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A B S T R A C T

The Li metal anode is an ideal candidate for next-generation batteries due to its ultra-high specific capacity
(3860mAh g−1) and low electrochemical potential (−3.040 V vs. standard hydrogen electrode). However, the
large volume fluctuations, side reactions, and dendrite growth are serious problems that need to be solved before
Li metal batteries (LMBs) can be commercialized. Herein, we develop a lithiophilic 3D Cu nanowire (3D CuNW)
host that can enable molten Li infusion into the structure. Interestingly, the 3D host undergoes a structural
transformation upon contact with molten Li and forms Cu-Li alloy crystallites on the surface, leading to the
development of an ultra-high performance Li metal anode (3D Li@CuLi). The symmetrical cell performance of
the 3D Li@CuLi electrode is found to be among the best reported for carbonate-based electrolytes and can
achieve greater than 200 cycles at an ultra-high current density of 10mA cm−2. Furthermore, full cells coupled
with LiFePO4 cathodes show excellent cycling stability at a C-rate of 2 C for over 400 cycles with negligible
capacity fade. This work provides a scalable and highly effective approach towards the fabrication of high
performance 3D hosts with pre-stored Li metal for next-generation battery systems.

1. Introduction

Since their commercialization in the 1990s, Li-ion batteries (LIBs)
have been utilized as energy storage devices for portable electronics
and electric vehicles (EVs). However, LIBs have nearly reached their
physicochemical energy density limit and have little room for further
improvement [1]. In order to meet the demands of future technology,
next-generation battery systems will require anode materials with
specific capacities that surpass that of the graphite (372mAh g−1) used
in traditional LIBs. As one of the most promising anode candidates for
next-generation energy storage systems, Li metal possesses an ultra-
high specific capacity (3860mAh g−1) and low electrochemical po-
tential (− 3.040 V vs. standard hydrogen electrode). [2,3] However,
the practical application of Li metal batteries (LMBs) has been hindered
by the formation of dendritic lithium, [4–6] unstable solid electrolyte
interphases (SEI), [7–9] large volume fluctuations, and short circuits
which can lead to catastrophic failure and thermal runaway [10].
Moreover, many of these issues are further aggravated at high current
densities and need to be addressed before they can be applied in fast
charging EV applications.

Many strategies have been employed to mitigate the risk of dendrite

formation, including nanoscale interfacial coatings, [11–14] modifica-
tion of the electrolyte, [15–17] and the development of 3D hosts or
interlayers [18–22]. Several protective coatings have been synthesized
by chemical vapour deposition (CVD), atomic layer deposition (ALD),
and solution-based methods. Many of these nanoscale thin films are
capable of preventing side reactions with electrolyte components and
generating homogeneous Li+ flux that can stabilize the surface of Li
metal during cycling. Furthermore, electrolyte components such as SEI
stabilizing additives and charge transfer regulating salts have been
shown to be effective in minimizing dendrite formation. However,
many of these novel techniques are only effective at relatively low cur-
rent densities and cycling capacities, and need further advancements
for application in fast charging battery systems. To achieve improved
high-rate performances, 3D hosts have been proposed due their ability
to successfully limit the “infinite” volume expansion of Li metal and
achieve lower localized current densities that can stabilize the strip-
ping/plating process.

3D structures have garnered significant interest for LMBs due to
their low costs, high electrical conductivity and ability to form stable
hosts for Li metal. Porous current collectors, 3D skeletons, and nano-
wire-based structures have been developed through a variety of
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chemical and electrochemical procedures [23–27]. However, many of
the reported hosts have relied on the Li source originating from the
cathode or depend on electrochemical plating of Li into the 3D struc-
tures prior to cell assembly, which makes the process unviable for real
application. Even with a Coulombic efficiency of 99%, the Li metal
anode would be quickly consumed by side reactions with electrolyte
components and retain only 36.6% of its initial Li content after 100
cycles. Therefore, the pre-storing of Li into 3D hosts is required in order
to compensate for even the smallest inefficiencies associated with the
cycling of Li metal.

Previously, Cui et al. proposed a facile thermal infiltration method
in which molten Li is infused into a 3D host [28–30]. By confining Li in
a 3D structure, the infinite volume change during cycling could be
eliminated. Furthermore, the high surface area provided by 3D struc-
tures can further lower the localized current density and enable a more
stable plating/stripping process. However, the infusion of molten Li
requires a “lithiophilic” surface, which has been primarily fabricated
through the use of alloy-type materials such as Si or ZnO [29,31–33].
The coating process can add significant fabrication cost and complexity,
as well as potentially lowering the electronic conductivity at the host-Li
interface.

Herein, for the first time, we design a lithiophilic 3D Cu-Li alloy host
for ultra-high performance Li metal batteries. Through a facile fabri-
cation process, copper nanowires are grown directly on a 3D Cu sub-
strate. The capillary forces of the Cu nanowire structure and reactivity
of nanoscale Cu with molten Li enable the infusion of Li into the 3D
host. Interestingly, the Cu-Li alloy phase formed on the surface of the
Cu skeleton can enable symmetric and full cell cycling performances
that are among the best reported to date.

2. Experimental section

2.1. Fabrication of 3D Li@CuLi electrodes

Cu foam (Suzhou Jiashide Metal Foam Co.) of approximately
600 µm thickness was submerged in a mixture of 2M NaOH(aq) and
0.1M (NH4)2S2O8 for 15min to form the 3D Cu(OH)2 nanowire struc-
ture. After rinsing with deionized water and drying in a vacuum oven
for 12 h, the 3D Cu(OH)2 foam was cut into circular disks using a 3/8 in
hole punch. Next, the electrodes were placed in a tube furnace and
heated under Ar gas flow to 180 °C and held for 2 h before raising the
temperature to 265 °C for 3.5 h with 10% H2 gas flow. After letting the
tube furnace cool to room temperature, the 3D CuNW electrodes were
quickly transferred to an Ar-filled glovebox. For the Li infusion process,
Li foil (China Energy Lithium Co. LTD) was placed in a stainless steel
container and heated to 350 °C. The 3D CuNW electrode was placed
into contact with the molten Li where the Li infused into the structure
to form the final 3D Li@CuLi electrode. The infusion process typically
takes less than 20 s. It should be noted that prolonged exposure to the
molten Li can cause further reaction and degradation of the mechanical
properties of Cu-based materials, and that the electrodes were removed
from the hot plate immediately after the Li infusion process.

2.2. Cathode preparation

Full cells were assembled with a LiFePO4 cathode. The LiFePO4

cathode was prepared using N-Methyl-2-pyrrolidone (NMP) and a 8:1:1
ratio slurry consisting of LiFePO4, acetylene black, and PVDF binder,
respectively. The slurry was cast on Al foil and an active mass loading of
~ 7.5mg cm−2 was obtained. The C-rate capacity used for full cell

cycling is 161mAh g−1. Full cells were cycled at a constant current in
the voltage range of 2.5–4.2 V.

2.3. Electrochemical measurements

Electrochemical analysis was performed using CR2032 coin-type
cells. The coin cells were assembled in an ultra-pure argon filled glove
box with 2 layers of polypropylene separator (Celgard 2400). The
electrolyte used in this study was 1M LiPF6 in ethylene carbonate (EC):
diethyl carbonate (DEC): dimethyl carbonate (DMC) of 1: 1: 1 vol ratio
+ 10% fluoroethylene carbonate (FEC). The stripping/plating studies
were carried out on Arbin BT-2000 and LAND battery testing systems at
room temperature. A constant current was applied to the electrodes
during repeated stripping/plating with a 5min rest period between
charge/discharge cycles. Electrochemical impedance spectroscopy (EIS)
was also performed on a Bio-Logic multichannel potentiostat 3/Z
(VMP3) in the frequency range of 500MHz to 0.1 Hz.

2.4. Characterization

SEM images were taken using Hitachi 3400 N and Hitachi S4800
Scanning Electron Microscopes at an acceleration voltage of 5 kV.
Characterization of Li-containing samples by SEM was conducted by
disassembling of cells and rinsing the electrode with dimethyl carbo-
nate (DMC) to remove electrolyte and salts from the surface. To observe
the cross-section images of the electrodes, the samples were cut using
sharp scissors. The SEM was equipped with an energy dispersive X-ray
spectroscopy (EDX) attachment and measurements were undertaken
using a working voltage of 20 kV for mapping. Materials were char-
acterized by X-ray diffraction (XRD) using a Bruker D8 Advance ma-
chine with Cu Kα radiation. Diffraction data were collected with a 0.01◦

interval step intervals with an air-sensitive sample holder. The values of
the crystal parameters of the new Cu-Li cubic-phase was determined by
the d-spacing of the respective reflections. Furthermore, the crystal
structures and precise lattice parameters were determined via a two-
phase Rietveld refinement method using the RIETAN-FP computer
program.

3. Results and discussion

The synthesis of the 3D Li@CuLi electrode follows a facile fabrica-
tion process where the intermediate structures are illustrated in Fig. 1A.
First, a porous 3D Cu foam was submerged in an aqueous solution of
(NH4)2S2O8 and NaOH for ~ 15mins to form copper hydroxide nano-
wires on the surface (3D Cu(OH)2NW) through a solution mediated
process. After rinsing with deionized water and drying in a vacuum
oven, the 3D Cu(OH)2NW electrodes were placed in a tube furnace and
heated under Ar and H2 gas flow to reduce the hydroxide nanowires
and yield an electrode with an extended 3D Cu nanowire network on
the surface (3D CuNW). In the final fabrication step, the 3D CuNW
electrode was placed into contact with molten Li which infused into the
structure over a period of 1–20 s (Fig. 1B), forming a Li composite
electrode (3D Li@CuLi). In comparison, the 3D Cu foam structure
without nanowires is shown to possess non-wetting behaviour and
cannot infuse Li into the 3D host (Fig. 1C). The lithiophilic behaviour of
the 3D CuNW electrode can be attributed to the surface energy of the
nanowires and capillary forces that can enable infusion of molten Li
into the host. Furthermore, we find that the thermal infusion process
leads to the formation of a new interfacial structure, which will be
discussed in the following sections.
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To study the changes in electrode composition, X-ray diffraction
(XRD) was carried out at different stages of the fabrication process
(Figs. 2A and 2B). Upon H2 reduction and formation of the 3D CuNW
electrode, a clean spectrum with the typical Cu peaks was obtained,
confirming the complete transformation from the Cu(OH)2 to a Cu
nanowire network (Fig. S1). The conversion to a Cu-based structure was
further confirmed by energy dispersive X-ray spectroscopy (EDX)
mapping, as seen in Fig. S2. However, an interesting phenomenon is
observed upon infusion of molten lithium into the structure, as shown
by the XRD spectrum of 3D Li@CuLi. In addition to the expected Cu and
Li peaks, a new set of peaks appear downshifted to a lower 2θ value
from the original Cu positions. To further understand the origins of the
new diffraction peaks, we utilized a two-phase Rietveld refinement
using the least squares approach. The refined XRD spectrum of the 3D
Li@CuLi electrode over an extended range is displayed in Fig. S3 and
yields Bragg reflections of a cubic Fm-3m space group. The new set of
peaks downshifted from the Cu metal positions correspond to a lattice
parameter of 3.646 Å. Further crystallographic parameters obtained
from Reitveld refinement can be found in Table S1. We attribute the
new set of peaks to the formation of a secondary Cu-Li phase in which Li
has been inserted into the Cu crystal structure, leading to the expansion
of the lattice from 3.615 Å to 3.646 Å. The obtained XRD spectra and
calculated lattice parameters are in good agreement with the char-
acterizations found by other studies on the formation of Cu-Li alloys
with Li content of up to 20 at% [34–36].

Further observation of the 3D structures by SEM reveals significant
changes in surface morphology during the different stages of electrode
synthesis. Fig. 2C and D show arrays of Cu(OH)2 nanowires grown on
the surface of 3D Cu foam with high aspect ratios and lengths of ap-
proximately 10–15 µm. In addition, some ball-like formations of na-
nowires are dispersed sparesely on the surface of the host structure.
Upon heating in the presence of H2 and Ar, the Cu(OH)2 nanowires are
reduced to Cu and form metallic nanowires on the surface (Figs. 2E and
2F). In comparison to the Cu(OH)2 nanowire morphology, the Cu na-
nowires are shrunken and consist of agglomerations of Cu nanoparticles
with void spaces formed from the removal of oxygen. Furthermore,
molten Li infusion into the host leads to a nearly complete occupation
of the void space within the porous structure, as seen in Figs. 2G and
2H. The filling of the void space between the metal framework leads to

a host structure with a maximized energy density (Fig. S4). Interest-
ingly, we can observe particulates dispersed throughout the bulk Li
after molten infusion. The particles can be attributed to the formation
of Cu-Li alloy crystallites on the exterior surface of the host caused by
the reaction of molten Li with Cu, which break free of the host fra-
mework during the infusion process. To further study the underlying
morphological changes caused by the molten Li infusion, the 3D Li@-
CuLi electrode was electrochemically stripped of the bulk Li to reveal a
new surface consisting of crystallites ranging from 2 to 10 µm in size
(Figs. 2I and 2J). The SEM images of the Cu-Li crystallites are in good
agreement with that observed in previous literature. [34,36]

To evaluate the electrochemical performance of the 3D Li@CuLi
electrode, symmetrical coin cells were assembled using a carbonate-
based electrolyte and cycled at current densities of 3, 5, and
10mA cm−2 with an areal capacity of 1mAh cm−2 (Figs. 3A-3C).
Figs. 3A and 3B illustrate the electrochemical stability of the 3D Li@-
CuLi electrode compared to Li foil at high current densities of 3 and
5mA cm−2. The 3D Li@CuLi electrodes exhibit outstanding electro-
chemical stability with low overpotentials compared to that of the Li
foil. Furthermore, the voltage profiles of the 10th, 50th, and 100th
cycles (Fig. S5) reveal that the 3D Li@CuLi can be stabilized after the
initial 10 cycles and show limited growth in overpotential during long
term cycling. In contrast, the voltage profiles of Li foil are less stable
and undergo rapid growth in polarization during cycling due to the
continuous SEI growth and consumption of electrolyte. The over-
potential of the Li foil cycled at 3mA cm−2 at the 10th, 50th, and 100th
cycles are 143mV, 186mV, and 445mV, respectively. Furthermore,
cycling of the Li foil symmetrical cells at 5mA cm−2 yields over-
potentials of 174mV, 233mV, and 549mV at the 10th, 50th, and 100th
cycles, respectively. Moreover, the Li foil voltage profiles gradually
form an arcing profile indicative of a tortuous Li+ transport pathway
caused by a thick layer of dead Li. [37] In contrast, the 3D Li@CuLi
electrode exhibits low and stable overpotentials of 61mV and 124mV
at the 100th cycle at 3 and 5mA cm−2, respectively. When further
pushed to an extremely high current density of 10mA cm−2, the 3D
Li@CuLi exhibits outstanding stability and cycle life with minimal
overpotential growth for more than 200 cycles. The voltage profile of
3D Li@CuLi fluctuates in the initial cycles due to the stabilization of the
SEI and redistribution of Li on the surface. After the initial formation

Fig. 1. (A) Schematic diagram of the different stages of electrode fabrication. (B) Molten Li infusion into the 3D CuNW electrode over 20 s and (C) the non-wetting
behaviour of the 3D Cu foam.
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cycles, the overpotential can be seen to stabilize at 241mV and 249mV
at the 50th and 100th cycles (Fig. S5C). In comparison, the Li foil is
unable to accommodate the large current density and observes large
fluctuations and short-circuiting with overpotentials of 627mV and
1432mV at the 50th and 100th cycles, respectively. When cycled at a
more modest current density of 1mA cm−2 and capacity of 1mAh
cm−2, the 3D Li@CuLi symmetric cells show overpotentials as low as
40mV with an ultra-long cycling life of more than 350 cycles with
negligible polarization growth (Fig. S6).

As one of the primary advantages of 3D host structures, a large Li
reservoir is capable of storing excess Li and can cycle at the large

capacities required for commercial application. Complete electro-
chemical stripping of the bulk Li in the 3D Li@CuLi host yields a
gravimetric capacity of 1268mAh g−1 (Fig. S7). This value is similar to
the theoretical value calculated in Table S2. Additionally, the 3D
Li@CuLi was tested at 1 and 3mA cm−2 with a high areal capacity of
3mAh cm−2 (Fig. S8). The 3D structure is able to successfully accom-
modate the large cycling capacity and exhibits significantly improved
cycling stability compared to the Li foil at both tested current densities,
which quickly fails due to the large volume fluctuations and unstable
SEI. In terms of symmetric cell cycling in carbonate-based electrolytes,
the 3D Li@CuLi anode shows electrochemical performances that are

Fig. 2. (A) XRD of the 3D Li@CuLi electrode before and after molten Li infusion and (B) the magnified region between 40° and 46°. (C and D) SEM images of the 3D
Cu(OH)2NW electrode. (E and F) SEM images of the 3D CuNW electrode. (G and H) SEM images of the 3D Li@CuLi electrodes after Li infusion. (I and J) SEM images
of the 3D Li@CuLi electrodes after electrochemical stripping of the bulk Li content.
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among the best reported for 3D Li infusion hosts (Table S3).
The reasoning behind the stability and long cycle life of the 3D

Li@CuLi electrode was further investigated by SEM images after a
complete stripping/plating cycle at different current densities. Fig. S9
compares the surface morphology of Li foil and 3D Li@CuLi at 3, 5, and
10mA cm−2. It can be seen that even at a current density of 3mA
cm−2, Li deposition on the planar Li foil is non-uniform and results in
large aggregates of mossy Li. Upon increasing the current densities to 5
and 10mA cm−2, more dendritic structures arise and cover the bulk Li
surface. In contrast, the 3D Li@CuLi electrode is able to form a stable
surface at all tested current densities. At 3 and 5mA cm−2, Li can be
seen to have redeposited preferentially near the host framework and no
dendritic structures can be observed. However, when pushed to
10mA cm−2, the current density appears to be too large for the host
framework and results in the deposition of Li throughout the top sur-
face. It is interesting to note that the deposited Li is very dense and
uniform, and is likely aided by the Cu-Li crystals dispersed throughout
the bulk Li.

To better understand the mechanism behind the improved cycling
performance, the 3D Li@CuLi electrodes were cycled to different stages
of charge/discharge before disassembly and observation by SEM
(Fig. 4). The pristine 3D Li@CuLi electrode shows a relatively smooth
surface morphology with Cu-Li crystals dispersed throughout, and areas
of the metal foam protruding through the surface (Fig. 4B). Upon
electrochemical stripping of 1mAh cm−2, Li can be seen to be removed
from the immediate area surrounding the metal framework (Fig. 4C).
However, further stripping (3mAh cm−2) leads to an expansion of the
void space in the immediate surroundings of the exposed 3D Cu-Li

Fig. 3. (A-C) Symmetric cell cycling of the 3D Li@CuLi and Li foil electrodes at
current densities of 3, 5, and 10mA cm−2, respectively.

Fig. 4. (A) Representative electrochemical stripping/plating voltage profile of a 3D Li@CuLi electrode at a current density of 1mA cm−2 with a stripping/plating
capacity of 3mAh cm−2. (B-G) SEM images of the 3D Li@CuLi electrode at different stages of the electrochemical stripping/plating cycle.
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framework and the onset of pitting of the bulk Li surface (Fig. 4D). The
pitting regions are observed to contain high concentrations of Cu-Li
crystallites, and are likely formed due to complete stripping of the Li in
direct contact with the metal framework. To further study the deposi-
tion process of Li on the 3D Li@CuLi electrode, Li metal was re-
deposited and observed at different capacities. Upon plating 0.5 mAh
cm−2, SEM reveals that Li preferentially nucleates on the Cu-Li surfaces
rather than the top surface of the bulk Li metal (Fig. 4E). The direct
deposition of Li into the preformed void spaces allows for the con-
finement of any Li dendrite formation and a more stable deposition
process with less volume change. Further deposition leads to complete
filling of the voids and a relatively smooth surface morphology (Figs. 4F
and 4G). From these observations, we can attribute the excellent
electrochemical performance to the stable nucleation and redeposition
of Li into the regions where it was initially stripped. By preferentially
depositing on the metal framework and pitted areas with high con-
centrations of Cu-Li crystallites, the 3D Li@CuLi electrode can avoid
inhomogeneous Li nucleation and the formation of dendrites on the
surface.

The performance of the 3D Li@CuLi compared to Li foil was further
studied in full cells using a LiFePO4 cathode with an active loading of
~ 7.5mg cm−2. The full cells were cycled at an elevated rate of 2 C for
400 cycles at room temperature. The long term cycling stability dis-
played in Fig. 5A shows that the Li foil and 3D Li@CuLi full cells in-
itially share similar discharge capacities (135mAh g−1). However, the
capacity of the full cell with Li foil begins to fade after the first 100
cycles, followed by a gradual decline until the capacity begins to

rapidly roll over and fail at 300 cycles. In comparison, the full cell
containing the 3D Li@CuLi exhibits outstanding stability and can cycle
more than 400 cycles with negligible capacity fade. Furthermore, EIS
measurements of the Li foil and 3D Li@CuLi full cells prior to cycling
and after 10 cycles can be seen in Fig. S10. In the initial state, the
impedance associated with SEI and charge transfer of the 3D Li@CuLi
cell is less than half of that of the Li foil. After 10 cycles at 2 C, the SEI
can be seen to stabilize leading to a further decrease in cell impedance.
The low impedance can be attributed to the 3D structure of the Li@CuLi
electrode which can help stabilize the Li plating process and SEI for-
mation through lowering of the localized current densities.

In addition, the rate capabilities of the Li electrodes were testing in
full cells with the LiFePO4 cathodes. Fig. 5B illustrates the discharge
capacities for cells containing Li foil and 3D Li@CuLi cycled at 0.5 C,
1 C, 2 C, 4 C, and 6 C. While the discharge capacity is similar between
the Li electrodes at lower C-rates, the difference in performance be-
comes apparent when pushed to higher C-rates of 4 C and 6 C. The
voltage profiles of the 3D Li@CuLi (Fig. 5C) and Li foil (Fig. 5D) full
cells at the corresponding C-rates further exhibit the advantages of the
3D host structure. The 2D planar structure of Li foil is able to maintain
similar discharge capacities and voltage hysteresis to the 3D Li@CuLi
host at low current densities, however, when pushed to higher C-rates,
is unable to accommodate the high Li+ flux and leads to large voltage
polarizations. The discharge capacities of the Li foil full cell are ap-
proximately 153, 147, 135, 97, and 22mAh g−1 at the C-rates of 0.5 C,
1 C, 2 C, 4 C, and 6 C, respectively. On the other hand, the 3D Li@CuLi
structure can sustain high current densities while minimizing the

Fig. 5. (A) Electrochemical cycling of full cells with LiFePO4 cathode at a rate of 2 C. (B) The rate performance of full cells containing 3D Li@CuLi anodes compared
to Li foil at rates between 0.5C and 6C. (C and D) Voltage profiles of the 3D Li@CuLi and Li foil full cells cycled at rates between 0.5C and 6C.
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voltage hysteresis and maintaining high discharge capacities. In com-
parison, the discharge capacities of the 3D Li@CuLi full cell are 155,
151, 142, 115, and 55mAh g−1 at 0.5 C, 1 C, 2 C, 4 C, and 6 C, re-
spectively.

4. Conclusions

Herein, we have designed a high performance lithiophilic Cu-based
3D host for Li metal batteries. The Cu nanowire morphology has been
shown to enable molten Li infusion into the 3D host structure, which
subsequently reacts with the nano Cu surface to produce a Cu-Li alloy.
The 3D Li@CuLi host has been shown to be capable of sustaining ultra-
high current densities during electrochemical tests and possesses some
of the best high-rate cycling performances among the previously re-
ported literature. Furthermore, the mechanism of electrochemical
plating/stripping has been revealed and it was found that the Cu-Li
crystals can serve as nucleation centers and help stabilize the electro-
deposition process at high current densities. Lastly, full cell batteries
assembled with LiFePO4 cathodes show outstanding cycling stability
and lifetime, achieving over 400 cycles at a rate of 2 C with negligible
capacity decay. We believe that this work will shed insight into the
design of high performance Li metal batteries and serve as the basis for
future work on 3D Cu hosts with pre-stored Li.
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