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ABSTRACT: Because of uncontrolled plating and stripping
behavior, inﬁnite volume expansion, and dendrite formation, Li
metal anodes have seriously restricted the practical application of
lithium metal batteries (LMBs). In this study, a three-dimensional
(3D) Li metal anode host composed of a copper oxide nanowires
(CuO NWs) as the substrate with silver nanoparticles (Ag NPs) as
the induced deposition sites was prepared (Ag@CuO NWs) by
electrochemical machining technology. On the one hand, CuO
NWs with a speciﬁc 3D structure obtained through an anodic
oxidation process can provide enough space for Li deposition and
thus would hinder the downside of volume change. On the other
hand, Ag NPs, which are evenly distributed on the substrate by
electrodeposition method can signiﬁcantly reduce the nucleation
overpotential and induce uniform Li deposition in this whole 3D structure. As a result, Ag@CuO NWs could maintain a capacity
retention of 85.6% for 200 cycles at a 1 C rate in carbonate-based electrolytes. This work proposes a strategy that can eﬀectively
regulate the Li metal deposition behavior by means of anodic oxidation and electrodeposition.
KEYWORDS: Li metal anode, Anodic oxidation, Electrodeposition, Ag nanoparticles, CuO nanowires, Uniform Li deposition

■

INTRODUCTION
In the past few decades, lithium-ion batteries (LIBs) have been
widely applied to many aspects due to their high energy
density and long cycle lifespan.1 However, with the rapid
development of new energy industries, people have put
forward higher requirements for the energy densities of
batteries.2 The capacity of LIBs is limited by the amount of
Li ions (Li+) that can be removed from the cathode, which
greatly restricts its energy density. Li metal has an ultrahigh
theoretical speciﬁc capacity (3860 mAh g−1) and the lowest
electrochemical potential (−3.040 V compared with a standard
hydrogen electrode).3,4 Furthermore, Li metal anodes could
match some high capacity lithium-free cathodes such as sulfur5
and oxygen6 to have a chance to develop much higher energy
density batteries systems.7 As a result, Li metal batteries
(LMBs) using Li metal anodes have increasingly been
extensively studied by researchers.8,9
Unfortunately, there are still severe challenges in getting Li
metal into practical applications. Diﬀerent from the host−guest
electrochemical reaction of LIBs, the deposition and stripping
of Li metal is a hostless process, which could be regarded as an
inﬁnite volume change during cycling.10 It means that the solid
electrolyte interphase (SEI) layer will rupture and regenerate
repeatedly, leading to the uncontrollable Li deposition as well
as continuous reaction between fresh Li metal and an
electrolyte. The ﬁnal results are a decrease in the Coulombic
© XXXX American Chemical Society

eﬃciency and formation of dendrites, which is not beneﬁcial
for the acceptable cycle performance and safety of LMBs.
Therefore, how to carry out an eﬀective strategy to regulate the
deposition behavior of a Li metal anode is very essential for
LMBs to improve the electrochemical performance.
In order to achieve eﬀective regulation of Li metal
deposition, it is necessary to understand the nucleation and
growth process of Li metal. In classical understanding, Li+ ions
obtain electrons in the initial stage and deposit on the current
collector, which can be seen as a heterogeneous nucleation
step.11 Many results of studies pointed out that the initial
nucleation process will have an important eﬀect on the ﬁnal
metal Li deposition morphology. The nucleus formed during
the initial nuclear suppression process is thermodynamically
unstable and has the tendency to dissolve again, so that a
certain overpotential is required to provide a driving force for
the nucleation of Li metal. Previous studies have also indicated
that the morphology of the crystal nuclei is related to the size
of the nucleation overpotential.12 The presence of an
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certain current density is nonselective, so both a metal particle
of a speciﬁc size or a uniform surface can be obtained.25
However, it is diﬃcult for an ordinary chemical deposition
method to achieve this goal. Li metal deposition on the anode
is also substantially an electrodeposition process. The conventional electrodeposition can obtain a uniform and dense
coating layer on the substrate surface, which is the most
desired morphology in Li deposition. Therefore, the
combination of them may ﬁnd a new way to solve the
problem of Li deposition regulation.
Herein, anodic oxidation and electrodeposition methods
were used to synthesize a kind of Ag@CuO NWs as a 3D
current collector to help LMBs achieve an improved
electrochemical performances in carbonate-based electrolytes
(Figure 1(a)). As is shown in Figure 1(b), Cu mesh was ﬁrst

excessively high nucleation overpotential can promote the
formation of a local charge ﬁeld at the nucleation site and an
uneven distribution of Li+ ions, which leads to uneven Li
deposition and dendrites formation. Therefore, reducing or
eliminating nucleation overpotential is of great signiﬁcance for
achieving uniform deposition behavior of a Li metal anode. Cui
and his colleagues found that there are no nucleation barriers
for some metals with a certain solubility in Li metal, while an
obvious nucleation barrier exists for those without solubility by
studying the phase diagram of Li with kinds of metals.13 By
comparing Li deposition behavior on such diﬀerent types of
metals, it is found that a homogeneous alloying reaction occurs
when Li is deposited on the surfaces of Au, Ag, Zn, and Mg
with a greatly decreased overpotential of Li nucleation. It can
be concluded that Li tends to prioritize nucleation and grow
on these mostly lithiophilic materials and taking full advantage
of such lithiophilic metals may be a solution for uniform
deposition of Li metal.
Another question that should be further considered is the
volume change of Li metal once it is working as a rechargeable
anode. Due to the hostless mechanism of the ion plating/
stripping process, a Li metal anode could obtain its theoretical
capacity by compromising with cycle reversibility. The success
of LIBs by introducing a host structure should be a meaningful
reference. As the supporting material of the active material, the
structure and composition of the current collector can be
directly acted on by the Li deposition behavior.14 However, the
traditional 2D current collector has a limited surface area and
little space to accommodate a huge volume change during the
Li plating/stripping process. Therefore, the construction of a
3D porous conductive network with a higher surface area and
larger volume as the substrate for deposition of Li metal is a
preferential choice.15−20 It can reduce the current density of Li
deposition and accelerate uniform Li deposition, as well as
provide a stable substrate for accommodating Li deposition
and inhibiting dendrite formation. Additionally, the surface
composition or active site of the current collector also can be
directly acted on by the Li deposition behavior.14 Combined
with the above research points, Zhao et al. constructed a
polyvinylidene ﬂuoride (PVDF) framework decorated by an
Ag concentration gradient as the 3D host for a Li metal
anode.21 Yang et al. also have devised a 3D conductive network
with a lithiophilic interface by coating Ag NPs on carbon
nanotubes.22 Thus, the production of dead Li and the
consumption of active substances would decrease, which can
improve the Coulombic eﬃciencies and cycle lifespans of
LMBs.
Anodic oxidation and electrodeposition, the simple and welldeﬁned structure regulations for surface machining of
materials, provide a reference for the construction of 3D
lithiophilic interface current collectors. Anode oxidation is
where the metal is connected to a positive electrode and
treated by a suitable current for a certain time. The pore size
and thickness of the oxide ﬁlm can be controlled, so it can be
widely used as a good template material in the synthesis of
ordered nanostructures.23,24 For example, the thickness of an
alumina template can be controlled under a stable current
density. Due to the characteristics of the metal itself and the
action of the current, the ﬂat metal will be transformed into a
3D porous structure after oxidation. Electrodeposition can
realize precise control of an electrochemical reaction by
adjusting the current and electriﬁcation time. During the
electrodeposition process, the reaction in the region with a

Figure 1. (a) Schematic diagram for obtaining Ag@CuO NWs
current collector. Schematic diagram of (b) anodic oxidation and (c)
electrodeposition.

anodized in a 2 M KOH solution to form copper hydroxide
nanowires (Cu(OH)2 NWs). Then, Cu(OH)2 NWs were
calcined to obtain the CuO NWs substrate. Ag NPs were
introduced on CuO NWs by the electrodeposition process
(Figure 1(c)). On the one hand, a CuO NWs array could
provide suﬃcient space and reduce the current density for Li
deposition to promote uniform deposition. On the other hand,
Li nucleation on the anode is more uniform due to the
induction of Ag NPs. This combination results in a more
controllable behavior of Li plating and stripping, which can
eﬀectively overcome the volume change of a Li metal anode
and provide a stable base for the construction of SEI. The
construction of this substrate system provides a feasible
strategy for the future application of Li metal anodes.

■

EXPERIMENTAL SECTION

Preparation of CuO Nanowires. Cu mesh (150 mesh, 2 cm × 3
cm) was immersed in hydrochloric acid (HCl, 1 M) for 5 s to remove
the oxide ﬁlm on the surface. After being cleaned with deionized water
and dried in an oven at 80 °C, Cu mesh was placed in a 2 M KOH
solution at room temperature and treated with a current of 20 mA
cm−2 for 2 min. Then, copper hydroxide nanowires (Cu(OH)2 NWs)
were obtained by this anodic oxidation process with Cu mesh and a
platinum (Pt) plate used as the working and counter electrodes,
respectively. The obtained Cu(OH)2 NWs were washed with
deionized water and dried in an oven at 80 °C for 2 h. Finally,
CuO NWs were obtained by calcination at 200 °C in argon (Ar) for 1
h at a heating rate of 2 °C min−1.
Synthesis of Ag@CuO Nanowires. Ag@CuO NWs were
synthesized by pulsed electrodeposition in a silver ammonia solution
(3 mM) in an electrolytic cell. The parameters of pulse deposition
B
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were set to power on for 0.1 s and oﬀ for 0.3 s for 75 cycles. A twoelectrode system was used, with a CuO NWs substrate as the working
electrode and a Pt plate as the counter electrode. The silver ammonia
solution was obtained by dissolving 0.025 g of AgNO3 (Xilong
Chemical Company, China) in a beaker in a certain amount of
deionized water and then adding ammonia solution (0.55 M) into it.
Add ammonia to the AgNO3 solution so it begins to precipitate, and
then, continue to add ammonia until the precipitation disappears.
Finally, the volume of the resulting solution was ﬁxed to 50 mL.
Materials Characterization. XRD patterns were measured
employing an X-ray diﬀractometer (Rigaku, Miniﬂex 600, Cu Kα, λ
= 0.154 nm). Scanning electron microscopy (SEM, Zeiss Gemini
SEM 500), energy dispersive spectrometry (EDX, Ultim extreme,
Oxford), and transmission electron microscopy (TEM, Tecnai F30
TWIN, FEI) were used to analyze the morphologies, elemental
analyses, and microstructures of the samples. The elemental valence
states of the materials were determined by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher, Escalab Xi+)). The aﬃnity of the
collector to electrolytes was shown through a contact goniometer
(Powereach JC2000C1, Shanghai Zhongchen Digital Technique
Equipment Co., Ltd.).
Electrochemical Performance Characterization. In order to
test the Coulombic eﬃciency, impedance value, and whole battery
performance in the electrochemical process, coin cells were
assembled. The electrolyte used for the battery assembly was ethylene
carbonate (EC) and diethyl carbonate (DEC) as the solvents (1:1 in
volume), lithium hexaﬂuorophosphate (LiPF6, 1 M) as the solute, and
vinylidene carbonate (VC, 5 wt %) as the electrolyte additive. A
Celgard 2500 microporous membrane was used as the separator.
Here, a 75 μL electrolyte was added to each cell. Cu mesh, CuO
NWs, and Ag@CuO NWs were made into electrode pieces with a
diameter of 12 mm. A CR2032 battery was assembled with Li metal
to test its cycle performance and impedance before and after cycling.
During the cycle, the current was controlled at 1 mA cm−2, and the
deposition capacity was 2 mAh cm−2. The sample was also equipped
with with LiNi0.5Co0.2Mn0.3O2 (NCM523) as the cathode to test the
full cell performance. NCM523, acetylene black, PVDF were mixed in
N-methyl pyrrolidone (NMP) at a mass of 8:1:1, respectively. The
resulting slurry is evenly coated on aluminum foil, dried, and cut into
a round disk with a diameter of 12 mm. Cu mesh, CuO NWs, and
Ag@CuO NWs all (12 mm in diameter) were predeposited on 5 mAh
cm−2 of Li to be matched with NCM523 as a CR2032. The electrolyte
used was the same as the above half-cells, and the dosage was 75 μL.
The separator was also the Celgard 2500 microporous membrane (18
mm in diameter). All cell assemblies were carried out in an argon
glovebox, and tests were carried out by a Xinwei battery tester at 25
°C. The electrochemical impedance spectroscopy (EIS) measurements were saved from 10 mHz to 100 kHz on Solartron 1287/1260.
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Figure 2. TEM image (a) and HRTEM image (b) of CuO NWs.
SEM image (c) and elemental mappings (d, e, f) of Ag@CuO NWs.

nanowires on the surface. By analyzing the element mapping
image of the Ag@CuO NWs, the Ag element (Figure 2(d)) is
evenly distributed between Cu (Figure 2(e)) and O (Figure
2(f)), which also shows that the 3D substrate with lithophilic
interface is successfully constructed by electrochemical treatment. The nonselectivity of electrodeposition allows Ag NPs to
be evenly distributed on CuO NWs at substantially the same
size. Under the induction of Ag NPs, the overpotential of Li
nucleation will be basically eliminated, and Li metal tends to
grow rapidly with the existence of Ag NPs. Since Ag NPs are
evenly distributed, the nucleation of Li metal on the substrate
will also be more uniform.
XPS characterization is used to study the chemical
composition and valence of Ag@CuO NWs materials. In the
full spectrum, the obvious peaks of Ag, Cu, and O are obvious.
For Ag elements, the peaks at 368.8 and 374.8 eV
corresponding to Ag 3d5/2 and Ag 3d3/2, respectively, conﬁrm
the formation of Ag (Figure 3(a)).27 For Cu 2p, there are two
distinct peaks at 933.8 and 953.2 eV (Figure 3(b)),
characterized by Cu 2p3/2 and Cu 2p1/2, respectively. The
substance corresponding to these binding energy peaks is
CuO.28 The remaining weaker peaks at 932.6 (Cu 2p3/2) and
953.2 eV (Cu 2p1/2) indicate that a small amount of Cu2O is
still present.29 This may be due to insuﬃcient oxidation during
anodizing or the disproportionation of Cu and CuO during
high-temperature calcination. However, the substrate is still
mainly in the form of CuO, which will not have a signiﬁcant
impact on its basic performance. Without introduction of
carbon throughout the process, there are no peaks in the
carbon spectrum other than the standard peaks (Figure 3(d)).
The SEM images show that Cu mesh is ﬂat on the surface,
and the diameter of the mesh is over 50 μm. Thus, the speciﬁc
surface area is limited (Figure 4(a) and (d)). However, after
anodizing treatment, a large number of needle-shaped CuO
nanowires (CuO NWs) arrays are formed on the surface
(Figure 4(b), (e), (g), and (h)). The obtained nanowires are

■

RESULTS AND DISCUSSION
Because Cu(OH)2 and CuO NWs have small diameters and
are only thin layers, it could be seen that there are no other
corresponding characteristic peaks except for the main peaks of
Cu in the XRD diﬀraction spectrum (Figure S1(a)).
Furthermore, the TEM image conﬁrms the CuO NWs with
needle-shaped morphologies (Figure 2(a)). The lattice stripes
of CuO NWs are shown in the HRTEM image (Figure 2(b)).
The spacing of them was measured at 0.23 nm, corresponding
to the (111) crystal plane on the standard spectrum of CuO.
At the same time, the amount of Ag deposited on the surface is
very small, and the particle size is between 100−200 nm, which
means that the diﬀraction peak of Ag is easily covered by
strong copper peaks. Therefore, it is diﬃcult to ﬁnd Ag
diﬀraction peaks on the XRD diﬀraction spectrum.26 Also, the
diﬀerence can be seen from the apparent morphologies of
them. As shown in Figure S1(b), Cu(OH)2 is blue in color,
while calcined CuO appears black due to the presence of many
C
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Figure 3. Ag@CuO NWs XPS spectra of (a) Ag 3d, (b) Cu 2p, (c) O 1s, and (d) C 1s.

Figure 4. Diﬀerent magniﬁcations of SEM images of (a, d) Cu mesh, (b, e, g, h) CuO NWs, and (c, f, i) Ag@CuO NWs substrates.

4−6 μm in length, and the diameter of the top needle is
between 300 and 500 nm. It is found that the CuO NWs are
obtained by sintering Cu(OH)2 NWs clusters (Figure S2).
These nanowires not only increase the speciﬁc surface area but
also further increase the internal space of the material. The
results are that there is more space for accommodation with
later Li deposition, as well as having a chance to provide
eﬀective and uniformly dispersed sites for Ag NPs on the
substrate. Finally, after electrodeposition, Ag+ ions are more

likely to have electrons at the tip owing to the tip discharge
eﬀect during the deposition process (Figure 4(c), (f), and (i)).
Once the tip positions were completely occupied, the Ag NPs
began to deposit around the nanowires, slowly covering all the
surfaces of the nanowires. The average particle size of the Ag
NPs is between 100 and 200 nm. Meanwhile, due to Ag+ ions
being reduced to individual Ag NPs on the CuO NWs rather
than the Ag layer, individual distributed Ag NPs have more
contact area between the ordinary Ag layer. There is a large
D
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Figure 5. (a) Galvanostatic discharge voltage proﬁles of diﬀerent anodes during the initial Li deposition at 1 mA cm−2. Nyquist plots (b) before
cycling and (c) after 10 cycles of diﬀerent current collectors. Coulombic eﬃciencies of Ag@CuO NWs, CuO NWs, and Cu mesh current collectors
at (d) 1 mA cm−2 for 2 mAh cm−2 and (e) 0.5 mA cm−2 for 5 mAh cm−2.

chance to obtain various structures of the substrate with
diﬀerent speciﬁc surface areas and porous volumes, further
providing a possibility to achieve a tunable Li metal deposition
process and morphology. Similarly, Ag+ ions are highly
oxidized in the solution, and it is easy to have electrons be
reduced into Ag. Therefore, a certain amount of ammonia is
added to the electrolyte to complex with Ag+ ions, and they are
protected to inhibit disorderly deposition. Meanwhile, pulse
electrodeposition is used to reduce the electrochemical
polarization of Ag particles; thus, they have enough time to
reach the negative interface for reactions, and then be in
control of the particle sizes of Ag+ ions.
Ag@CuO NWs were used as working electrodes, and Li foil
was used as the reference electrode and counter electrode to
carry out the coin cell test. At the same time, Cu mesh and a
CuO NWs substrate were used as working electrodes for a
comparative test. Except for the diﬀerent working electrodes,
other assembly and testing conditions were consistent. The
batteries were tested for cycles at a current of 1 mA cm−2 and a
discharge capacity of 2 mAh cm−2. The nucleation overpotential of the Li metal of the ﬁrst cycle is deﬁned as the
diﬀerence between the bottom of the voltage dip and the ﬂat
part of the voltage plateau in the initial cycle discharge curve.13
Li metal exhibits a signiﬁcant nucleation overpotential of about
40 mV on Cu mesh (Figure 5(a)). The overpotential of Li
metal nucleation on the CuO NWs is about 18 mV because it
has a slightly higher speciﬁc surface area than Cu mesh. The
Ag@CuO NWs substrate shows no signiﬁcant overpotential
for nucleation of Li deposition. Owing to the limited speciﬁc
surface area of Cu mesh, the polarization of Li deposition on it
will be considerable. In addition, there is no two-phase region
where Li and Cu can form an alloy; thus, the Li nucleation on
the Cu mesh is a heterogeneous nucleation process. CuO NWs
can reduce the current density of the anodic electrochemical
reaction and the polarization of Li metal nucleation for its

binding force during the electrochemical reactions, which
means that Ag NPs can be tightly bound to the CuO NWs
substrate. Further, the Li metal plating/stripping at the
substrate interface is the process of obtaining and losing
electrons, and the excellent conductivity of Ag can play a role
as a bridge to help electron transmission in the cycle.
Therefore, Ag NPs and the substrate can maintain stability
during Li metal plating/stripping. These particles densely exist
at the tip and around the CuO NWs forming a lithiophilic
interface, which could allow the Li metal to nucleate and grow
evenly on the substrate.
During the process of anodic oxidation, Cu mesh begins to
oxidize from the surface to the interior to form Cu(OH)2
NWs.30 The degree of the reaction is related to the current
density and power-on time. A typical anodic oxidation process
is where the metal anode is ﬁrst dissolved, and the metal ions
then react with the electrolyte to form the corresponding metal
hydroxide or oxide ﬁlm on the surface of the electrode.
Therefore, the current density plays a decisive role in the
dissolution reaction of the metal. This work mainly regulated
the structures of CuO NWs by regulating current densities
from 10 to 30 mA cm−2 for 2 min. As is shown in Figure S3(a),
once the current density is as low as 10 mA cm−2, the CuO
NWs are too short and thick to provide good deposition sites
for Ag NPs and achieve Li metal deposition regulation.
Meanwhile due to the fast reaction rate during oxidation at 30
mA cm−2, the obtained CuO NWs present irregular loose
porous morphologies (Figure S3(c)). They do not have stable
speciﬁc structures and simply do not provide stable conductive
substrates for Li metal deposition. However, a substrate with a
higher speciﬁc surface area and a relatively stable structure has
been obtained at 20 mA cm−2 (Figure S3(b)). It is shown that
the lengths and diameters of CuO NWs formed in this anodic
oxidation process could be easily tuned by changing the
operation current density. Thus, this method also gives a
E
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Figure 6. Li deposition SEM images of the (a, c) Cu mesh and (b, d) Ag@CuO NWs with deposition capacity of 5 mAh cm−2.

95.3% (Figure 5(d)). But CuO NWs and Cu mesh had
steadily cycled about 60 and 40 cycles, respectively, and their
highest Coulombic eﬃciency was only about 90.2%. On the
basis of its low speciﬁc surface area and volume, there is not
enough volume to hold Li metal for Cu mesh in the deposition
process. Thus, Li tends to start to nucleate and grow
uncontrollably. In this case, the huge volume change produced
by Li deposition causes SEI to repeatedly generate and rupture.
This further aggravates the uneven composition and spatial
distribution of SEI, making Li+ ions unable to uniformly obtain
electrons to achieve even deposition and thus produce Li
dendrites. This step-by-step response is the rapid consumption
of active substances, which greatly reduces the cycle lifespan
and Coulombic eﬃciency of the battery in the Cu mesh.
Although CuO NWs improve the surface area and volume of
the substrate, they reduce the current density of Li deposition
while holding more deposited Li. Li still has a large nucleation
overpotential on the CuO NWs. CuO NWs also contain a little
amount of Cu2O, and the study has shown that Cu2O on a
substrate surface would react irreversibly with deposited Li to
produce Cu and Li 2 O. 29 In Figure S4, this can be
demonstrated by cyclic voltammetry (CV) curves of four
substrates and Li at the same scanning rate. In the Ag@CuO
NWs and CuO NWs curves, a new reduction peak is generated
around 2.2 V during the negative scanning process (Figure
S4(b)). Owing to the low content of Cu2O, the peak intensity
is also low. It will still allow active Li to be consumed to reduce
the Coulombic eﬃciency of the battery. For Ag@CuO NWs,
the uniformly distributed Ag NPs obtained by electrodeposition provide a lithiophilic interface, which can make
the Li nucleation more uniform. The even Li+ ion ﬂow can also
be reduced in the anode through the SEI layer, which
eﬀectively avoids the growth of Li dendrites; thus, the
reversibility of the electrode reaction has been enhanced.
Therefore, the cycle lifespan and Coulombic eﬃciency have
been signiﬁcantly improved in LMBs due to the introduction
of Ag@CuO NWs.
Simultaneously, the electrochemical performance was tested
at 0.5 mA cm−2 with a discharge capacity of 5 mAh cm−2
(Figure 5(e) and Figure S5). It showed that Ag@CuO NWs
could maintain the Coulombic eﬃciency of 90.3% after 80
cycles, while CuO NWs and Cu mesh could only cycle for only

higher speciﬁc surface area; thus, it shows a lower nucleation
overpotential than Cu mesh. The presence of Ag NPs and a
CuO NWs substrate have an inducing eﬀect on uniform
nucleation and Li deposition. Thus, the Li nucleation on the
Ag@CuO NWs become easier. It could eﬀectively control the
nucleation of Li metal and make full use of the expanded
volume on the substrate. On this basis, it can inhibit Li
dendrite growth while maintaining the stability of SEI. Also, it
has a positive eﬀect on the uniform Li deposition metal and
electrochemical performances of LMBs.
The EIS curves of diﬀerent batteries in the initial state and
after 10 cycles were tested. Before cycling, the resistance values
of Ag@CuO NWs and CuO NWs were only 105.1 and 150.2
Ω, respectively (Figure 5(b)). However, Cu mesh showed a
little higher impedance value, which reached 203.6 Ω. This
indicates that Ag@CuO NWs exhibits an outstanding interface
reaction ability with an anode and Li+ ion transport
performance compared with Cu mesh before cycling. After
10 cycles, it was found that the impedance value of each
substrate had increased (Figure 5(c)) by various extents. The
values of Ag@CuO NWs reached 137.4 Ω, which showed a
slight increase. CuO NWs and Cu mesh had experienced a
high growth rate. CuO NWs had grown from 150.2 to 253.7 Ω,
which was about 1.86 times the value before cycling. Cu mesh
had grown from 203.6 to 431.7 Ω, which was about 2.12 times
the original value. This shows that under the action of Ag@
CuO NWs the interface impedance value could be maintained
at a lower level, and the interface reaction of the Li metal is
more stable. The SEI layer formed on the Ag@CuO NWs
substrate was more uniform than that of CuO NWs and Cu
mesh. It also explained that Li+ ions have a lower interface
transport impedance on Ag@CuO NWs during the cycle,
which makes them easier to pass through SEI for deposition.
This reduces the surface concentration polarization, which is
conducive to nucleation and Li uniform deposition on the
anode.
The half-cells were assembled on the basis of a carbonate
electrolyte for electrochemical performance tests. The current
was controlled at 1 mA cm−2, and the discharge capacity was 2
mAh cm−2. Through the testing result, it is found that Ag@
CuO NWs could perform 100 cycles stably under this
condition and maintain a high Coulombic eﬃciency of
F
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Figure 7. Full-cell electrochemical performance with NCM523 cathode. The cycling performance of the Cu mesh, CuO NWs, and Ag@CuO NWs
at rates of (a) 1 C and (d) 2 C. The voltage proﬁles of (b) Cu mesh and (c) Ag@CuO NWs at the rate of 1 C at diﬀerent cycles. The voltage
proﬁles of (e) Cu mesh and (f) Ag@CuO NWs at the rate of 2 C at diﬀerent cycles.

more obvious the deposition inhomogeneity is. From the
perspective of nucleation, because the Li deposition on the Cu
mesh belongs to a heterogeneous reaction, there is a huge
barrier for Li nucleation. It means that when some uneven
nuclei are formed on the Cu mesh, the remaining Li will tend
to be deposited directly on the existing nuclei rather than to
form a new nucleus. This will further exacerbate the uneven Li
deposition. But for the Ag@CuO NWs substrate, Ag NPs are
evenly distributed on the CuO NWs substrate, which means
that a large number of lithiophilic sites are existing on this
substrate. Then, there will be a number of Li nuclei formations
on the Ag NPs. In this way, the remaining Li will tend to grow
on these stable nuclei, which in turn inhibits the uneven Li
deposition. Meanwhile, the CuO NWs substrates can also
provide more space for Li deposition than Cu mesh. Thus, the
Ag@CuO NWs substrate can signiﬁcantly improve the Li
deposition behavior. Such deposition behavior would inevitably lead to low Coulombic eﬃciency and being unable to
maintain a long cycle stability. In contrary, the 3D structures
combined with Ag NPs introduced on CuO NWs have higher
speciﬁc surface areas, bigger volumes, and lithiophilic
interfaces. The Ag NPs on the CuO NWs can induce Li
nucleation easily, so Li metal tends to nucleate and grow inside
the CuO NWs and then deposit. This deposition behavior can
maximize the use of the 3D structure formed by the CuO NWs
substrate, eﬀectively alleviating the volume change during the
Li metal deposition and ultimately providing the battery with a
high Coulombic eﬃciency. It also showed that the structural
stabilities of CuO NWs during Li plating and stripping can
provide a stable substrate for a long battery lifespan. These
diﬀerent deposition behaviors vividly explained the core
thought of this work. It is to predesign a 3D structure
substrate and then introduce a lithiophilic interface into the
substrate. Through the induction eﬀect of this interface on Li
metal deposition, it will make full use of the volume of the 3D
structure and ﬁnally realize the eﬀective regulation of Li metal
deposition. Then, an even Li metal deposition layer would
make a SEI layer be more stable during the cycle. In turn, this

50 and 20 cycles, respectively. This further illustrates that there
is not enough volume on the Cu mesh to accommodate such a
high-capacity Li metal, and Li cannot be reversibly deposited
and stripped on the Cu mesh. It also shows that even if the
pristine CuO NWs substrates have large speciﬁc surface areas
and volumes, the nucleation and growth of Li metal on the
surfaces are not uniform. It is diﬃcult to withstand the
repeated high-capacity Li metal stripping/deposition process.
Li deposition on CuO NWs only occurs on the surfaces, and it
is impossible to fully utilize the spaces inside the nanowires.
For Ag@CuO NWs, due to the induction of uniformly
distributed Ag NPs, Li is able to preferentially grow in the local
shaped nuclei. Li metal uniformly nucleates on these Ag NPs,
which can promote its even deposition, hinder the reaction
between Li metal and the electrolyte, and ﬁnally, prolong the
lifespan of the battery. Further, the homogeneous nucleation
and growth of Li metal on Ag@CuO NWs can make full use of
increased volume through anodic oxidation on CuO NWs.
High capacity and long cycle lifespan are the pursuit of all
secondary battery systems, and high energy density in LMBs is
easy to achieve. However, it is diﬃcult to achieve long cycle
lifespan at the same time. This work therefore provides some
ideas for the design of high-capacity and long cycle lifespan
LMBs.
The microstructures of Ag@CuO NWs and Cu mesh after
deposition with 5 mAh cm−2 of Li were observed by SEM. Li
deposition on the Cu mesh was uneven, showing a typical
dendritic morphology (Figure 6(a)). Furthermore, it could be
found that the Li deposition on the Cu mesh was
heterogeneous (Figure 6(c)). As for Ag@CuO NWs, it
showed no dendrite formation, and Li metal ﬁlled the whole
porous structure of the CuO NWs evenly (Figure 6(b) and
(d)). Cu mesh has a limited speciﬁc surface area, and the
current density for Li deposition on the Cu mesh is quite
higher, resulting in an obvious polarization. As a result, Li
metal cannot achieve uniform nucleation around the Cu mesh.
The subsequent growth of Li metal also gathers on these
uneven nuclei. Thus, the higher the deposition capacity is, the
G
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will cause a uniform stream of Li+ ions to pass through the SEI
layer and continue to nucleate and grow uniformly, forming a
virtuous cycle. Through these means, the Coulombic eﬃciency
and lifespan of the battery could be improved. The contact
angle tests are to compare the wettability of the electrolyte to
Ag@CuO NWs and Cu mesh. There was a contact angle of
23.7 °C between the Cu mesh and electrolyte (Figure S6(a)).
However, Ag@CuO NWs could be completely inﬁltrated with
the electrolyte (Figure S6(b)). The complete inﬁltration of the
electrolyte also allows Li+ ions to better enter the 3D structure,
which could allow Li+ ions to more easily get electrons to
deposit inside the nanowires to inhibit the volume change of Li
deposition and drive uniform Li deposition.
Finally, the performance of full batteries with diﬀerent
current collectors were tested. The capacities of 5 mAh cm−2
Li were predeposited on diﬀerent substrates, which were
assembled with NCM523 for testing (Figure 7(a)). To pair
with a limited Li anode, the mass loading of NCM523 in the
test is 3.06 mg cm−2. To further investigate the utilization of Li
by Cu mesh, CuO NWs, and Ag@CuO NWs, the long-term
cycle performances of the full-cell were tested at 1 and 2 C,
respectively. It was found that Ag@CuO NWs still had a
capacity retention of 85.6% after 200 cycles at 1 C. In contrast,
the CuO NWs substrate and Cu mesh began to decay rapidly
after 100 and 60 cycles, respectively. A further comparison of
the cycle curves between Ag@CuO NWs and Cu mesh in a
single cycle showed that Ag@CuO NWs could achieve a stable
operation from the ﬁrst to 200th cycle, and the discharge
speciﬁc capacity was kept at a high level (Figure 7(b)). But the
discharge speciﬁc capacity of the Cu mesh began to decline
rapidly after the 70th cycle (Figure 7(c)). Meanwhile, the
capacity retention of Ag@CuO NWs was 89.2% after 100
cycles at 2 C (Figure 7(d)). However, CuO NWs and Cu mesh
only maintained a lifespan of 45 and 30 cycles, respectively.
For the charge−discharge curve, the discharge speciﬁc capacity
of Cu mesh had begun to decrease rapidly after 25 cycles
(Figure 7(e)). For Ag@CuO NWs, there is a stable discharge
speciﬁc capacity from the ﬁrst to 100th cycle, indicating that Li
could be steadily stripped from the anode (Figure 7(f)). The
reason could be analyzed from the point of the deposition
morphologies. It could be seen that the capacities of the CuO
NWs and Cu mesh after a certain cycle began to decline
rapidly, rather than decaying as slowly as ordinary batteries.
The reason can be also found in the electrochemical
performance of the half-cell. CuO NWs and Cu mesh, because
their structures for Li deposition are not eﬀectively regulated,
result in low Coulombic eﬃciencies during the cycle, which
produce a large amount of dead Li and constantly consume the
electrolyte. Bring this behavior into the full battery, the three
substrates are added with the same volumes of electrolyte.
Because of the production of dead Li in the CuO NWs and Cu
mesh, the electrolyte is quickly consumed, eventually leading
to a rapid dive in battery capacity. Therefore, under the
condition that all three substrates are added with the same
volumes of electrolyte, CuO NWs and Cu mesh make the
electrolyte quickly deplete due to the production of dead Li,
which eventually leads to sharp attenuation of capacity. The
detailed morphologies of 5 mAh cm−2 Li deposited in diﬀerent
substrates are shown in Figure S7. It could be intuitively seen
that Li completely covered the whole Ag@CuO NWs substrate
evenly (Figure S7(a)), which provided a uniform and ﬂat
surface for the battery and was conducive to Li plating and
stripping. Li deposition on CuO NWs (Figure S7(b)) and Cu
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mesh (Figure S7(c)) could be clearly identiﬁed with uneven
morphologies, which would lead to uncontrollable Li plating
and stripping on the substrate and accelerate the generation of
Li dendrites. Thus, it could be found that Ag@CuO NWs have
greater advantages over the other two substrates. It is proved
that Ag@CuO NWs are extremely compatible with highvoltage cathodes and conducive to the high-capacity properties
of Li metal anodes. However, Ag@CuO NWs exhibit high
Coulombic eﬃciency in half batteries, resulting in longer stable
cycle life in full batteries.

■

CONCLUSIONS
In general, a kind of Ag@CuO NWs substrate as a 3D current
collector was synthesized by two simple and well-deﬁned
electrochemical machining methods. While a CuO NWs
substrate is matched to provide a deposition host for Li
metal, Ag NPs can induce uniform Li deposition. The uniform
deposition behavior can maintain the stability of substrate,
which enhances the protection of SEI and reduces the
consumption of the reaction between Li and the electrolyte.
The outstanding conductivities of Ag NPs and large speciﬁc
surface areas of CuO NWs can reduce the current density of Li
deposition and inhibit the generation of Li dendrites. On this
basis, Ag@CuO NWs could maintain a capacity retention of
85.6% for 200 cycles at 1 C in carbonate-based electrolytes.
Under the combined action of Ag NPs and CuO NWs
substrates, the plating and stripping Li metal could be
controlled. The design of this work provides a new way for
the realization of LMBs with high energy densities.
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