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Abstract: Although lithium metal is an ideal anode material for achieving high-energy-density
lithium-based batteries, the uneven deposition/exfoliation process of lithium during cycling easily
triggers the formation of lithium dendrites and dead lithium, which leads to a low Coulombic
efficiency and safety issues. In this paper, a lithiophilic 3D copper mesh current collector is designed
by using lithiophilic ZnO and pulsed current plating and is applied to a lithium metal battery
composite anode. Under the action of the pulsed current field, the novel lithium metal composite
anode battery achieved the homogeneous deposition of lithium ions. The lithium-to-copper half cells
assembled with the 3DM Cu/ZnO current collector from the pulsed current deposition presented
a Coulombic efficiency as high as 97.8% after 1 min of activation at 3 mA cm−2 follow by 10 cycles
at a stripping current of 0.5 mA cm−2. Moreover, the symmetric cell could be stable for 1500 h
at 1 mA cm−2 with a limited capacity of 1 mAh cm−2, and the assembled full cell (LiFePO4 as
the cathode) maintained a Coulombic efficiency of about 90% for the 30th cycle at 1 C. This novel
mechanism is an advanced strategy to improve cyclic stability and is crucial for designing stable
lithium metal batteries.

Keywords: lithium metal battery; composite anode; pulsed current; lithium deposition; lithiophilic
current collector

1. Introduction

Focusing on increasing the energy density of rechargeable lithium-ion batteries (LIBs),
lithium metal with a high theoretical specific capacity (3860 mAh g−1) and low redox poten-
tial (−3.040 V vs. standard hydrogen electrode) have been extensively investigated [1–4].
However, uncontrollable lithium dendrite growth and dead lithium (inactive lithium) gen-
eration during repeated cycles lead to instability at the lithium metal anode interface, which
results in a waste of lithium resources, a low Coulombic efficiency (CE), and even incurs
safety hazards, which seriously restrict their practical applications [5–8]. Many efforts such
as the construction of three-dimensional (3D) skeletal structures, loads with lithiophilic
active sites, prepositioned artificial solid electrolyte interphases (SEI), and separator modifi-
cations have been devoted to tackle the above issues [9–13]. However, the continuous loss
of lithium metal due to the formation of dead lithium and electrolyte side reactions is still
unavoidable during the plating/stripping of lithium metal anodes [14,15]. This will lead to
a rapid loss in the anode volume and growth in the interface impedance, which may even
further incur rapid capacity decay and safety concerns [16–18]. Therefore, reducing the
irreversible lithium loss and thus maintaining the lithium inventory in lithium metal cells
has a crucial role in improving cycle stability and CE.

The effective control of the lithium plating/stripping process by improving the stabil-
ity of the composite anodes for lithium metal batteries, complemented by the modification
of the electrochemical environment and optimization of the collector structure, is one of
the best practical strategies to alleviate the above problems [19–22]. In fact, for lithium
anodes, the lithium deposition process depends heavily on the substrate, and the lithium
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plating on the Cu substrate is more reversible and denser than that on the lithium sub-
strate, which facilitates the maintenance of a high volumetric capacity and efficient lithium
utilization [23–26]. Combined with the construction of the above 3D porous skeleton struc-
ture, it can provide a sufficiently large specific surface area for lithium metal deposition
and effectively accommodate the volume variation in the lithium metal, which thus inhibits
the growth of the lithium dendrites [27–30]. In addition, the 3D conductive network helps
to mitigate the polarization by reducing the local current density of the electrode [31,32].
Nevertheless, the lithium metal deposition layer is weakly bonded to the lithiophilic 3D
conductive network, which tends to clump or peel off from the matrix during the plat-
ing/stripping process [33]. Therefore, lithiophilic active materials such as ZnO, which can
reduce the barriers to lithium nucleation, are often coated on the 3D conductive substrate
to induce more stable lithium deposition [34,35]. In addition, some additional applied
physical fields have been proven to improve the deposition state of lithium metal [36,37].
Gu et al. grew in situ Cu matrix clusters with a tunable oxidation state in Cu3(DMPz)3 by
using a simple pulsed method and achieved a high CO2RR performance and ultralong cy-
cling by enhancing their selectivity to C2H4 [38]. Zai et al. also prepared Te nanowires with
a uniform morphology by controlling the nucleation and growth of crystals via pulsed phys-
ical deposition [39]. Among them, the pulsed current, due to its relaxation phenomenon,
can cause Li+ to form a uniform and dense deposition layer on the lithium metal surface,
which effectively inhibits the growth of lithium dendrites and the generation of volume
expansion and improves the cycle stability of the battery [40,41]. At the same time, not
only will this new strategy not destroy the internal structure of the battery, but also the
experimental setup is simple and the cost is lower, which is conducive to more in-depth
and convenient research on the battery.

In this work, we developed a strategy for pulsed current lithium plating that enables
high-performance lithium metal composite anode batteries. The copper mesh with a regular
ordered woven structure was used as a 3D current collector for lithium storage, and its
lithiophilic property was improved by the electrochemical deposition of ZnO nanosheet
layers. Finally, a lithium metal anode with a high-density uniform lithium plating layer
was constructed via the pulsed current preplating of lithium metal. As a result, the lithium-
to-copper (Li-Cu) half cell assembled with the obtained 3DM Cu/ZnO@Li-P composite
anode maintained a CE above 97.8% after 1 min of activation at 3 mA cm−2 and 10 cycles
of stripping at 0.5 mA cm−2, while the 3DM Bare Cu@Li composite anode remained
only 92.3% under the same conditions. Similarly, the results for lithium-symmetric (Li-Li)
batteries showed that the 3DM Cu/ZnO@Li-P composite anode retained a low cycling
overpotential after 1500 h, while the 3DM Bare Cu@Li composite anode failed after 250 h
due to excessive polarization potential. In addition, the full cell assembled with the above
lithium metal anode (LiFePO4 as the cathode) achieved a Coulomb efficiency retention of
about 90% at the 30th cycle. This fully demonstrates the rationality of the design of the 3D
lithiophilic anode and the excellent effect of pulsed current plating in promoting uniform
Li+ deposition and inhibiting lithium dendrite growth.

2. Materials and Methods
2.1. Material Preparation
2.1.1. Fabrication of 3DM Cu/ZnO Current Collector

All reagents were used directly as received (Table S1). The square copper mesh cut
into 20 mm × 30 mm was firstly washed with 0.1 M dilute hydrochloric acid for 1 min,
then washed with deionized water and ethanol, and vacuum dried. The zinc foil was cut
into the same size.

We dissolved 2 M ZnSO4·7H2O and 0.2 M MnSO4 in deionized water and ultrasonic
dispersion for 30 min to obtain a colorless transparent liquid. Then, the zinc foil and copper
mesh (the original mass was 0.0701 g) were used as the counter and working electrodes and
were put into the electrolyte for plating. The loading of the coating was 10 mAh cm−2. The
plated products were thoroughly washed and dried. Finally, the samples (the mass before
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oxidation was 0.0846 g) were annealed at 225 ◦C under air atmosphere for 2 h. After cooling,
the 3DM Cu/ZnO current collector was obtained (the mass of Cu/ZnO was 0.0843 g).

2.1.2. Fabrication of 3DM Cu@Li, Cu/ZnO@Li-N, and Cu/ZnO@Li-P Composite Anodes

The circular copper mesh collector cut to a diameter of 15 mm was used as the cathode,
and the lithium foil was used as the anode for lithium plating at 6 mAh cm−2 to obtain the
3DM Bare Cu@Li and 3DM Cu/ZnO@Li-N composite anodes. Similarly, 3DM Cu/ZnO
was lithium plated by setting the plating current as the pulsed current with a duty cycle of
1s:1s to obtain the 3DM Cu/ZnO@Li-P composite anode.

2.2. Material Characterization

RIGAKU D/Max 2550 PC with a Cu Kα radiation source (λ = 1.5406 Å) was used to
collect X-ray diffraction (XRD) data of the materials to characterize their detailed phase
structures. Hitachi S-4700 field emission scanning electron microscopy (FESEM) operating
at 15 kV was used to observe the morphology and surface structure of the samples. Energy-
dispersive X-ray spectroscopy (EDX) mapping was used to determine the distribution of
the elements.

2.3. Electrochemical Measurements

The CR2032 coin cell was assembled by using the 3DM Cu@Li, Cu/ZnO@Li-N, and
Cu/ZnO@Li-P current collectors as the electrodes, the copper foam and copper mesh as
the counter electrodes, the polypropylene membrane as the separator, and by adding a
commercial lithium battery electrolyte. The assembly process was carried out in an argon-
filled glove box. The cutoff voltage range used for charging and discharge was −1.0 to 1.0 V
(vs Li+/Li). In the full cells test, 3DM Cu@Li-N, Cu/ZnO@Li-N, and Cu/ZnO@Li-P were
used as the anodes and LiFePO4 as the cathode. Among them, the mass ratio of LiFePO4,
Super P, and polyvinylidene difluoride in the cathode was 8:1:1. Electrochemical impedance
spectroscopy (EIS) was tested at the range from 0.01 to 104 Hz. For the CE testing of the
Li-Cu batteries after “dead lithium” activation, lithium stripping at 0.5 mA cm−2 was
performed after 1 min of activation at 3 mA cm−2 [42].

3. Results
3.1. Material Characterization

Schematic diagrams of the woven layer structure of a commercial copper mesh before
and after the electrodeposition of ZnO are shown in Figure 1a,b. A 3DM Cu/Zn structured
collector loaded with zinc nanosheets was obtained via the in situ electrodeposition of Zn
on the surface of a commercial 3D copper mesh current collector (Figures 1b and S1). The
zinc layer on the surface was further oxidized via oxidation annealing to form a zinc oxide
structure (3DM Cu/ZnO). The corresponding optical photographs and SEM images of Cu
and Cu/ZnO are shown in Figure 1c–j. It is obvious that the initial commercial copper
network presented a relatively smooth surface (Figure 1c,e,f), while the color of the Cu/Zn
surface changed to bright gray when uniformly covered by zinc nanoflakes (Figures S2 and
S3). Upon further oxidation, the Zn nanosheets gradually disappeared and were replaced
by a faintly visible structure of uniform and dense layers of dark gray oxide nanoparticles
(Figure 1d,h,i). The uniform distribution of the Zn and O elements observed in the EDS
mapping (Figure 1g,j) and the typical peak intensities of the Cu/Zn and Cu/ZnO revealed
in XRD (Figure S4) fully confirmed the successful preparation of the ZnO layer on the
copper network.



Batteries 2023, 9, 188 4 of 13

Batteries 2023, x, x FOR PEER REVIEW  4  of  13 
 

intensities of the Cu/Zn and Cu/ZnO revealed in XRD (Figure S4) fully confirmed the suc-

cessful preparation of the ZnO layer on the copper network. 

 

Figure 1. Schematic diagram of (a) commercial copper mesh and (b) fabrication of 3DM Cu/ZnO. 

Optical photograph of (c) 3DM Cu and (d) 3DM Cu/ZnO. SEM images of (e,f) 3DM Cu and (h,i) 

3DM Cu/ZnO. EDS mapping of (g) 3DM Cu and (j) 3DM Cu/ZnO. 

3.2. Deposition Morphology 

To observe  the effect of  the nucleation buffer  layer on  lithium deposition,  lithium 

plating experiments were performed using 3DM Bare Cu and 3DM Cu/ZnO at 0.5, 1, and 

2 mA cm−2. The nucleation overpotential in the constant current electroplating was defined 

as the difference between the bottom of the voltage drop and the flat voltage plateau. Fig-

ure S5 shows that the initial Li nucleation overpotential of the 3DM Bare Cu was signifi-

cantly higher than that of 3DM Cu/ZnO, which indicated that the introduction of the ZnO 

composite layer effectively reduced the nucleation barrier for lithium plating on the 3DM 

Cu current collectors, which suggests an improvement in the lithiophilic properties. 

To further analyze the morphological evolution of Li during normal and pulsed cur-

rent deposition, we used a 3DM Bare Cu and 3DM Cu/ZnO mesh current collector as the 

working electrode and lithium metal as the counter electrode for Li plating at a current 

density of 1 mA cm−2. As shown in Figures 2 and S6, we distinguished the plating process 

into three stages according to the deposition duration, and the morphology of the normal 

lithium plating and  the pulsed current plating was almost  identical during  the plating 

process at 1 and 3 mAh cm−2 (stage Ⅰ and Ⅱ, Figure 2b,c,e,f). As plating proceeded up to 6 
mAh cm−2 (stage Ⅲ),  the optical  image of 3DM Bare Cu showed obvious cracks, while 

3DM Cu/ZnO exhibited a relatively uniform smooth and glossy lithium metal surface (see 

Figure 1. Schematic diagram of (a) commercial copper mesh and (b) fabrication of 3DM Cu/ZnO.
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3DM Cu/ZnO. EDS mapping of (g) 3DM Cu and (j) 3DM Cu/ZnO.

3.2. Deposition Morphology

To observe the effect of the nucleation buffer layer on lithium deposition, lithium
plating experiments were performed using 3DM Bare Cu and 3DM Cu/ZnO at 0.5, 1,
and 2 mA cm−2. The nucleation overpotential in the constant current electroplating was
defined as the difference between the bottom of the voltage drop and the flat voltage
plateau. Figure S5 shows that the initial Li nucleation overpotential of the 3DM Bare Cu
was significantly higher than that of 3DM Cu/ZnO, which indicated that the introduction
of the ZnO composite layer effectively reduced the nucleation barrier for lithium plating
on the 3DM Cu current collectors, which suggests an improvement in the lithiophilic
properties.

To further analyze the morphological evolution of Li during normal and pulsed
current deposition, we used a 3DM Bare Cu and 3DM Cu/ZnO mesh current collector as
the working electrode and lithium metal as the counter electrode for Li plating at a current
density of 1 mA cm−2. As shown in Figures 2 and S6, we distinguished the plating process
into three stages according to the deposition duration, and the morphology of the normal
lithium plating and the pulsed current plating was almost identical during the plating
process at 1 and 3 mAh cm−2 (stage I and II, Figure 2b,c,e,f). As plating proceeded up to
6 mAh cm−2 (stage III), the optical image of 3DM Bare Cu showed obvious cracks, while
3DM Cu/ZnO exhibited a relatively uniform smooth and glossy lithium metal surface
(see insets in Figure 2d,g). The microstructure also showed that the 3DM Cu/ZnO surface
deposition exhibited more regularity, and the porous structure of Cu/ZnO was still well
preserved, which indicated the ability of this composite layer to accommodate lithium
metal and prevent large volume changes during deposition. This was probably due to the
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rough surface of the bare copper mesh triggering the uneven distribution of the current,
which led to the disordered deposition of lithium. The difference is that the pulsed current
deposition of Cu/ZnO facilitated the suppression of polarization during lithium deposition,
which in turn induced the orderly and dense plating of lithium and inhibited the lithium
dendrites growth, as shown in the related deposition schematic in Figure S7.
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Figure 2. (a) The voltage distribution profiles of Li||Cu and Li||Cu/ZnO cells upon galvanostatic
Li deposition. SEM images of (b–d) 3DM Bare Cu and (e–g) 3DM Cu/ZnO current collectors along
1 (stage I), 3 (stage II), and 6 mAh cm−2 (stage III) of lithium deposition. The insets show the
photographs of 3DM Bare Cu and 3DM Cu/ZnO current collectors after 1, 3, and 6 mAh cm−2 of
lithium deposition.

Figure 3a,b shows a comparison of the lithium deposition processes on the 3DM Cu
and Cu/ZnO current collectors in the presence or absence of a pulsed current. In the
lithium electroplating process, ideally, Li+ was deposited on the surface of the 3DM Bare Cu
and Cu/ZnO mesh current collectors. However, concentration polarization will inevitably
occur due to the slow conduction of Li+. The sluggish electroplating reaction will result
in the accumulation of a large number of electrons on the Cu side, which is especially
true for the tiny protrusions, which eventually trigger the growth of lithium dendrites.
Instead, during the pulsed electroplating process, lithium ions tend to aggregate in the Ton
stage and deposit on the surface of the 3DM Cu/ZnO mesh current collector. Since the Ton
time is set relatively short, the small amount of tip aggregation of lithium ions can spread
uniformly around the 3DM Cu/ZnO protrusions during the Toff resting time and thus
reduce the polarization phenomenon. In addition, the complementary ZnO lithiophilic
layer can further smooth the deposition process of lithium ions, which allows the safety and
cycle performance of the battery to be improved. The deposition of lithium ions on different
substrates was verified via in situ observations. The results showed that the surface of the
3DM Bare Cu current collector could not be adequately covered during the initial stage of
the lithium ions deposition, which thus led to a loose and partially thickened lithium layer
(Figure 3c). In contrast, with the application of the pulsed current and ZnO lithiophilic
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layer, the lithium deposition layer always maintained a dense and uniform morphology as
the thickness increased, as seen in Figure 3d.
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3.3. Electrochemical Performance Testing

In fact, “dead lithium” is always unavoidable during the cycling of lithium metal
batteries. To verify the superiority of 3DM Cu/ZnO collectors under pulsed currents, we
designed a rapid delithiation process after lithium deposition based on a simple method
described in the literature. The lithium layer was first deposited with a high current and
then stripped with only a low current to probe the effect of “dead lithium” on CE in Li-Cu
half cells assembled with different collectors. After 1 min of activation at 3 mA cm−2

and 10 cycles with a stripping current of 0.5 mA cm−2, the CE for the normal deposition
of the Li-Cu battery assembled with the 3DM Bare Cu current collector was only 92.3%
(Figure 4a). For the Li-Cu/ZnO (3DM) current collector battery, it exhibited a high CE
of 96.9% (Figure 4b), and its substantially reduced Li ion nucleation potential further
confirmed the advantage of the enhanced lithiophilic nature brought by ZnO. The Li-
Cu/ZnO (3DM) with a pulsed current used to deposit lithium presented the best CE up to
97.8%, which demonstrated that the pulsed current could facilitate the recovery of “dead
lithium”, which helps the battery achieve long cycles (Figure 4c). Further, since the 3DM
Cu/ZnO@Li composite anode achieved a high mass, large density loading of lithium, a
high areal capacity of 5.98 mAh cm−2 was maintained after being discharged to −1 V
versus Li/Li+ under 0.5 mA cm−2, as shown in Figure 4d. In addition, the comparison
of the discharge deposition voltages could also indicate that the 3DM Cu/ZnO@Li-P
composite anode had a lower nucleation overpotential. The cycling stabilities of the half
cell assembled with two composite anodes at 1 mAh cm−2 for different currents are shown
in Figure S8. For the Cu@Li composite anode, the CE was 96.3% and 79.4% for the first and
100th cycles, respectively, at a current density of 0.5 mA cm−2, while the 3DM Cu/ZnO@Li-
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P composite anode was still maintained at 97.6% CE after 170 cycles (Figure S8a). Even
when the current density increased to 1 mA cm−2, the CE of the Cu/ZnO@Li-P composite
anode started to fluctuate until after 125 cycles, and it remained as high as 98.4% after
150 cycles (Figure S8b). Under a current density of 2 mA cm−2, the half cell with an applied
3DM Cu/ZnO@Li-P anode exhibited a high CE of 94.4 % for the 110th cycle, as shown in
Figure S8c, which demonstrated that the 3DM Cu/ZnO@Li-P anode could contribute to
the long cycle performance of the half cell. Figures 4e–h and S9 show the SEM comparisons
of the 3DM Cu@Li-N and Cu/ZnO@Li-P anodes after 25 and 50 cycles of the half cell,
which further explains the enhancement mechanism of the pulsed current plating Li on
the electrochemical performance of the Cu/ZnO mesh current collector as an anode. As
illustrated, for the 3DM Cu@Li-N anode, the current collector had a rough surface and was
almost completely covered with uneven deposits (Figures 4e,f and S9a,c). However, for
the Cu/ZnO@Li-P anode, the surface of the current collector surface remained uniform
and flat (Figures 4g,h and S9b,d). Such a high CE and low nucleation overpotential 3DM
Cu/ZnO@Li-P composite anode can help the battery exhibit a higher specific capacity
compared to the 3DM Cu@Li composite anode, which offers exciting possibilities for highly
rechargeable lithium metal fabrication methods.
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Figure 4. The CE of Li-Cu half cells with activation: (a) normal deposition on 3DM Bare Cu, (b) normal
deposition on 3DM Cu/ZnO, and (c) pulsed current deposition on Cu/ZnO. (d) The specific capacity
and nucleation potential of the half cells discharge at a current density of 0.5 mA cm−2. SEM images
of (e,f) Cu@Li-N anode and (g,h) Cu/ZnO@Li-P anode after 25th and 50th cycles of lithium stripping.

According to the results of the above lithium plating, the advantages of the uniform
deposition of the pulsed current on the surface of the 3DM Cu/ZnO current collector was
particularly significant. As shown in Figure 5, the cycling stability and rate capability of
the 3DM Cu/ZnO current collector-based lithium metal anode were greatly improved
under the pulsed current. For the long-term constant current discharge/charge tests, the
lithium capacities of 6 mAh cm−2 each were first deposited on the 3DM Cu and Cu/ZnO
mesh current collectors at a current density of 1 mA cm−2. Figure 5a,b shows the rate
performance of the symmetric cells from 0.5 to 2 mA cm−2. The overpotential of the
pulsed current lithium plating (3DM Cu/ZnO@Li-P) remained low at 78 mV even at
2 mA cm−2, and it could go back to below 25 mV when the current density was reduced
to 0.5 mA cm−2. In contrast, the battery assembled with the Cu network current collector
with normal lithium plating (3DM Bare Cu@Li) exhibited higher overpotentials of 104
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and 36 mV for current densities of 2 and 0.5 mA cm−2, respectively. In addition, the 3DM
Cu/ZnO@Li-P composite anode battery achieved excellent cycle performance at 1 mA cm−2

and maintained an overpotential of 27 mV even after cycling for 1500 h, which was better
than that previously reported in the literature (Table S2), see Figure 5c. Nevertheless, the
voltage of the 3DM Cu@Li composite anode started to fluctuate at 218 h. In particular, the
gradual formation of an inhomogeneous solid electrolyte interface layer (SEI) occurred due
to the large consumption of electrolytes and the formation of impurities. In the process of
starting the cycle, the hysteresis voltage was unstable and the symmetrical battery with
a 3DM Cu/ZnO@Li-P composite anode assembly performed better. In the subsequent
cycle, the irregular consumption of the anode was further avoided, and the stable cycling
was achieved as the pulsed current promoted the uniform deposition of the lithium ion on
the current collector (Figure 5d). For the composite anode after normal plating, there was
an obvious voltage hysteresis effect, which triggered a rapid rise in overpotential, and its
uneven surface was more likely to form “dead lithium”, which thus seriously affected the
stability of the symmetric cell during cycling.
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composite anode at 1 mA cm−2 and 1 mAh cm−2. (d) Voltage profiles of the 100, 200, 300, and 400 h
cycles from (c).
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To further investigate potential practical applications, full cells were fabricated with
3DM Cu and Cu/ZnO mesh current collectors that were electroplated with lithium at a cur-
rent density of 1 mA cm−2 for 6 h as the anode and commercial LiFePO4 (1.58 mAh cm−2)
as the cathode for evaluation (3DM Cu/ZnO@Li-P (or Cu@Li), Figure 6). As shown in
Figure 6a, the rate performance of the full cell with the application of the 3DM Cu/ZnO@Li-
P composite anode can be significantly improved. The specific capacity reached 68.4 mAh g−1

at 2 C and remained 108.5 mAh g−1 when returning to 1 C. In contrast, the rate capacity of
the Cu@Li-N anode was only 38.1 mAh g−1 at 2 C and 45.7 mAh g−1 when returning to
1 C. The voltage profiles of the full cells assembled by the 3DM Cu@Li and Cu/ZnO@Li-P
composite anodes at different rates are shown in Figure 6b,c. As the rate increased, the
charging plateau of 3DM Cu/ZnO@Li-P gradually rose, while 3DM Cu@Li rose rapidly,
which corresponds to the difference in their rate performance. The capacity of the 3DM
Cu/ZnO@Li-P full cell was maintained at 107.4 mAh g−1 after 30 cycles, with a CE retention
rate of 97.5%. However, the capacity of the 3DM Cu@Li rapidly dropped to 11.4 mAh g−1

after 30 cycles, as shown in Figure 6d. We also tested the full cell cycling performance of
the composite anode at a high lithium loading capacity (18 mAh cm−2), which maintained
95% CE after 80 cycles (Figure S10). In addition, electrochemical impedance spectroscopy
(EIS) was used to explore the charging transfer resistance of lithium ions at the interface.
Figure 6e,f show the Nyquist fitting data corresponding to the two current collector anodes
before the test and after 20 cycles, and the simulation parameters from the equivalent circuit
are listed in Table S3. After 20 cycles, the apparent decrease in resistance of the full cell
could be attributed to the formation of SEI. For the 3DM Cu@Li and 3DM Cu/ZnO@Li-P
composite anodes obtained after 20 cycles, their SEM comparison showed the superiority
of the pulsed current plating Li on the 3DM Cu/ZnO current collector as an anode. For the
3DM Cu/ZnO@Li-P composite anode, the current collector surface remained uniformly flat
(Figures 6g–l and S11). Meanwhile, the lithium-oxygen batteries constructed with the 3DM
Cu/ZnO@Li-P composite anode also demonstrated its excellent performance (Figure S12).
In summary, the 3DM CuZnO@Li-P composite anode successfully inhibited the lithium
dendrites and greatly improved the electrochemical performance.
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Figure 6. (a) Rate capability of the full cell with 3DM Cu@Li and 3DM Cu/ZnO@Li-P composite
anode at different rates ranging from 0.1 to 2 C. (b,c) Voltage profiles during the rate testing at
different current density. (d) Cycling performance of full cells with 3DM Cu@Li and Cu/ZnO@Li-P
composite anode at 1 C with three activation cycles at 0.1 C in the beginning. EIS curves of two current
collectors on lithium-free anodes: (e) before cycling, (f) after 20 cycles at 1 C. SEM images of (g,h)
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4. Conclusions

In summary, this study proposes a pulsed current preplating method to achieve high-
performance anode-free lithium metal batteries. The lithium deposition overpotential
of the copper mesh was reduced by the introduction of the lithiophilic ZnO layer, and
the regulation of the Li+ transfer and distribution were reached by applying a pulsed
current to achieve a uniform deposition. The results showed that the Li-Cu/ZnO (3DM)
obtained by applying the pulsed current for lithium deposition had a high CE when used
in half cells, and it remained above 97.8% for 10 cycles of Li stripping at 0.5 mA cm−2

after 1 min of activation at 3 mA cm−2. In addition, the symmetric cell with the 3DM
Cu/ZnO@Li-P composite anode could cycle stably for more than 1500 h at 1 mA cm−2

with a limited capacity of 1 mAh cm−2. The assembled full cell (Li-LiFePO4) maintained a
Coulombic efficiency of about 90% after 30 cycles at 1 C. This implies that the 3DM Cu/ZnO
current collector possessed excellent advantages when used as a lithium-free anode by
applying pulsed current preplating for the uniformity of Li+ deposition. This strategy
provides a more reasonable alternative method for the development of anode-free lithium
metal batteries.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/batteries9030188/s1. Table S1. The supplier of raw materials,
Figure S1. Schematic diagram of preparation of zinc oxide coating, Figure S2. SEM image of (a)
3DM Cu, (b) 3DM Cu/Zn, (c) 3DM Cu/ZnO and (d) Sample comparison, Figure S3. The cross-
sectional SEM images of (a,b) 3DM Cu and (c,d) Cu/ZnO, Figure S4. XRD pattern of 3DM Cu,
3DM Cu/Zn and 3DM Cu/ZnO, Figure S5. The nucleation of 3DM Cu, 3DM Cu/Zn and 3DM
Cu/ZnO at current density of 0.5, 1 and 2 mA cm−2, Figure S6. SEM images of (a–f) bare Cu and
(g–l) Cu/ZnO mesh current collectors along Li plating of 1 (stage I), 3 (stage II) and 6 mAh cm−2

(stage III), Figure S7. Schematic diagram of lithium electroplating deposition, Figure S8. The CE of
the 3DM Cu@Li and Cu/ZnO@Li-P composite anode during the Li plating/stripping at different
current densities with the capacity of 1 mAh cm−2, Figure S9. SEM image of after 25th and 50th
cycles lithium stripping which the surface of (a,c) 3DM Cu@Li anode and (b,d) 3DM Cu/ZnO@Li-
P composite anode, Table S2. Comparison of the cycling performance of Li metal anodes with
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decorating ZnO, Figure S10. Cycling performance of full-cells with 3DM Cu/ZnO@Li-P composite
anode at 1 C with three activation cycles at 0.1 C in the beginning, Figure S11. SEM images of (a)
3DM Cu@Li and (b) 3DM Cu/ZnO@Li-P composite anodes after 20 cycles lithium stripping in a
full-cell, Table S3. Electrochemical parameters of the equivalent circuit for cells constructed from the
prepared electrodes, Figure S12. (a) Rate performance and (b) cycle performance of lithium-oxygen
batteries constructed with 3DM Cu/ZnO@Li-P composite anode. References [43–46] are cited in the
supplementary materials.
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