored on 3D current collector (Ni and Cu foam),
and the subsequent assembly with cathode for full LMBs. Briefly, Li
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Fig. 1. (a) Schematic illustration of the preparation of Li10Zn@Ni composite and the corresponding cycling behavior. SEM images of (b-e) Li10Zn@Ni and (f, g) Li@Ni com-
posite anode. (h) XRD profile of Li@Ni and Li10Zn@Ni foam. The insert in (b) is a digital photo of Li10Zn@Ni anode.

foil and metal particles were mixed in preset mass ratio, and then
the clean metal foam was dipped into the molten metal slurry, for
the rapid and complete impregnation of Li alloy. The composite
electrode with double-layered framework was formed upon cool-
ing down to room temperature. SEM measurement was performed
to reveal the surface and inner morphology features of Li10Zn@Ni
and Li-Al@Cu. Prior to the test, the three mass ratios, according to
the phase diagram in Fig. S1 (Supporting information), were ap-
plied to obtain different LiZn alloys for optimization. SEM images
of Li2Zn, Li10Zn and Li100Zn in Fig. S2 (Supporting information)
revealed dense block morphology of surface of LiZn alloy began
to occur, as the increase of Zn content. On the contrary, the LiZn
strip started to appear while the mass proportion of Li rose. The
number and size of block decreased while the density of needle
increased, with free metal Li phase distributed inside. The massive
and dispersive strip network tends to weaken the total structural
integrity and strength. Hence, the dual-phase Li-riched Li10Zn alloy
with the unique morphology of lump connecting massive branches
was selected, owing to the accompanying fine mechanical robust-
ness and large surface area, which can effectively resist the volu-
metric fluctuation and reduce the local current over cycling. Upon
the incorporation the metal foam, the macropores of Ni framework
were almost covered by dual phase of LiZn alloy and Li (Fig. S3 in
Supporting information and Figs. 1b-e). Of note, the typical metal
foam is barely affiliative to pristine Li metal, unless with additional
treatment. Fortunately, the LiZn tends to grow tightly on skeleton
of Ni foam, increasing the wettability of Ni towards Li [38,39]. As
a result, the pore size of Ni foam markedly lowered, resulting in
more uniform allocation of resting Li10Zn and Li metal phase. As
exhibit in Figs. 1f and g, Ni foam can be distinctly observed with
Li metal distributed inside.

The crystallinity and phase information on as-obtained elec-
trode were probed by X-ray diffraction (XRD). The polymide (PI)
protective type was utilized to cover the sample to prevent air oxi-
dation; hence, the broad peak at around 10°—-30° was attributed to
PI film [35,40]. Upon the incorporation of Ni foam, there were still
the pure combination of Li and Ni in Li@Ni foam from the charac-
teristic XRD patterns, without new component appeared, indicat-
ing the sole role of Ni foam as an inert framework. The similar ob-
servation can be found in XRD curves of Li10Zn@Ni. Clearly, Li10Zn
alloy merely consists of two phases: the cubic LiZn in-termetallic
compound and Li metal, respectively with JCPDS No. 03-0954 and

No. 15-0401 (Fig. 1h) [33,39,41]. These phenomena suggest the
phase separation occurred upon the sudden drop of temperature,
resulting in the formation of the dual-phase Li-riched LiZn alloy.
Also, the absence of characteristic Zn peak indicates the complete
reaction in between Li and Zn metal, additionally due to the exces-
sive of Li.

Besides, the electrochemical stability of Ni foam was evaluated
using cyclic voltammetry. A pair of redox peaks indexing to the de-
position/dissolution of Li, were observed in the four cyclic voltam-
mograms of tested anode, suggesting Ni foam solely acting as an
inert supporting framework (Fig. S4 in Supporting information). In
addition, the peak current (Ip) of four samples were compared and
followed the trend bellows: Ip(Li10Zn)@Ni > Ip(Li10Zn) > I,(Li)@
Ni > I(Li). This clearly indicated 3D Li10Zn and Ni foam can sig-
nificantly increase the active electro-active area and enhance the
electron transmission, in-turn improving the cyclic performance
especially under high rate [33,42]. After 15 cycle, I, of Lil0Zn an-
ode gradually increased, as compared to Li electrode, due to more
exposed active sites. The air stability of LiZn alloy electrode were
also evaluated with electrochemical impedance spectroscopy (EIS)
test. As shown in Fig. S5 and Table S1 (Supporting information),
the impedance of cell with Li metal increased from initial value of
336-702 ohms in 10 days, as the continuous contact of Li with at-
mosphere and accompanying thickened SEI film. In stark contrast,
the impedance of cell based on Li10Zn increased after 1 day, and
gradually stabilized at around 400 ohms, with overall smaller re-
sistance, as compared to pristine Li cell. This indicated the marked
improvement of SEI film quality and charge transfer rate with LiZn
alloy [43-46].

Similar operation was applied to investigate the Li-Al@Cu com-
posite anode. The mass ratio for preparing LiAl alloy was opti-
mized in our previous publication [34]. There were massive LiCu
nanorods formed in Li@Cu, due to the alloy reaction over high-
temperature heating and followingly immediate cooling down pro-
cess (Fig. S6 in Supporting information). In contrast, Cu foam was
inert and filled with dual phase of LigAl, and Li, during the fab-
rication of Li-Al@Cu composite anode (Fig. S7 in Supporting infor-
mation). From XRD patterns in Fig. S8 (Supporting information), a
slight Cu peak shift was observed in Li@Cu electrode, due to solid
solution reaction in between Cu and Li [27,47]. As for Li-Al@Cuy, the
typical diffraction peaks of Li and LigAls appeared without peak
shift of Cu, demonstrating the Cu foam was an inert and stable
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Fig. 2. SEM images of (a-e) Li@Ni and (f-j) Li10Zn@Ni composite anodes under different stripping and plating capacities. The insets are the enlarged SEM images of Li10Zn@Ni

electrodes.

framework in the composite anode. Attributed to exceptional affin-
ity in between LiAl alloy and Cu foam, LigAl, prioritized to be ab-
sorbed on the skeleton of Cu foam, other than molten Li metal,
further transferring Cu foam from lithiophobicity into lithiophilic-
ity [48]. Similar to the preparation of Li10Zn@Ni composite anode,
phase separation occurred over sudden transfer of sample to room-
temperature environment. Also, Al peak can be barely detected, in-
dicative of complete dissolution of Al particles.

Furthermore, the morphologies and electrochemical perfor-
mances of Li-Al@Cu and Li@Cu after chemical delithiation with
deionized water were evaluated. Obviously, the surface of Cu skele-
ton was covered with residual LiCu nanowires, whilst LigAl; nan-
oclusters were observed in Li-Al@Cu, which could modify the sur-
face affinity of Cu foam and regulate the deposition behavior of Li
(Fig. S9 in Supporting information). Along with this, the half-cells
with two types of washed framework were assembled to conduct
CE test, under 1mA/cm? and 1 mAh/cm?. The overpotential of Li-
Al@Cu (delithiated) and Li@Cu (delithiated) respectively were 23
and 68 mV, demonstrative of the reduced nucleation barrier, in-
duced by more affiliative LigAl, nanoflower, as compared to LiCu
nanowires (Fig. S10 in Supporting information) [20,49]. Accord-
ingly, CE of Li-Al@Cu (delithiated) half-cell output a long lifespan
of 140 cycles with an ultimate CE of 90% (Li@Cu: 80 cycles, 88%),
indicative of enhanced Li utilization and optimized Li growth be-
havior induced from inert Cu structure and affinitive LigAl, alloy.

The morphology evolutions of the two composite anodes were
estimated with SEM characterization, under an applied current
density of 5mA/cm?2. With the ongoing of delithiation process, the
skeleton of Ni foam was gradually exposed from plane and sec-
tional views (Figs. 2a-c and Figs. S11a-c, f-h in Supporting infor-
mation). However, the surface of re-plated electrode was relatively
rough, with slight dendrite formed after complete plating, due to
hostless nature of Li metal, especially under high deposition ca-
pacity (Figs. 2d, e and i, j). Of note, the thickness of Li@Ni com-
posite anode almost returned to the original state (Fig. S11a and e
in Supporting information), fully verifying the effectiveness of pri-
mary Ni foam in reducing the local current density and buffering
volume change, during the early cycling process. Regarding to the
Li10Zn@Ni cell, the bare Ni foam framework with uniformly dis-
tributed LiZn alloy components were exposed after further gradual
exfoliation of 20 and 50 mAh/cm? Li (Figs. 2f-h). The free Li in the
voids of Li10Zn@Ni structure, including trenches and block edges
of LiZn alloy, was successively dissolved. Upon the entire stripping,
the Li10Zn components were disintegrated in to Zn particles (Fig.
2i), as confirmed by the XRD profiles in Fig. S12 (Supporting in-
formation), where only pure Zn and Ni signals were detected after

full electrochemical delithiation. Accordingly, the specific capacity
of Li10Zn@Ni electrode was calculated to be 1274.5 mAh/g, based
on the whole electrode mass (Fig. S13 in Supporting information).
Under a full-replating, the surface of Lil10Zn@Ni showed relatively
flat texture, suggestive of homogeneous and dense deposition (Fig.
2j). The probable reason is more active sites from LiZn alloy, as
well as the reduced local current density from the enlarged sur-
face area, owing to the double-layered skeleton of our composite
anode. The alike observation can be obtained from the sectional
views of Li@Cu and Li-Al@Cu composite anode in Fig. S14 (Support-
ing information). The LiCu nanowires and LigAl, clusters anchored
on Cu foam framework were respectively disclosed in Li@Cu and
Li-Al@Cu, along with the dissolution process (Figs. S14a-d). When
the plating was applied, the Li@Cu anode displayed coarse tex-
ture, whilst the surface of Li-Al@Cu remained relatively smooth
(Figs. S14e and f). Although certain amount of LiCu nanowires were
formed during the thermal melting process, the lower nucleation
barrier of LiAl, compared to LiCu alloy (also manifested in Fig. S10),
can enable more effective and compact deposition [27,34,47].
As-prepared composite Li anodes were then tested using the
Li||Li symmetric configuration, under the galvanostatic conditions.
Under the current density of 1mA/cm? and applied capacity of 1
mAh/cm? in ether-based electrolyte, the cell of Li10Zn@Ni com-
posite electrode can stably operate for 2000 cycles (4000 h) with
an ultralow voltage hysteresis of 10mV (Fig. 3a). From the zoom-
in view in Fig. 3b, the corresponding the curve can nearly sustain
the typical crescent-shape without short-circuit. In stark contrast,
the polarization voltage of Li@Ni anode increased with the cycling
depth, attributed the increased migration resistance of Li*. The cell
failure occurred only after 800 cycles, due to Li dendrite piercing
though the separator. With the rise of both applied current and
areal capacity to 5mA/cm? and 5 mAh/cm?, the cell of Li10Zn@Ni
can still smoothly run for 2000 cycles (4000 h), with the stabilized
over-potential of 60 mV (Fig. 3c). The enlarged voltage profile dis-
played the arc shape, due to the accumulation of unavoidable pow-
dery and “dead” Li (Fig. 3d) [50,51]. The counter cell only sustained
for 400 cycles with the sharply increased voltage. In a harsher test-
ing condition of 10mA/cm? and 10 mAh/cm?, the lifespan of sym-
metric cell of Lil10Zn@Ni can again run for a long period of 1000
cycles (Figs. 3e and f). The cyclic life of Lil10Zn@Ni composite anode
was approximately doubled as compared to LiZn electrode in our
previous report [30]. The cyclic behaviors of Li@Ni and Li10Zn@Ni
were also measured in ester-based electrolyte (Fig. S15 in Support-
ing information), where the Li10Zn@Ni cell exceeded the Li@Ni cell
in all tested conditions. The symmetric cell of Li@Cu and Li-Al@Cu
were also followingly assembled. As shown in Figs. S16 and S17
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(Supporting information), the cell with Li-Al@Cu electrode can run
for 750 cycles, whilst the counter cell failed after 200 cycles with
the fluctuated voltage, at 1mA/cm? and 1 mAh/cm? in ester-based
electrolyte. The cyclic performances of Li-Al@Cu cell also outper-
formed the Li cell, in harsher testing conditions. The post-morten
EIS tests prior and after cycling were conducted to evaluate the
evolution of internal resistance (Fig. S18 in Supporting informa-
tion), where the R. of two cells became smaller along with cy-
cling. Specifically, R of Li-Al@Cu and Li@Cu cell markedly de-
creased to 23 and 42 ohms, separately, upon 20 cycles of activa-
tion process. With the cycling ongoing, R of Li-Al@Cu remained
almost constant, whilst the Li@Cu cell revealed an obvious increase
in the value of R . This indicates the dense and homogeneous de-
position of Lit, less side reactions, and robust SEI film, enabled the
improved Li* transport and charge transfer in the composite anode
with double-layered skeleton.

With regarding to Li10Zn@Ni and Li@Ni cells, the electrochem-
ical impedance spectra after 100 and 500 cycles at 5mA/cm? and
5 mAh/cm? were carried out (Figs. 4a and b). The initial resistances
of two cells (R.;) were 489 and 113 ohms, respectively for Li@Ni
and Li10Zn@Ni electrodes. The lower value of Li10Zn@Ni composite
can be ascribed to the superior electrical conductivity of LiZn al-
loy. After 100 cycles, Li@Ni and Li10Zn@Ni symmetric cells exhibit
Reen of 48 and 9 ohms, separately. The sharp decrease was due to
the roughened surface along with cycling, and more exposed reac-
tion sites in 3D Ni foam enabled the readier deposition of Li. Upon

a long period of 500 cycles, the R. of Li@Ni sharply increased
to 450 ohms, as the porous Li dendrite and cracked SEI film pro-
longed the transportation path of Li*. Instead, Li10Zn@Ni cell ex-
hibit a slightly increased R of 26 ohms, ascribed to the firmly
anchored Li10Zn block rationally regulating Li deposition. Acquired
from the overall enhanced electrochemical performance, the prob-
able reasons could be explained as follows: (1) The large surface
area of in-situ formed Li alloy components could depress the lo-
cal current density to avoid Li* agglomeration; (2) The lithiophilic
nature of Li alloy transformed the inert surface of metal foam
into wettable surface, reducing the nucleation barrier; (3) The high
electric and ionic conductivity of Li alloy can enable the rapid Li
transmission and reaction kinetics; (4) The dual-layered skeleton
of metal foam and Li alloy synergistically realized a robust frame-
work to buffer the volume expansion over cycling.

The postmortem SEM measurements were then conducted to
characterize the surface state of composite Li electrode, upon dis-
assembling the symmetric cells after cycling. Obviously, the sur-
face of Li@Ni was completely covered by porous dead Li, indicative
of the uneven Li* nucleation in Ni foam, particularly under crude
testing condition (Fig. 4c). The moss and filamentous structure, dis-
played in magnified SEM images (Figs. 4d and e), can accelerate
the cumulation of dead Li and constant loss of active Li, aggravat-
ing cell polarization. Surprisingly, the surface texture and morphol-
ogy of Li10Zn@Ni was almost similar to the original state, due to
uniform Li deposition and fast Li transportation (Figs. 4f-h). Simi-
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lar observation can be found in postmortem SEM images of Li@Cu
and Li-Al@Cu (Fig. S19 in Supporting information).

The commercial cathodes were paired with our composite an-
odes with double-layered skeleton to assemble the full cells, val-
idating their practical feasibility. Fig. 5a displays the cycling per-
formances of Li@Ni||(Li4TisOq) LTO and Li10Zn@Ni||LTO full cells
at 1.0 C (1.0C=170mA/g) in ether and ester electrolytes. The ini-
tial capacities of the two full cells were similar (170 mAh/g for
Li@Ni||LTO; 173 mAh/g for Li10Zn@Ni||LTO). The Li10Zn@Ni||LTO
cell can continuously run for 5000 cycles with a high capacity re-
tention of 82.5%, whilst the capacity decay occurred merely after
550 cycles in the counter cell. This suggests the double-layered
skeleton of Li10Zn@Ni can rationally regulate the Li deposition, as
compared to single-layered framework of Li@Ni anode, therefore
avoiding the formation of Li dendrite. From the rate performances
in Fig. 5b, the output capacities of Lil10Zn@Ni||LTO cell were higher,
as compared to Li@Ni||[LTO in the whole range of current den-
sities. The capacity difference was even magnified in high rate,
due to the fast ion transmission and lowered nucleation barrier in
the double-layered skeleton of Li10Zn@Ni anode. The cyclic perfor-
mance of full cells in ester-electrolyte was inferior, in contrast to
ether electrolyte, under the same condition, due to more parasitic
reactions (Fig. 5¢). When the applied current increasing to 5.0 C
in ester electrolyte, the full cell of Li10Zn@Ni||LTO can maintain a
stabilized cycling performance for 1700 cycles at a capacity around
135 mAh/g (Fig. 5d). In stark contrast, a sudden drop happened af-
ter 150 cycles in Li@Ni||LTO battery. The double-layered skeleton
structure of the composite anode cannot only reduce the local cur-
rent density, but also accelerate the transportation rate of Li*, due
to the incorporation of LiZn alloy, thereby leading to homogenous
deposition of Li and minimum volumetric fluctuation.

Analogously, Li-Al@Cu anode was assembled with the commer-
cia cathode of LiFePO4 (LFP), undergoing a cyclic test at 1.0 C
in ester electrolyte (Fig. S20 in Supporting information). The Li-
Al@Cu||LFP full battery achieved a relatively long lifespan of 400
cycles with the capacity retention of 85.2% (15t: 142 mAh/g; 400th:
121 mAh/g), distinctively longer as compared to Li@Cu ||LFP (15t:
137 mAh/g; 240™: 75 mAh/g, retention rate: 54.7%). Although the
small amount of LiCu was formed during the preparation of Li@Cu,
the lithiophilicity of LiCu was inferior to LiAl alloy; hence, dead Li
generated after certain cycles, hindering the Li* transmission and
increasing the cell resistance. Table S2 and Fig. S21 (Supporting in-
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formation) collected the overall electrochemical performances of
Li10Zn@Ni and Li-Al@Cu composite anodes with other state-of-
the-art 3D Li anodes, displaying a distinct advance of our double-
layered skeleton in enabling excellent anode with ultralong lifes-
pan.

According to the experimental analysis, the lithiation mecha-
nism of the composite anode was schematically exhibit in Fig. 6. At
the beginning of Li plating, Li* starts to migrate towards the anode
surface under the dual effect of the electric field and concentra-
tion gradient. Owing to hostless nature of Li metal and rough sur-
face of current collector, the heterogenic growth would normally
occur, leading to the local accumulation of Lit and following den-
drite formation. The dendritic Li would crack the SEI film and fur-
ther aggravate the uneven deposition of Li, leading to the struc-
tural collapses of anode (Fig. 6a). When incorporating metal foam,
the volumetric fluctuation is firstly buffered, due to the increased
surface area and beneficial mechanical strength. The high electri-
cal conductivity can enhance the electron transfer, and according
Li redox kinetics. However, the lithiophobic nature of Cu/Ni foam
would lead to the high nucleation barrier and large overpotential,
as well as uncompact nucleation in the voids of metal foam. There-
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fore, SEI fracture and dendritic growth would ultimately happen,
resulting in large polarization of the battery (Fig. 6b). Along with
this line, the surface of metal foam needs to be modified to resolve
the plight. Followingly, the double-layered skeleton of the compos-
ite anode with tough structure of metal foam and affinitive Li alloy,
can synergistically realize the increased reactive area and homoge-
neous deposition, leading to dense surface and minimum dimen-
sional change after ultralong cycling (Fig. 6¢).

In this work, the Li alloy skeletons were rationally nested in
metal foam to build a multi-scale meshwork for the Li anode, upon
the thermal molten and cooling treatment. We demonstrated two
examples of such design in this work (Li10Zn@Ni and Li-Al@Cu
foam), with the satisfied electrochemical performances. The local
environment far from the skeleton of Ni foam was similar to plain
Li metal, in the 3D composite anode with metal foam. In stark con-
trast, the Li10Zn with tree like morphology can role as secondary
structure to split macropores of Ni foam, guaranteeing the local
environment unit of Li nucleation was homogeneous, throughout
the whole electrode matrix. The composite Li anode with double-
layered skeleton with hierarchical pores can effectively depress the
nucleation barrier, reduce the local current density, and improve
the Lit diffusion rate, thereby realizing the even deposition behav-
iors and Li dendrite restraint. Accordingly, as-prepared Li10Zn@Ni
composite anode can smoothly operate for 1000 cycles under the
current density of 10mA/cm? and areal capacity of 10 mAh/cm? in
ether electrolyte. Accordingly, the full cell with LTO cathode out-
puts an excellent long-term cycling performance for 2000 cycles
at 5.0 C in ester electrolyte. This work sheds light on the ratio-
nal design of feasible and robust LMAs based on 3D framework for
next-generation battery with ultralong lifespan.
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