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Abstract

A three-dimensional (3D) printing method has been developed for the lithium
anode base on 3D-structured copper mesh current collectors. Through in-situ
observations and computer simulations, the deposition behavior and mechanism of
lithium ions in the 3D copper mesh current collector are clarified. Benefiting from the
characteristics that the large pores can transport electrolyte and provide space for
dendrites growth, and the small holes guide the deposition of dendrites, 3D Cu mesh
anode has an excellent deposition and stripping capability (50 mAh cm?), high-rate
capability (50 mA cm2), and long-term stable cycle (1000 h). A full lithium battery
with LiFePOs cathodes based on this anode delivers a good cycle life. Moreover, a 3D
fully printed lithium sulfur battery with the 3D printed high-load sulfur cathode can
easily charge mobile phones and light up 51 LED indicators, which provides a great
potential for the practicability of lithium-metal batteries with the characteristic of high
energy densities. Most importantly, this unique and simple strategy is also feasible to
solve the dendrite problem of other secondary metal batteries. Furthermore, this method

has great potential in the continuous mass production of electrodes.
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1. Introduction

Since the emergence of various intelligent equipment and electric vehicles,
Rechargeable Energy Storage System represented by lithium-ion battery has been

(1.2] However, after nearly 30 years of commercial applications and

extensively applied
development of lithium-ion battery system, the theoretical limit of the energy density
has been approached, which is difficult to meet the higher demands for energy density,
power density, safety and cycle life of secondary batteries in emerging industriest®>1.
Lithium anode not only has a very high theoretical specific capacity (3860 mAh g'),
but also has the lowest reduction potential in lithium metal batteries (LMB)®l.
Moreover, lithium is the lowest density alkali metal (0.54 g cm™)[7). The above factors
indicate that lithium metal has an outstanding energy density per unit mass, which is
the best energy storage material for secondary batteries in the future. Lithium metal
batteries, such as Li—S, Li—Se, and Li—O: batteries, based on lithium metal anode, have
become the most attractive new generation of high specific energy secondary battery
energy storage systems (5101,

However, lithium metal, as the anode for batteries, still faces many problems and
challenges!''). Among them, the safety issue is the biggest obstacle restricting its
commercial application'> 3], Because many sharp dendrites induce large stresses on
the separator, which might cause the separator puncture and thermal runaway problems,
including battery short circuit, gas production, fire, and even explosion. At the same

time, during the lithium metal deposition/peeling cycle, the solid electrolyte interphase

(SEI) ruptures because lithium metal volume continuously shrinks and expands. The



exposed fresh lithium surface will continue to react with the electrolyte to produce new
SEI!'*1!7] Eventually, the electrolyte becomes depleted and the lithium metal electrode
is severely corroded, which leads to battery failure. Therefore, researches have been
carried out for the solution to the above failures!''). Among them, three-dimensional
(3D) frameworks have been proved to effectively inhibit dendrite growth and enhance
the cycle efficiency of lithium metal anodes!!®?%). The 3D framework of lithium metal
anodes can provide a higher specific surface area, faster electron transfer, more ion
adsorption and electrochemical reaction sites, and reduce the polarization voltage of the
lithium metal deposition and stripping process. Therefore, researchers developed a
series of 3D-structured lithium metal anodes based on graphene!?’!, artificial graphite!*¥,

25:26] 'porous copper'?’-%, nickel foam!-3¥, etc. 3D printing technology

carbon fibers!
is very friendly, simple and fast for the preparation of similar three-dimensional
structures.

The advancement of 3D printing technologies provides new possibilities for
solving the outstanding challenge of lithium metal battery safety. 3D printing is an
environmentally friendly technology with cost-effectiveness since it owns a strategy of
additive manufacturing by depositing materials as needed>-*°], which minimizes the
waste of materials, and it is more energy-efficient and environmentally friendly than
traditional methods. Moreover, 3D printing has excellent size and shape

(41, 42] Using suitable ink materials, various complex patterns can be

controllability
manufactured quickly, precisely and flexibly. The design and controlled mass

production of new electrode materials and their devices are achievable through 3D



printing technology!** #41,

In the paper, a method of 3D printing was developed for preparing 3D metal
current collectors for high-performance lithium metal battery that has greatly improved
safety and cycling stability. 3D Cu meshes were fabricated by 3D printing technology
based on direct ink writing. Copper powder pastes with appropriate viscosity were
extruded through a 3D printer to form a grid structure. Continuous mass production can
be realized via 3D printing technology. The 3D copper mesh has a high aspect ratio
structure in a small volume, which provides more electroactive sites and holds the
deposited Li metal inside, while making the electric field distribution more uniform to
effectively control the current density. As far as we know, the method we developed for
the 3D printing of metal current collectors in this work has never been reported. We
believe that this method is universal. For example, using other metal powder instead of
Cu powder will lead to a similar conclusion.

Combined with computer simulations, experimental investigations were carried
out to confirm that the 3D printed skeleton can induce dendrite growth inside the
electrode at low current density. The growth direction of most dendrites is changed from
vertical to parallel to the separator, thereby solving the safety problem of dendrite
piercing the separator at high current densities. Meanwhile, the open structure of the
3D Cu mesh can effectively reduce the occurrence of dead lithium and improve the
coulombic efficiency and battery cycle life. It can also alleviate the huge volume change
in the process of the charging and discharging of the lithium metal anode by providing

structural support and improve the battery structural stability. The results demonstrate



that the 3D Cu mesh has a significant superiority in improving the rate performance
and cycle life of lithium metal anodes. In order to improve the safety of the battery
under ultra-high current density, a strategy of pre-depositing lithium on the Cu mesh
was adopted. The safe charging and discharging of the ultra-high current density of 50
mA cm™ surpasses most of the reported studies!?”> 2 45 461 Furthermore, lithium
batteries with high performance were successfully assembled with LiFePOa as cathode
and lithium deposited on 3D Cu mesh as anode. And a representative 3D fully printed
lithium-sulfur battery is assembled with a 3D printed high-load sulfur cathode and can
easily light up 51 LED indicators. This work indicates that the 3D printed Cu mesh has
broad application potential in practical lithium metal batteries with high energy density

and high safety.



2 Results and Discussions

2.1 Fabrication and characterization of 3D Cu current collectors

Figure 1 shows the printing process of 3D Cu mesh. There are roughly three steps
in the mass production process. The first step is to prepare the printing paste. Copper
powder, PVDF and NMP were mixed in proportion using a planetary vacuum mixer for
ten minutes (Figure 1a). PVDF was added as a binder between the Cu particles. NMP
was used as solvent to adjust the viscosity of the paste. In order to keep the shape of
extruded lines from collapsing, high-viscosity pastes were synthesized by adding a
small amount of NMP. In the second step, the Cu paste was printed into a grid structure
through a home-made 3D printer. The piston was pushed by air pressure to extrude the
paste from the needle. The syringe was equipped with a ring electric heater and a
temperature controller to improve the fluidity of the high viscosity paste for extrusion
through a 200 um needle. At the same time, when the paste was extruded onto the slide,
the electric heating platform quickly evaporated the NMP in the paste to induce
solidification (Figure 1b). The final step is to remove the PVDF from the printed Cu
mesh. Because PVDF is a poorly conducting polymer, the conductivity of copper mesh
will be greatly reduced when copper particles are bonded by PVDF. PVDF was
therefore removed by the heat treatment method. The 3D printed Cu mesh was calcined
in air to remove PVDF. Simultaneously, copper was also oxidized. Therefore, the
copper oxide was calcined in a hydrogen atmosphere, and the 3D Cu mesh
configuration was finally obtained (Figure 1b). The powerful mass production

capabilities of 3D printer technology are shown in Figure 1c. The 3D Cu structures



were programmed and continuously printed (Supporting Video 1).
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Figure 1. Preparation process of 3D printed Cu mesh. (a) Synthesis of paste. (b)
Schematic diagram of 3D printing mechanism and post-processing process of Cu

mesh. (¢) Mass-produced 3D printed Cu meshes.

Scanning electron microscope (SEM) was adopted to observe structural changes
of 3D printed samples during the preparation process. The morphology of 3D Cu mesh
before and after heat treatment is shown in Figure 2a-c and Figure 2d-f, respectively.
The internal morphology of the 3D Cu mesh is shown in Figure 2g-i. As exhibited in
Figure 2a—c, shape of 3D Cu mesh after printing is well maintained due to the rapid

solidification of PVDF, and the individual layers are nicely merged. Due to layer-by-



layer printing and layer-by-layer solidification process, there are clear boundaries
between the individually printed layers (Figure 2¢). These interfaces rely on the binder
to maintain its three-dimensional structure, but the 3D Cu mesh has lost its electrical
conductivity.

Figure 2d-f demonstrate the morphology of the 3D copper mesh after heat
treatment. Obviously, the vertical and horizontal filaments are fused together like a
weld, creating a large number of bridges to facilitate electronic transport in all directions.
It can be seen in Figure 2d and e that the filament width in this example is about 220
um. And the distance of about 400 um between two adjacent filaments can also be
found, forming a uniform array of square holes. The cross-section of Figure 2f shows
that a single printed layer of 3D Cu mesh has the thickness of 200 um, and the total
printed thickness of the three layers is 600 um. These large deep holes not only serve
as transport channels for the electrolyte, but also provide enough space for the growth
and expansion of dendrites. When the paste was cured no obvious holes were found at
the surface of the printed filament (Figure 2g). However, after the polymer binder was
treated at 620°C, many small holes appeared (Figure 2h). Most of the small pores come
from the space occupied by PVDF and the space where particles accumulate during
solidification. As shown in the magnified SEM image of Figure 2 i, after the printed
Cu mesh was sintered and reduced at 580°C, a well-designed 3D mesh with hierachical
porous structure was preserved, and the Cu particles formed an integrally connected
skeleton through sintering, thereby ensuring the excellent mechanical strength and

conductivity of 3D Cu skeleton. Finally, the hierachical porous 3D Cu mesh is used as



current collector where the large opening can store the electrolyte and provide more

space for dendrite growth, and small pores may guide dendrite deposition.

Figure 2. The morphology of 3D Cu mesh before (a-c) and after (d-f) heat treatment.

(g-1) The internal morphology of 3D Cu mesh.

2.2 Simulations and in-situ observation of lithium deposition in 3D-structures

current collectors
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Figure 3. (a) Schematic diagram of the inside of the coin cell. Simulation diagram of
dendrite distribution at high (b-d) and low (e-g) current densities. The red scale bar in

the simulation diagram is 250 pum.

For better understanding of the deposition behavior of 3D copper meshes, the
distribution of current density in the process of deposition and the evolution of the
lithium morphology under different current densities were investigated through
COMSOL simulations and optical microscope!'®*> 47, Figure 3a schematically shows
the cross-sectional structure of a coin-type battery used for testing. Lithium metal and
3D copper mesh are the anode and cathode, respectively, and common 1,3-dioxolane

(DOL) /dimethoxy ethane (DME ) based electrolyte is used in the coin-type batteries.
The simplification of the 3D copper mesh model is to reduce plenty of calculations
during simulation. As it is shown in Figure 3b and 3e, simulation results indicate the

two-dimensional distribution of current density of 3D copper mesh from the aspect of




cross-section. 25 mA cm™ and 0.5 mA ¢cm™ were set for the current density. In current
density distribution chart, the colors from blue to red define the relative current density
from low to high. Obviously, the corner of the electrode surface protrusion shows the
highest current density. These results are in accordance with the theory of lightning rod,
showing the charge density on the surface of conductor increases with the curvature of
the conductor!*®l. Subsequently, as shown in Figure 3¢ and 3f, the evolution of the
morphology of lithium during the deposition was simulated by combining the
deformation geometry function in COMSOL, with the two current densities mentioned
above!*]. The lithium is preferentially deposited at 25 mA ¢cm™, a high current density,
on the top of 3D copper mesh like a mushroom head (Figure 3c). Figure 3d
schematically shows the deposition result. On the contrary, the deposition position of
lithium is located on the sidewall of the channel and the top of 3D copper mesh at 0.5
mA cm?, a low current density. Figure 3f and 3g show that the layer thickness is
uniform.

In order to further confirm the simulation results, a digital optical microscope was
used to monitor the lithium deposition process in-situ at different current densities. The
growth process of lithium dendrites is observed in-situ through an assembled sealed
two-electrode transparent battery system (Figure 4a). A lithium sheet is used as
working electrode, and the 3D copper mesh is aligned parallel to it. Thin wires are used

to connect them to the electrochemical workstation.



Figure 4. (a) Schematic diagram of the equipment of a digital optical microscope for
in-situ observations. Morphology changes of lithium deposition at the current density

of 0.5 mA cm™ (b-d) and 25 mA cm™ (e-g).

Morphological changes of lithium deposition at 0.5 mA cm™ (b-d) and 25 mA cm’
2 (e-g), as the current density are shown in Figure 4. Benefiting from the open structure
of 3D copper mesh, morphological changes with deposition time can be clearly
observed. Lithium dendrites slowly nucleate on the sidewall of the channel and grow at
0.5 mA cm™ (Supporting Video 2). By comparison, there is almost no lithium deposited
on the sidewall of the channel at 25 mA cm™ which is a high current density, and lithium

dendrites only grow on the top of 3D copper mesh (Supporting Video 3). All results



verify the fact that the current density is determining the lithium deposition morphology,
and the distribution of lithium dendrites becomes more concentrated at higher current

densities, and more dispersed at lower current densities.

2.3 Electrochemical performance of 3D anodes

To investigate an equal amount of Li (5 mAh) has been deposited at 0.5 mA cm™
and 10 mA c¢cm for the investigation of Li’s deposition behaviors on 3D Cu mesh.

Figure 5a-c shows that at 0.5 mA c¢cm?, a small amount of Li unavoidably
deposited on the top surface of 3D Cu mesh, but it did not cover the surface. From
Figure 5b and c, it is obvious that most of the Li has been deposited on the inner Cu
skeleton and are uniformly wrapped on the Cu particles. The cross-sectional SEM
images (Figure 5h and i) reveal that most of the deposited Li nuclei and dendrites are
stored in the small holes of the 3D Cu mesh structure. This is similar to the shape found

[59.511 The first stage of deposition shows the form of spherical lithium

in former reports
nuclei, however, the lithium nuclei grow rapidly along the longitudinal direction in later
growth stage, while it grows very slowly in the other direction (width). The large pores
of the 3D Cu mesh can store a large amount of electrolyte, which infiltrate the porous
skeleton of Cu filaments to form a 3D channel network for Li ion diffusion. It benefits
to help and promote the mass transfer of ions. Moreover, the large surface area of porous
Cu skeleton helps for the reduction of electric field. Consequently, the lithium nuclei’s
growth in all directions can be promoted through the uniformity of Li" concentration

and electric field distribution and the lithium nuclei finally becomes a mulberry shape

structure (Figure 5c). The granular lithium grows uniformly at the Cu surface.



Conversely, mass transfer becomes the determining factor for the deposition
morphology of lithium at high current densities. The lithium deposition layer is mainly
concentrated on the upper surface at a current density of 10 mA ¢cm™ (Figure 5d and
g). From the cross-sectional SEM image, we can see that area covered by the deposited
lithium extends from the upper surface of the first layer to its half height of the side
surface. This is consistent with the results obtained from previous COMSOL
simulations and in-situ optical microscope observations. All results in Figure 5 show
that the 3D structure of Cu mesh skeleton can provide a wide range of reaction
interfaces during deposition at low current density, and the top layer with a curved
surface can extend the deposition position to the side at the high current density.
Therefore, regardless of low or high current density, 3D Cu mesh can be used for the

realization of the high stability of the lithium anode.



Figure 5. SEM images of the surface morphology of 3D Cu mesh at 0.5 mA cm™

(a-c) and at 10 mA cm (d-f). The cross-sectional SEM images of 3D Cu mesh at
10 mA cm™ (g) and 0.5 mA cm™ (h and i). Li deposition capacity is 5 mAh.
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Figure 6. (a) Galvanostatic cycling (1 mA cm2) of a 3D Cu and planar Cu foil
electrode with stripping/plating capacity of 1 mAh cm ™. (b) Cycling of a 3D Cu and
planar Cu foil electrode at 5 mA cm 2 with a capacity of 50 mAh cm 2. (c) Coulombic
efficiency of 3D and planar Cu electrode with a capacity of 1 mAh cm 2 and different

current density of 50 mA cm 2 and 10 mA cm 2,

For the further evaluation of the cycling stability of lithium metal anodes deposited



on different Cu current collectors (3D mesh or planar), we conducted cycling
experiments of a half-cell of Li metal battery at various current densities. The
galvanostatic plating stripping voltage curves at various cycle numbers are presented
as insets in Figure 6. For 3D Cu mesh electrode, there exists a stable voltage plateau at
1 mA cm™ in each cycle, 1 mAh cm™, as the cycle capacity (red curves in the insets of
Figure 6a). The overpotential is maintained at 20 mV for 500 cycles, which indicates
that more active sites are provided for lithium nucleation and deposition by 3D Cu mesh
electrode. The overpotential of the planar Cu foil electrode, on the other hand, shows a
gradual increase after 150 cycles, and amounts to more than 40 mV after 200 cycles
(black voltage curves). This represents the continuously aggravated polarization of the
plating and stripping process. It is known to us all that long cycle life can be achieved
by plenty of electrolyte!!*!. The 3D Cu mesh anode, which stores a large amount of
electrolyte, can avoid battery drying up and prevent the polarization of the electrode.
3D Cu anode can still operate stably for 50 cycles when current density and
capacity achieves 5 mA cm and 50 mAh cm respectively (Figure 6b). When a copper
foil anode is cycled at 50 mAh cm™, a high capacity, the cell becomes short-circuited
already during the first cycle of (dis)charge. This is because the rapid growth of lithium
dendrites leads to separator puncturing. This further confirms electrolyte drying at a
low current density and short circuit at a high current density mainly led to the failure
of lithium metal batteries. The hierarchical porous structure of the 3D Cu mesh takes
advantage of its high electrolyte storage capacity and larger dendrite growth space,

which provides enough Li* supplements and the rapid inner Li* transport, and offers
p g pp p p



plenty of space for volume changes during cycling.

High-power devices such as electric vehicles and electric airplanes urgently
require batteries with higher power density. High-power batteries can be quickly
charged and discharged. However, for lithium metal batteries, high power density
means deposition and peeling of ultra-high current density. The dendrite growth rate is
faster and the morphology is sharper, which leads to more severe safety problems. Here,
we realized safe charging and discharging with ultra-high current density through the
pre-deposited 3D Cu mesh.

Furthermore, the 3D copper mesh also exhibits an excellent cycle stability during
the charge and discharge tests at ultra-high current densities (10 mA cm™ and 50 mA
cm?) (Figure 6¢). The coulombic efficiency of the 3D Cu mesh anode can reach 99.4%
after 1000 cycles at a current density (10 mA cm), and maintain more than 98%. This
reflects that the three-dimensional architecture of a 3D Cu mesh is beneficial to the
formation of a stable SEIl film on anode through sufficient electrolyte storage. The low
value of the coulombic efficiency in the initial cycle is related to the SEI film formation
process. In contrast, the coulomb efficiency of the Cu foil electrode drops rapidly after
the 82" cycle (Figure 6¢). The high cycling stability and high coulombic efficiency of
the 3D copper mesh are much higher than in most reported studies at ultra-high current
densityl?3 27, 28.45.46]

For the ultra-high current density tests, at for instance 50 mA cm™, we developed

a pre-deposition approach to enhance the security performance of lithium battery.

Before cycle test at 50 mA cm™, an ultra-high current density, 3D Cu mesh and Cu foil



were pre-deposited with 12 mAh cm™ of lithium metal at 0.5 mA cm™, a current density.
Thanks to the abundant active sites inside the 3D Cu mesh and the space for dendrite
growth, it can stably cycle 500 times at 50 mA cm™, an ultra-high current density. It has
never been previously reported. Coulombic efficiency of copper foil dropped rapidly
after the 63" cycle, which may be caused by short circuits formed by dendrites piercing
the separator. Therefore, long cycle life of lithium anodes can be realized through the

hierarchical porous structure of the 3D Cu mesh, even at ultra-high current densities.
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Figure 7. (a) Cycle performance and (b) rate capability of full cells with LiFePOs as

cathode and anode of lithium deposited on either a 3D Cu mesh or planar Cu foil.

Based on the good electrochemical performance of 3D Cu mesh based lithium
anodes, full cells were assembled with LiFePOs as cathodes and lithium deposited on
3D Cu mesh or Cu foil at 0.5 mA cm™ as anodes. The cycle life results and rate
capability are shown in Figure 7. Although their initial capacity values are not much
different from each other, there are significant differences in the cycling stability

(Figure 7a). 3D Cu Mesh electrode shows a much better cycling stability than that of



the Cu Foil foam electrode. 200 cycles can be easily reached by 3D Cu Mesh electrode
with a high capacity retention of 91.8%., whereas failure occurred by a full cell with
Cu Foil after only 80 cycles. Moreover, Figure 7b shows that LiFePO4 full cell based
on 3D Cu mesh exhibits overall advantage in rate performance. Therefore, the 3D
copper mesh current collector can effectively ensure the uniform deposition and

stripping of lithium and avoid dendrite growth.
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Figure 8. (a) Schematic illustration of a 3D fully printed Li-S battery. (b) The parts

used in the actual assembly of the Li-S battery. (c) Assembled 3D fully printed Li-S

battery. (d-e) Two lithium-sulfur batteries connected in series can charge the mobile
phone from 2% to 22% in 17 minutes. (f) The picture shows that the red LED

indicators powered by a 3D fully printed Li-S battery.

Li-S battery is the most representative lithium metal battery. We combined the 3D
printed high-load sulfur cathode (9.7 mg cm™) prepared in the previous work with the

3D printed copper mesh developed in this article to prepare a fully printed Li-S



battery!®?l. As shown in Figure 8(a-c), the 3D fully printed Li-S battery contains a
battery shell, anode, separator, cathode and wires. Among them, the battery shell is
printed by a fused deposition molding 3D printer, and the cathode and anode are printed
by a direct writing 3D printer. The 3D copper mesh used as the anode is pre-deposited
with 50 mAh lithium metal. Finally, the voltage of the two lithium sulfur batteries in
series doubled to meet the charging voltage requirements of the mobile phone, and the
battery capacity of the mobile phone increased from 2% to 22% in 17 minutes Figure
8(d and e) . And the assembled 3D fully printed Li-S battery easily lights up 51 LED
indicators (Figure 8f), which shows that the 3D fully printed battery technology has

huge potential in practical applications.

3 Conclusions

In summary, we have developed a 3D Cu mesh prepared with metal powders
through 3D printing technology and used it as a collector for Li anodes, which is a
universal strategy to inhibit the growth of dendrites of metal batteries and solve their
safety problems. This is distinct from the extensively applied strategy of
suppressing/delaying dendritic growth. 3D printed structure can efficiently change the
distribution of electric field and accommodate electroplated lithium metal. Experiment
shows the coulombic efficiency of lithium deposition on the 3D Cu mesh collector
remains higher than 98% in 500 cycles and 1,000 cycles of depositing/stripping 1 mAh
cm lithium at current densities of 1 mA cm and 10 mA cm™, respectively. In addition,

the 3D Cu mesh collector achieves a deep stripping and plating capacity of up to 50



mAh cm™ at 5 mA cm. The 3D Cu mesh can efficiently prevent the dendrites growth,
improve coulomb efficiency and alleviate volume changes. Therefore, this design
achieves a long and stable cycle at a low current density, a safe lithium deposition at a
high current density, and obtains good cycle efficiency. The anode prepared by this 3D
printing technology is expected to have a synergistic effect with other methods of
inhibiting dendrites (such as modified electrolyte or electrode materials) for the
realization of its practical use in lithium metal battery (Such as all solid-state lithium
metal batteries or special-shaped metal batteries).

Since the accuracy of the 3D Cu mesh in the current research work is limited by
the 3D printing equipment, we can infer that electroactive area ratio can be further
improved if the diameter of the extruded line, the width of the mesh is decreased, and
the number density of the mesh cavity is increased. Therefore, more excellent overall
performance of lithium anode can be obtained on the basis of higher resolution 3D Cu
mesh. In addition, the 3D printing technology with unprecedented consistency and
reliability makes the mass production of 3D printing electrode possible in industry. This
unique and simple strategy is the first attempt to solve the safety problems caused by
dendrites, and will serve as an inspiration to solve similar problems in other secondary

metal battery systems.

4 Experimental section

The details are shown in the supporting information.
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3D printed metal electrodes for lithium anodes demonstrate excellent deep peeling and

plating capability, high rate capability and long cycle life.



ASSOCIATED CONTENT Supporting Information Available: Supporting information

includes three video materials and specific experimental details.



