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Abstract
Lithiophilic hosts are confirmed to effectively enhance the electrochemical stability of lithium (Li) anodes, thereby guarantee-
ing the safe, practical application of Li metal as the anode in rechargeable Li-ion batteries. This study reveals a lithiophilic 
three-dimensional copper current collector (Ag@CF). Silver (Ag) nanoparticles were anchored on the surface of a skeleton 
of copper foam (CF) via a facile displacement reaction under ultrasonic conditions. The introduced Ag nanoparticle layer 
reduces the nucleation barrier of Li, leading to a homogeneous Li nucleation and plating. Simultaneously, porous Ag@CF 
provides the structural support and storage volume of the Li anode, eliminating its volume change in the process of plating/
stripping. Benefiting from the above, the Ag@CF electrode shows a superior electrochemical performance in half-type cells 
(near 100% coulomb efficiency for 350 cycles at 1 mA  cm−2). Composite electrodes (Li-Ag@CF) preloaded in the Ag@
CF network deliver an ultra-long lifespan of over 1600 h with a low over-potential at 1 mA  cm−2 in Li-Ag@CF symmetric 
cells. Furthermore,  LiFePO4∣Li-Ag@CF full cells display enhanced capacity retention (over 80% for 800 cycles at 1 or 3 C). 
More importantly, this method is facile, large-scalable, and low-cost, which offers an alternation strategy for the practical 
application of stable Li anodes.
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Introduction

With the promotion of distributed generation, such as 
solar and wind energy, and the continuous development 
of electrical products, energy storage devices with both 
high-energy density and high stability have been in the 
limelight.1,2 Currently, lithium-ion batteries (LIBs) are the 
mainstream rechargeable energy storage devices, which 
have been widely assembled in portable electronic prod-
ucts and electric vehicles to provide electricity.3–5 How-
ever, intrinsic properties (e.g., low specific capacity or 
instability) of the electrodes limit the further increase in 
the energy density of LIBs.6 The lithium (Li) metal elec-
trode (with the ultrahigh theoretical specific capacity and 
lowest electrochemical potential) is regarded as the key 
anode material to promote the revolution of rechargeable 
energy storage devices.7,8 Unfortunately, pure Li metal is 
a hostless electrode, and usually tends to an uneven plat-
ing/stripping during the process of charging/discharging, 
even in the shape of a branch (dendrite growth).9–11 The 
uneven plating/stripping of Li will lead to a series of prob-
lems, such as the formation of dead Li, the destruction of 
the solid electrolyte interphase (SEI) membrane and the 
consumption of limited Li resources, which give rise to a 
decrease in capacity and coulombic efficiency.12–14 Under 
the worst case, the dendrite of Li may pierce the separator, 
resulting in serious safety incidents. In addition, due to 
the lack of support of the host materials, a pure Li anode 
will undergo a huge volume change during the process of 
charging/discharging. This will increase the instability of 
the LIBs, and even deteriorate their performance. All these 
inherent shortcomings hinder Li metal from directly acting 
as an anode of LIBs.

Many strategies have been carried out to address these 
issues. Electrolyte  additives15–20 and artificial protective 
 membranes21–23 have been reported to effectively improve 
the interfacial stability and electrochemical properties of 
Li anodes. However, these strategies are still unsatisfac-
tory for the needs of practical applications, especially in 
the case of high current and high capacity. Due to the 
high Young's modulus, solid electrolytes have been used 
in the design of all-solid-state LIBs to suppress the Li 
dendrites. However, the insufficient  Li+ conductivity and 
unfavorable interface resistance remain the critical chal-
lenges.24,25 Recently, another strategy has attracted much 
attention to regulate the plating of Li, that is to design 
three-dimensional (3D) current collectors. As the host of 
Li anodes, 3D current collectors with high specific sur-
face  area26,27 have been reported to limit the local current 

density and restrict the rapid formation of Li dendrites to 
a certain extent.28–30 Driven by this idea, various porous 
conductive current collectors have been designed to 
improve the stability of Li metal anodes, such as porous 
metals,31–33 porous carbon frameworks,34–38 and porous 
metal-organic frameworks.39,40 Unfortunately, despite 
3D current collectors having been proved to mitigate the 
growth of Li dendrites and the huge change of volume, 
the higher energy barrier (the nucleation over-potential) 
of Li atoms deposited on common materials (which were 
used to design the 3D current collectors, such as Cu,41 Ni, 
C, or metal–organics) is still an obstacle to the uniform 
deposition of Li. The nucleation and plating behavior of 
Li atoms on heterogeneous substrates were discussed by 
Cui.42 Their results showed that Li atoms nucleated or 
plated on a heterogeneous substrate with poor lithiophilic 
property need to overcome a relatively high energy barrier, 
which was the source of the inhomogeneous plating of Li 
and even the formation of Li dendrites. Therefore, it is 
particularly important to enhance the lithiophilic property 
of 3D current collectors.43–51 Regrettably, most designs 
undergo complex chemical or physical processes, making 
it difficult to promote the actual application. In addition, 
as alternative designs with huge application prospects, it 
is necessary to have a low-cost preparation process and 
raw materials.

Here, we report a facile lithiophilic 3D copper current col-
lector prepared by a simple and reliable displacement reaction. 
Due to economy and practicability, copper foam (CF) was cho-
sen as the basic framework to provide the space for Li deposi-
tion. The microporous structure of CF guarantees the infiltra-
tion of the electrolyte, which provides abundant channels for 
the fast diffusion of the  Li+. Silver (Ag) nanoparticles were 
anchored on the surface of the skeleton of the CF via a dis-
placement reaction under ultrasonic conditions. The operation 
of the displacement reaction under ultrasonic conditions is to 
remove those Ag nanoparticles with poor bonding on-site, and 
indemnify the remaining Ag nanoparticles which are firmly 
riveted on the surface of the CF. More importantly, Ag nano-
particles with certain Li solubility can reduce the nucleation 
over-potential of Li atoms, leading to a homogeneous deposi-
tion. Under the synergistic effect of the advantages mentioned 
above, the modified CF (Ag@CF) electrode and the modified 
Li composite electrode (Li-Ag@CF) can deliver an ultra-long 
lifespan in half-cells or symmetric cells, respectively. Further-
more, a  full cell assembled with  LiFePO4 (LFP) and Li-Ag@
CF was constructed to verify the practical application of this 
design, which displays enhanced cycling performances and 
over 80% capacity retention after 800 cycles at 1 and 3 C.
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Experimental

Preparation of Ag@CF Electrode

All reagents were used without further purification. The CF 
(0.3 mm in thickness; Shenzhen Kejing Zhida Technology) 
was cleaned by anhydrous ethanol and deionized water to 
remove the impurities and oil stains on the surface. Then, 
the washed CF was immersed in 1 M hydrochloric acid for 
20 min to remove the oxide layer. After that, the cleaned 
CF was washed with deionized water again and dried in a 
vacuum oven at 60°C for 2 h. To prepare the reaction solu-
tion, 0.25 ml of nitric acid and 42.5 mg of silver nitrate 
(both, Chengdu Kelong Chemical Reagent Factory) were 
added into 250 ml of deionized water and stirred for 15 min 
to obtain a clear liquid. Then, the CF was immersed in the 
reaction solution under ultrasonic conditions for 30 min. 
The frequency and power of the ultrasonics were 20 KHz 
and 0.05 W  cm−2, respectively. Finally, after cleaning with 
deionized water and drying in a vacuum oven at 60°C for 2 
h, the Ag@CF electrode was obtained.

Preparation of Li‑Ag@CF or Li‑CF Electrodes and LFP 
Cathode

The composite electrodes/anodes (Li-CF and Li-Ag@CF) in 
symmetric cells and full cells were prepared by preloading 
6 mA h  cm−2 of Li in CF and Ag@CF and then harvesting 
from half-cells. All the electrodes disassembled from half-
cells were cleaned several times using DMC in an Ar-filled 
glove box with  O2 and  H2O less than 0.01 ppm. Then, the 
pre-cleaned samples were dried at 60°C in a vacuum oven. 
To prepared the cathodes of the full cells, LFP, conductive 
carbon black (both, Shenzhen Kejing Zhida Technology Co), 
and polyvinylidene fluoride were mixed in the weight ratio 
of 8:1:1 and ground for 1 h. Then, the paste was uniformly 
applied to an aluminum foil and dried overnight at 80°C in 
a vacuum oven. Finally, the LFP cathodes were obtained 
by stamping the foils into a disc with the radius of 6 mm. 

The areal loading density of the active material per cell was 
about 2.3 mg  cm−2.

Electrochemical Performance

Electrochemical measurements were implemented using 
standard CR2032 button battery cells. All the cells were 
assembled in an Ar-filled glove box. A Celgard 2500 mem-
brane was used as the separator. An mixture of 1 M Li bis-
(trifluoromethane) sulfonylimine salt in 1:1 DOL/DME 
(volume ratio) with 1 wt% of  LiNO3 additive was used as 
the electrolyte, and the added amount of electrolyte was 50 
ul per cell. CF, Ag@CF, and Li foil (450 µm in thickness) 
with a radius of 6 mm were used as the working electrodes 
and counter electrodes in the half-cells. Li-CF or Li-Ag@
CF were assembled as the working electrodes in symmetric 
cells. Galvanostatic cycling was performed on a NEWARE 
battery test system. In order to enhance and stabilize the 
native SEI membrane, an initial 5 cycles with a low current 
density of 50 uA  cm−2 were set. Impedance was measured 
using a CHI660e electrochemical workstation (Shanghai 
Chenhua Science Technology) from 0.01 Hz to 100 kHz. For 
full cells, LFP electrodes were used as cathodes, Li-Ag@
CF electrodes or Li foils were used as anodes, and charge/
discharge processes were implemented from 2.4 V to 3.8 V.

Characterization

Morphological characteristics and energy-dispersive spec-
troscopy (EDS) were estimated by scanning electron micros-
copy (SEM; FEI Verios 460). The structure and crystal 
phases of the samples were examined using x-ray diffraction 
(XRD; Rigaku Miniflex 600).

Results and Discussion

Figure 1a illustrates the design and strategy of the lithi-
ophilic 3D copper current collector. Ag atoms were trans-
ferred from the solution to the surface of the skeleton of the 

Fig. 1  (a) Scheme of the strat-
egy for lithiophilic 3D Ag@CF; 
(b) digital image of Ag@CF of 
large scale. Drying Process

Displacement Reaction 
Under Ultrasonic Conditions

Ag@CF

Li Nucleation & Plating

Li dendrites free

(a) (b)
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CF via a displacement reaction to form an even Ag-modified 
layer. An Ag-modified layer has been reported to enhance 
the lithiophilicity of the hosts for Li anodes.52 Unfortunately, 
poor binding between the Ag nanoparticles and the surface 
of the hosts leads to the deterioration of the electrochemi-
cal performance during long cycles.43 In this strategy, the 
displacement reaction occurred under ultrasonic conditions, 
which guarantees that the Ag nanoparticles are anchored on 
the surface of the skeleton of the CF homogeneously and 
firmly. The benefit from the convenient preparation process 
is that this lithiophilic Ag@CF electrode can be manufac-
tured on a large scale. Figure 1b shows a digital image of 
an Ag-CF electrode with a size of 10 cm. What is more, 
because of the base material (copper) being compatible with 
the current commercial anode current collector, and the pro-
duction process being environmentally friendly, this strategy 
can be conveniently applied to LIBs.

XRD was conducted to analyze the crystal phase and 
purity of the products. As shown in Fig. 2a, all the charac-
teristic peaks emerging in the curve can be assigned to Ag 
or Cu. There were no other diffraction peaks, which suggests 
that the Ag@CF was composed of high-purity Ag and Cu. 
With no other impurities being introduced by the displace-
ment reaction, this also proves the reliability of this strategy. 
Surface SEM morphologies of Ag@CF with low (Fig. 2b) 
and high resolution (Fig. 2c) indicate that the skeleton of 
the CF was densely covered by Ag nanoparticles hundreds 

of nanometers in size. Ag nanoparticles have been proved 
to dissolve Li atoms to generate a solid solution layer on the 
surface of current collectors. Therefore, Li nucleation barri-
ers can be effectively reduced due to the appearance of Ag, 
leading to a uniform nucleation and plating of Li.42 The ele-
ment distribution on the surface of the sample was identified 
by EDS. As shown in Fig. S1b, the Ag element was evenly 
distributed on the skeleton of the CF, with a content of about 
32%. Figure 2d shows the fracture surface morphology of 
the Ag@CF. As expected, the Ag nanoparticles grew on the 
surface of the Cu framework in an embedded manner, which 
means that the Ag nanoparticles have a strong adhesion to 
the surface of the CF, which guarantees the stability of the 
electrode during long cycles. Meanwhile, different from the 
smooth surface of the original CF skeleton (Fig. S1a), the 
surface of the CF modified by the Ag nanoparticles was cov-
ered with “hills” and “gullies”, which implies that there is 
an increased contact area between the electrolyte and the 
electrode. The increased contact area will limit the local cur-
rent density and restrict the rapid growth of Li dendrites.53,54

In this strategy, Ag nanoparticles were introduced to 
make the nucleation of Li easier, so half-cells were assem-
bled to verify the superior electrochemical behavior of the 
3D current collectors. Figure 3a shows the voltage–capacity 
curves of CF and Ag@CF at 1 mA  cm−2 in the first cycle. 
Different from the CF, the nucleation over-potential of Li 
on Ag@CF was significantly reduced, from 45 mV to 11 

Fig. 2  (a) XRD curve of the 
Ag@CF. (b–d) SEM images of 
the Ag@CF.

1 µm

50 µm

1 µm

(b)(a)

(c) (d)
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mV. This reduction of the nucleation over-potential can be 
attributed to the Ag nanoparticles on the surface of the skel-
etons,42,43,52 which will make the subsequent Li deposition 
uniform. The voltage–capacity curves at a lower current den-
sity (0.2 mA  cm−2) is revealed in Fig. S2. As shown, there is 
almost no energy barrier of Li atoms nucleating on the Ag@
CF at 0.2 mA  cm−2, but an obvious nucleation over-potential 
still exists in the case of CF at 0.2 mA  cm−2. Furthermore, 
the electroplating voltage caused by the mass transfers resist-
ance dropped from 33 to 24 mV. Superior nucleation over-
potential and electroplating voltage means easier nucleation 
and plating of Li, which will suppress the formation of Li 
dendrites. As a key index to estimate the electrochemical 
stability of the modified 3D current collectors, coulombic 
efficiency (CE) was conducted in the half-cells. Figure 3b 
demonstrates the CE of Ag@CF at 1 mA  cm−2 with a plat-
ing Li capacity of 1 mA h  cm−2. Obviously, the Ag@CF 
electrode delivers an enhanced CE compared with CF, which 
remained almost unchanged for 350 cycles. This implies that 
Ag@CF electrodes guarantee a more stable SEI membrane 
due to the more homogeneous deposition of Li.

In order to investigate the details of the initially deposi-
tion of Li on Ag@CF, the morphology evolution of Ag@
CF electrodes was observed by SEM during the process of 
Li plating. Figure 3c and d reveals the micromorphologies 
of Ag@CF electrodes with plating capacities of 0.05 and 

0.33 mA h  cm−2. (Insets show the morphologies with low 
resolution.) As expected, due to the favorable thermody-
namics between Li and Ag, Li atoms prefer to deposit on 
the surface of Ag nanoparticles (Fig. 3c). This manner of 
deposition provides homogeneous nucleation sites for the 
subsequent deposition of Li.42 Then, with the Li capacity 
increased to 0.33 mA h  cm−2, the surface of the Ag@CF 
was gradually covered by Li. Meanwhile, as can be seen in 
Fig. 3d, the Li deposition behavior was quite uniform, and 
there no Li dendrites can be observed. Different from the 
Ag@CF, the unmodified CF represented an undesirable Li 
deposition behavior (Fig. S3). Li atoms tend to deposit on 
the junction of the skeletons with the rapid growth of Li 
dendrites. This homogeneous nucleation and plating of Li 
on Ag@CF testifies that the modified 3D current collectors 
possess excellent lithiophilicity, thereby inhibiting Li den-
drite growth, reducing dead Li generation, and enhancing 
the electrochemical stability.47

Symmetric cells (Li-Ag@CF∣Li-Ag@CF) were con-
structed to evaluate the electrochemical stability of the com-
posite electrodes using the 3D Ag@CF as host. Li-CF∣Li-CF 
symmetric cells were also prepared as references. Figure 4a 
and b exhibit the voltage–time profiles of symmetric cells 
with cycling capacities of 1 mA h  cm−2and 3 mA  cm−2 , 
respectively. As shown, the Li-Ag@CF electrodes achieved 
an ultra-long lifespan of more than 1600 h, with a mitigated 

Fig. 3  (a) Voltage–capacity 
curves of Li plating on CF and 
Ag@CF in the first cycle. (b) 
Coulomb efficiency of CF and 
Ag@CF at 1 mA  cm−2 with the 
area capacity of 1 mA h  cm−2. 
(c, d) Morphologies of Ag@
CF with plating Li capacities of 
0.05 and 0.33 mA h  cm−2.
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voltage hysteresis of 30 mV at 1 mA  cm−2. In obvious con-
trast, the voltage hysteresis of the cells assembled by Li-CF 
electrodes sharply enlarged and fluctuated after 800 h, and 
were suddenly followed by a short circuit. In addition, at 
3 mA  cm−2 (Fig. 4b), and even at 5 mA  cm−2 (Fig. S4), 
Li-Ag@CF electrodes still maintain a longer lifespan and 
lower voltage hysteresis, which indicates that the modified 
Ag@CF electrodes possess superior electrochemical sta-
bility. We believe that the superior electrochemical perfor-
mance derives mainly from the modified surface of the CF. 
Ag nanoparticles anchored on the surface of the CF skeleton 
promote the electrochemical stability of Li-Ag@CF elec-
trodes. To further verify the superiority of the modified com-
posite electrodes, the morphology evolution of the compos-
ite electrodes after cycling was investigated by SEM. Fig. S5 
reveals the micro-morphology of the Li-Ag@CF and Li-CF 
electrodes cycled at 1 mA  cm−2 for 400 cycles. As shown, 
due to the homogeneous nucleation and plating/stripping of 
the Li, the Li-Ag@CF electrode achieved a uniform and flat 
surface, and no Li dendrite or dead Li can be observed. In 
contrast, a rougher surface with abundant gullies and mossy 
Li was observed on the unmodified Li-CF after 400 cycles. 
This indicates that the new modified composite electrodes 
in our strategy guarantee the homogeneous plating/stripping 
of Li during long cycling.

Figure 4c confirms the satisfactory rate performance of 
the Ag-modified composite electrodes with stable and miti-
gated voltage polarizations of 24 mV, 30 mV, 45 mV, 80 mV, 
and 125 mV at 0.5 mA  cm−2, 1 mA  cm−2, 2 mA  cm−2, 5 mA 
 cm−2, and 10 mA  cm−2, respectively. These are superior to 
those of the Li-CF electrodes, especially in the case of high 
current density. Nyquist tests were conducted to evaluate 

the charge transfer resistance of the Li-Ag@CF and Li-CF 
electrodes before and after 100 cycles (the equivalent circuit 
diagram is shown in Fig. S6). As can be seen in Fig. 4d, 
the interfacial resistance of the Li-Ag@CF and Li-CF elec-
trodes before cycling are nearly equal, indicating that the Ag 
nanoparticles are tightly anchored on the surface of the CF 
skeleton and did not excessively increase the charge transfer 
resistance between the electrolyte and the electrode. After 
100 cycles, the interfacial resistance of the Li-Ag@CF and 
Li-CF electrodes decreased to 4.1 Ω  cm−2 and 5 Ω  cm−2, 
respectively. This is consistent with the performance of the 
over-potential change during cycling. A lower interfacial 
resistance after cycling implies the superior interface and 
excellent electrical conductivity of the Li-Ag@CF elec-
trodes in cycling.

To emphasize the significance of the new design, full 
cells consisting of LFP and Li-Ag@CF or bare Li as the 
cathode and anode were assembled for investigation. As 
observed in Fig. 5a, a full cell assembled using Li-Ag@
CF (LFP∣Li-Ag@CF) displays an excellent cycling perfor-
mance with the considerable capacity retention of 84.2% 
(118.2 mA h  g−1) after 800 cycles at 1 C (170 mA  g−1). 
In contrast, with a poor initial capacity,  the  LFP∣Bare Li 
full cell displayed a  rapidly decaying discharge capac-
ity before 300 cycles. The excellent cycling performance 
of the LFP∣Li-Ag@CF full cell was believed to originate 
from the enhanced Li-Ag@CF in which the CF, modi-
fied by Ag nanoparticles, plays a key role. In addition, the 
charge/discharge curves of the LFP∣Li-Ag@CF full cell 
exhibited a much more stable capacity with reduced polar-
ization voltage in the initial and subsequent cycles (Fig. 
S7). Superior cycling performance can also be observed 

Fig. 4  Voltage–time profiles of Li-Ag@CF and Li-CF electrodes with 
cycling capacities of 1 mA h  cm−2 at (a) 1 mA  cm−2 and (b) 3 mA 
 cm−2. (c) Rate performance of the Li-Ag@CF and Li-CF electrodes. 

(d) Nyquist plots of Li-Ag@CF∣Li-Ag@CF and Li-CF∣Li-CF sym-
metric cells before and after 100 cycles of Li plating/striping.
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in higher rate cases, with the LFP∣Li-Ag@CF full cell 
delivering a  much higher discharge capacity and capacity 
retention at 3 C (Fig. 5b).

Conclusions

A lithiophilic 3D Ag@CF collector has been designed 
and prepared via an ordinary displacement reaction under 
ultrasonic conditions. The porous structure of the Ag@
CF collector alleviated the volume change of the Li-Ag@
CF composite electrodes. Ag nanoparticles anchored on 
the surface of the CF skeleton significantly reduced the 
energy barrier of Li nucleation and deposition, resulting in 
a homogeneous plating/stripping of Li and inhibiting the 
growth of Li dendrites. With those advantages, symmetric 
cells assembled by the Li-Ag@CF electrodes delivered an 
ultra-long lifespan with a mitigated voltage hysteresis. In 
addition, using the Li-Ag@CF electrodes as anodes, full 
cells revealed enhanced cycling performances and capac-
ity retention at 1 and 3 C. More importantly, the basic 
material is compatible with the current commercial anode 
current collector of LIBs, and the convenient preparation 
method guarantees that superior anode current collectors 
can be produced in a large scale.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 022- 09598-4.
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