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Lithium metal is a promising anode material for its low redox potential and high theoretical
specific capacity. However, the commercial application of the lithium metal anode is
hindered with safety concerns arising from the uncontrolled growth of the lithium dendrites
and significant volume variation during the lithium plating and stripping processes.
Modification to the current collector is effective in tailoring the morphology of the
deposited lithium and improving the cycling performance of the lithium metal batteries
This review summarizes at first the global research advances in the structural design and
the selection of the current collectors and their textures. It then presents some of our efforts
in realizing controlled lithium deposition by designing current collectors in three aspects,
lithium deposition induced by the micro-to-nano structures, lithiophilic alloys and iron
carbides. Finally, conclusions and prospects are made for the further research of the
current collectors.
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1 INTRODUCTION

Lithium metal anode, known for its high theoretical capacity and low redox potential, has received
considerable interest for the high energy-density batteries (Tarascon and Armand, 2001; Zhang et al.,
2021a). Efficient and reversible lithium plating/stripping is the basis of various secondary batteries
such as the lithium-sulfur (Li-S), lithium-oxygen (Li-O,) and all-solid-state lithium batteries.
However, the commercial application of the lithium metal anode is impeded with the
uncontrolled growth of the lithium dendrites (Xu et al., 2014).

The growth of the lithium dendrites results in a series of severe problems. 1. The dendrite may
impale the separator and result in short circuit and safety concerns. 2. The lithium dendrites with a
large surface area enhance the detrimental side reactions and formation of “dead” lithium, thereby
leading to a short lifespan, large polarization and low energy conversion efficiency (Zhang S. et al,,
2020). 3. In comparison with the intercalation anodes such as graphite (Jiang et al., 2021) and silicon
(Hu et al., 2021; Tan Darren et al., 2021), the lithium plating/stripping is host-less and accompanied
with large volume variation. The dendrite growth engenders harsher volume change (Cheng et al.,
2017). Therefore, it is critical for the safe and efficient operation of the lithium metal batteries (LMB)
to control the growth of the lithium metal, including the lithium nucleation location, lithium growth
direction, and the morphology of the deposited lithium.

Various methods have been developed to realize the controlled deposition of the lithium metal,
including optimizing the electrolytes (Yang et al., 2019a; Zhang S. et al., 2020; Zhang et al., 2021a;
Yang et al., 2021b), applying the solid electrolytes, designing the current collectors (Yang et al.,
2019c¢) and building artificial solid electrolyte interface (SEI) layers. The electrolyte additives such as
fluorinated ethylene carbonate (FEC) (Zhang X.-Q. et al., 2017; Hou et al., 2019; Lin and Zhao, 2020),
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LiNOj; (Zhang et al., 2021a; May et al., 2021; Piao et al,, 2021;
Wahyudi et al., 2021) and vinylene carbonate (VC) (Kuwata et al.,
2016; Xu Y. et al., 2020) are beneficial for forming stable SEI layers
and inhibiting the growth of the lithium dendrites. The
application of the gel electrolytes with high conductivity or
solid electrolytes with high mechanical strength to replace the
conventional liquid electrolytes also reached great achievements
in improving the cycling stability. Many inorganic components
such as LiF (Yuan et al.,, 2019), Li3N (Dong et al.,, 2020), AL,O3
(Jing et al., 2015), organic coatings such as poly (vinylidene
difluoride) (PVDF) (Dong et al, 2019) film and organic-
inorganic composite layers were used as artificial protective
layers to inhibit the side reactions between lithium and
electrolytes. Construction of the appropriate current collectors
such as lithiophilic alloy current collectors (Li W. et al., 2019; Liu
S.etal, 2019; Wan et al., 2020; Ye et al., 2020) reduces the lithium
nucleation barrier, assists the uniform deposition of lithium and
suppresses the growth of the lithium dendrites.

This review is focused on the construction of the current
collectors, including designing the structure and selecting the
texture of the current collectors. After a brief introduction about
the global research advances for the controlled lithium
deposition, this review presents some of our recent work on
designing the current collectors to achieve the controlled
deposition of lithium metal in three aspects: selective lithium
deposition on micro-nano patterns, lithium deposition induced
by lithiophilic alloys and underpotential lithium deposition in
carbon nanotube (CNT) cavities. Finally, we will discuss some
new insights and future directions associated with the controlled
lithium deposition.

2 RECENT RESEARCH ADVANCES

The current collector plays a vital role in the lithium metal
deposition process, and its characteristics significantly affect
the morphology and uniformity of the deposited lithium. An
appropriately designed current collector can adjust the lithium
plating/stripping behavior to inhibit the growth of the lithium
dendrites and minimize the volume change of the electrode
during repeated cycling. There are two aspects for the design,
structure and texture of the current collectors.

2.1 The Structural Design of the Current

Collector

The inhomogeneous distribution of the local current density and
the electrolyte concentration is believed to be the main reason for
the uncontrolled growth of the Li dendrites. The porous current
collectors can modulate the distribution of the electric field in the
electrolyte through its conductive surface structure, and adjust
the lithium ion concentration gradient in the electrolyte by
reducing the local current density near the anode surface.
Therefore, specifically designing the structure of the current
collector is an effective approach to simultaneously regulating
the lithium deposition and controlling both the position and
morphology of the deposited lithium.

Controlled Lithium Deposition

2.1.1 Micro/nano Patterned Current Collectors
Designing the current collector with appropriate micro-/nano-
pores is a promising strategy to well control the position and
growth direction of the lithium metal and suppress the growth of
the lithium dendrites (Zhang Y. et al., 2017; Wang A. et al., 2018;
Zou et al., 2018; Zhai et al., 2020). The lithium metal itself can be
designed as micro- or nanostructured frameworks. Ryou et al.
(Ryou et al., 2015) fabricated some surface patterns on the lithium
foil by micro-needle pre-treatment technique to direct and
control the lithium deposition. As the preferential sites for the
controlled lithium plating were generated by the rolling process,
the as-obtained surface structure can conveniently suppress the
lithium dendrite formation during the lithium deposition. Other
methods for making surface-patterned lithium metal include
simple stamping (Park et al., 2016) and nano imprinting (Li
etal,, 2018). However, the stability of the micro-nano structure on
the lithium metal is still problematic. The micro/nanopores on
the surface of the lithium metal can guide lithium to deposit in the
pores or pits during the first lithium plating, but the micro-nano
structure is damaged or even destructed after the lithium
dissolution. The preparation of micro-nano structures on
other current collectors can ensure their stability during
cycling. Wang et al. (Wang S.-H. et al., 2017) chose Cu foil
with micro-sized cylindrical pits as the current collector and
successfully deposited lithium into the channels by regulating the
current density distribution. When the Cu current collector with
deposited lithium was assembled with a LiFePO, cathode, the
battery exhibited a capacity retention of 90% after 100 cycles, in
contrast with the 80% capacity retention of a planar Cu foil. It is
worth noting that better cycle performances can be obtained by
tailoring the geometric parameters of the micro/nano structure
(Chen K.-H. et al., 2019). Chen et al. (Chen K.-H. et al., 2019)
improved the electrochemical performance by optimizing the
pore diameter, spacing and length of a three-dimensional (3D)
Cu current collector. They found that pores with small diameters
cannot ensure the selective lithium deposition therein, while large
pores cannot regulate the morphology of the deposited lithium.
Wang et al. (Wang S.-H. et al, 2017) simulated the current
density distribution and proved that the current density within
the micro-channels is obviously larger than on the upper in the
case of the porous Cu current collector, thus contributing to the
preferential nucleation of lithium inside the openings of the
channels. These prove the feasibility of using micro-nano
pores to adjust the lithium deposition position.

2.1.2 The 3D Porous Current Collectors

The pores that can guide lithium deposition are not limited to the
artificially prepared micro-pores. Various natural nano-pores
such as the gaps or cracks between nanowires (Lu et al., 2017;
Yan K. etal., 2018; Shang et al., 2020) and nanoparticles (Wang Y.
et al.,, 2018; Ma et al, 2019; Qiu et al., 2019) were also proved
feasible in controlling the location of the lithium deposition. The
3D current collectors composed of Cu nanofibers (Yang et al.,
2015) and nanoparticles (Ma et al., 2019) were used to effectively
improve the lithium plating/stripping performance. Guo et al.
(Yangetal,, 2015) compared the lithium deposition behaviors on
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a planar Cu foil and on a 3D Cu foil composed of bundles of Cu
fibers. They found that the lithium metal is deposited on the tip of
the previously formed lithium dendrites and promote the growth
of the dendrites on the planar Cu foil. In contrast, numerous
protuberant tips on the fibers in the skeleton of the 3D Cu foil
serve as the nucleation sites. The electric field is uniform and the
charges are homogeneously distributed along the Cu skeleton,
eventually leading to uniform lithium deposition. The free-
standing Cu nanowire network also exhibited high Coulombic
efficiency (98.6% in average in 200 cycles) and outstanding rate
performance owing to the suppressed lithium dendrite growth
and the high conductivity of this network (Lu et al., 2016). In
addition, Ma et al. (Ma et al, 2019) fabricated a 3D porous
current collector composed of interconnected Cu nanoparticles
by a facile one-step electro-deposition process. Stable cycling
performance was obtained in cells with liquid and solid
electrolytes.

In addition to the directly synthesizing Cu nanowires and
nanoparticles, the 3D Cu current collectors can also be obtained
by de-alloying the Cu-containing alloys (An et al., 2018; Zhang
W.etal., 2019; Shi et al., 2019; Zhang D. et al., 2020). Shi et al. (Shi
et al.,, 2019) constructed a 3D porous structure by chemically
removing Ga from CuGa,, achieving a cycling life for over 700 h
without formation of lithium dendrites. Similarly, a 3D Cu
current collector was produced by chemically de-alloying a
commercial bimetallic Cu-Zn alloy tape (Yun et al,, 2016). The
continuous Cu skeleton acts as a current collector for fast electron
transport while the interconnected pores provide a large internal
surface area and room to accommodate the deposited lithium.
However, it is difficult to precisely regulate the structure of the
pores on the 3D Cu current collector for a uniform porous
structure during the chemical de-alloying process. Meanwhile,
the 3D Cu presents poor mechanical strength and low electrical
conductivity due to its high porosity. Electrochemical etching was
developed to solve this problem (Zhao et al., 2018). The 3D Cu
consists of uniform pores and a compact framework can be
obtained by electrochemically etching a Cu-Zn alloy tape by
the linear sweep voltammetry (Zhao et al., 2018).

Other materials were also applied as 3D porous current
collectors, such as Ti (Zhang X. et al, 2019; Huang et al,
2019), Ni (Yu et al, 2018; Yue et al, 2018) and various
carbon materials (Shen et al., 2018; Zuo et al.,, 2018; Liu F.
et al,, 2019). Lu et al.(Lu et al., 2017) designed a Cu@Ni core-
shell nanowire network as the scaffold to accommodate the
lithium plating/stripping inside to maintain the volume of the
anode during battery cycling. In comparison with the metallic
current collectors, the carbon-based current collectors are light,
highly flexible and with large specific surface areas. The
application of the porous graphite (Sun et al., 2016; Jin S.
et al., 2017), carbon nanotubes (Shen et al., 2018; Zuo et al,,
2018; Liu F. et al., 2019), porous graphene (Cheng et al., 2015;
Zhang et al,, 2016; Liu S. et al., 2018), graphitized carbon fibers
(Liu et al.,, 2017; Yang et al., 2017; Zhang R. et al., 2018; Wang
et al., 2019) have also been explored.

The advantages of the 3D porous current collectors used in
lithium metal batteries include: 1) the high conductivity of the
current collector materials and the interconnected 3D structure

Controlled Lithium Deposition

ensure the rapid charge transfer between the electrons and Li*
ions in the entire network. The uniform electric field and Li* ion
distribution result in the uniform lithium deposition; 2) the large
specific surface area can reduce the local current density and
inhibit the growth of the lithium dendrites; 3) the pores of the 3D
framework structure can accommodate the deposited lithium,
reduce the volume change of the electrode during cycling, and
increase the lithium plating capacity; and 4) the 3D structure can
avoid stress concentration and bear the stress evenly owing to its
excellent mechanical properties. However, there are also some
problems to be solved such as 1) the high specific surface area
leads to the abundant side reactions between the lithium metal
and the electrolyte, which results in a considerable consumption
of lithium and electrolyte; 2) the large volume of the 3D current
collector results in low volumetric energy density of a full cell; and
3) more liquid electrolyte is needed for the 3D current collectors,
which reduces the specific energy of a lithium metal cell.
Therefore, a reasonable design of the 3D current collector
including the porosity, surface area, and amount of lithium
loading is critically important to the application of the metal
lithium batteries.

2.2 Selection of Current Collector Texture
The texture of the current collector is another critical factor that
affects the lithium deposition and its cycling. That is, lithiophilic
materials are preferred as the current collectors. On one hand, the
lithiophilic materials can reduce the nucleation barrier for the
heterogeneous nucleation of lithium, which decreases the
nucleation overpotential and thus increases the energy
conversion efficiency. On the other hand, the interaction
between the lithium ions and the lithiophilic materials enables
a homogeneous distribution of the Li" ions, resulting in a uniform
and smooth lithium deposition. These lithiophilic current
collectors can be divided into two categories according to their
reactivity with lithium, the electrochemically reactive substrates
that can react with lithium ions during lithium plating, and the
substrates with polar functional groups on the surface that can
attract lithium ions.

2.2.1 Electrochemically Reactive Substrates

Prior to the lithium nucleation, the electrochemically active
substrates react with the lithium jons by intercalation, alloying
and/or conversion reactions. The lithium nuclei are subsequently
formed on the reaction product, rather than on the substrate
material directly. The reaction products can be Li,Cs on the
carbon materials (by intercalation reaction), Li-containing alloys
on lithiophilic metals or nonmetals (by alloying reaction), and LiX
on the metal compounds (by conversion reaction), respectively.
These Li-containing products have strong affinity to lithium, thus
reducing the lithium nucleation barriers. In addition, the situation is
complicated in some lithiophilic metal substrates such as Agand Mg.
Lithium exists in the form of alloys rather than metallic lithium
particles deposited on the alloy surface during lithium plating. The
metallic lithium nuclei are not formed because lithium reacts with
the substrates to form solid solution alloys. The lithium deposition/
dissolution behaviors on such metals will be discussed in Section 3 of
this review.
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FIGURE 1 | llustration of the discharge/charge process of the graphitized carbon fiber electrode (A). Reproduced from Zuo et al., 2017 with permission. Schematic

of the Li depositing behaviors on the Au-modified multichannel carbon fiber paper (MCNF-Au) collector (B). Reproduced from Liao et al., 2020 with permission.
Schematic structure in the bulk and on the surface for the Li-Mg alloy anodes during Li stripping/plating process (C). Reproduced from Kong et al., 2019 with permission.
Schematic illustration of the preparation of the mixed ion/electron-conducting skeleton (MIECS). The possible chemical reaction between CusP and molten Li is
used to construct a MIECS containing LigP and Cu-Li alloy phase (D). Reproduced from Sun et al. (2019b) with permission.
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Carbon materials are the most common current collector
material for the lithium metal deposition, in which the lithium
ions are generally stored by intercalation or adsorption before
lithium nucleation. This pre-lithiation behavior enhances their
affinity with the deposited lithium. Various carbon materials
(few-layer graphite or multilayer graphene (Liu S. et al,, 2018;
Deng et al., 2018; Liu W. et al.,, 2019; Ren et al,, 2019), carbon
nanotubes (Wang Y. et al, 2017; Guo et al, 2018; Guo et al,
2019), carbon fiber (Lin et al., 2019; Zhang Y. et al., 2020; Liao
etal,, 2020; Kwon et al., 2021), etc.) have been proved effective for
mitigating the Li dendrite growth due to their porous structure
and/or affinity with lithium. Kwon et al. (Kwon et al.,, 2021)
reported an atomically defective carbon current collector where
multi-vacancy defects induce homogeneous SEI formation,
uniform lithium nucleation and growth to obtain a dense
lithium morphology. Zuo et al. (Zuo et al, 2017) developed
graphitized carbon fiber electrode to enhance the Li storage
capacity (Figure 1A). The as-obtained anode can deliver an
areal capacity as high as 8.0mAcm™> without obvious
formation of lithium dendrites.

Apart from the carbon materials, numerous metals and non-
metals that can form alloys with lithium have been utilized in

lithiophilic current collectors, including Ag (Xue et al, 2018;
Zhang R. et al., 2018; Lee Y.-G. et al., 2020), Au (Yan et al., 2016;
Liao et al., 2020; Corsi et al., 2021), Si (Zhao et al., 2017; Chen L.
et al, 2019; Yue et al,, 2021), Zn (Jiang et al., 2020; Zheng et al,,
2020), Al (Kim et al,, 2019; Ye et al.,, 2019a), Mg (Xu Q. et al,,
2020; Gao et al., 2021) and B (Liu Q. et al., 2018; Wu et al., 2020).
They can reduce the lithium nucleation overpotential and
improve the lithium cycling stability. These materials are used
as coatings and 3D lithiophilic hosts. In some studies, several
(non)metals are coated on the current collectors, in the form of
thin films or nanoparticles (Peng et al., 2019; Ye et al., 2019a). We
coated silver nanoparticles on the carbon fiber paper to guide the
uniform lithium plating, effectively reducing the nucleation
overpotential and ensuring the stable electrochemical cycling
(Li X. et al, 2019). A multichannel carbon fiber paper with
Au modification on one side was developed as the collector
(Liao et al, 2020). The special multichannel geometry
generates structural stress that pushes the Li* ions to deposit
into the inner channels; the Au modification on the back side of
the matrix enables lithium to fill the deep voids between the fibers
via heterogeneous nucleation, guaranteeing the maximum
utilization of the possible spaces (Figure 1B). Most of the
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corresponding EDS mapping (I). Reproduced from Li et al. (2017).

FIGURE 2 | SEM image of the as-prepared FIB-etched patterns on Tifoil (A), the corresponding Ti-EDS mapping (B) and SEM image after lithium deposition (C). Li-
deposited Si pattern with different lithium plating capacities (D and F and E and G). SEM image of the Li nanowires array grown between the ZnO arrays (H), and the

studies on the lithiophilic surface coating were focused on Ag and
Au, but these expensive metals cannot be applied in large scale on
the current collectors. Therefore, more efforts are required to
develop economical metals as the surface coating on the current
collectors. In other cases, some (non)metals are also used as 3D
lithiophilic hosts to accommodate the deposited lithium, reduce
the local current density, and suppress the formation of the
lithium dendrites (Kong et al., 2019; Pathak et al., 2020; Ye
et al., 2020; Zhuang et al., 2020). The 3D substrate functioned
with the lithiophilic Li-Zn alloy surface was designed to induce
the uniform lithium deposition along the conductive skeleton,
effectively suppress the dendrite growth and volume expansion
(Ye et al,, 2020). Kong et al.(Kong et al., 2019) investigated a Li-
rich Li-Mg alloy as an anode for the Li-S batteries (Figure 1C).
The mixed electron and Li-ion conducting matrix of the Li-leach
Li-Mg alloy as a porous skeleton structure can also be formed
after delithiation, which can ensure the structural integrity of the
anode in the bulk during Li stripping/plating process. It should be
noted that, in comparison with the surface coating, more
lithiophilic materials are required to construct the 3D current
collectors. Cautious should be taken about the amount of the
lithiophilic material in the 3D current collectors in order to

ensure the high practical gravimetric and volumetric energy
density of the anode.

Some metal compounds that undergo conversion reactions
with lithium can also affect the morphology of the deposited
lithium and reduce the nucleation overpotential, such as metal
oxides (ZnO (Jin C. et al., 2017; Sun et al., 2019a; Zhao et al., 2019;
Yue et al., 2020), CuO (Zhang C. et al., 2018; Huang et al., 2019;
Wei et al., 2020; Huang et al., 2021), Cu,O (Zhang Q. et al., 2018)
Sn0,), fluorides (CuF, (Yan C. et al., 2018), NiF, (Peng et al.,
2017)), phosphides (CusP) (Zhang C. et al, 2019; Sun et al,
2019b) and nitrides (CuzN) (Lee D. et al., 2020; Li et al., 2021).
Zhang et al. (Zhang C. et al., 2018) prepared lithiophilic CuO
nanosheets modified Cu foil by a simple wet chemical reaction to
stabilize the lithium nucleation and alleviate the growth of
lithium dendrites, thus enhancing the lithium plating and
stripping performance. The electrochemically lithiated CusP
nanowires was demonstrated to induce the dendrite-free
lithium growth as well as enhance Coulombic efficiency (Sun
et al, 2019b) (Figure 1D). It is key to control the thickness and
surface state of the compound layer to achieve the best
performance because the introduction of metal compounds
generally results in poor electronic conductivity.
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FIGURE 3| Morphology of the CNT sponge at different stages of lithium plating and stripping: lithium plating 0.04 mA hcm™2 (A), lithium plating 2.0 mA h cm™2 (B),
lithium plating 10.0 mA h cm™2 (C) and lithium stripping after 20 cycles (D). The electrochemical performances of the cells with CNT sponge as the substrate (E).
Comparison of the evolution of the nucleation overpotential on the CNT sponge and on Cu foil with cycling (F). Reproduced from Yang et al. (2019b) Comparison of the
electrochemical performances of the cells with CP (G) and CP@Ag (H) as the lithium deposition substrates. The evolution of morphology of the CP@Ag during
lithium plating/stripping: the commercial CP (I), the as-prepared CP@Ag (J), lithium plating 2.0 mA h cm™ on CP@Ag (K), lithium stripping after 10 cycles (L).
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2.2.2 Substrates With Polar Functional Groups on
Surface

Some polar functional groups can enhance the uniform
nucleation of lithium, reduce the effective current density, and
homogenize the Li* flux to inhibit dendrites. The binding energy
of the lithium ions with these polar functional groups is larger
than that with the copper or lithium atoms (Chen X. et al., 2019).
Therefore, the polar functional groups can adsorb a considerable
amount of the Li" ions to overcome the electrostatic interactions
between the Li" ions and the protrusions, avoiding the
aggregation of the Li* ions around the protuberances. Zhang
et al. (Cheng et al., 2016) employed glass fibers containing plenty
of polar functional groups as an interlayer between the lithium
metal anode and separator. The chemical force from the polar
functional groups hinders the diffusion of lithium jons to the
lithium metal protuberances and reduces the lithium deposition
in the vertical direction. Kong et al. (Kong et al., 2018) proposed a
nitrogen-doped graphene structure with abundant polar
functional groups, including pyrrolic, pyridinic, and
quaternary nitrogen atoms. They revealed that the N-doped
carbon can significantly reduce the Li nucleation overpotential
and thus render a uniform Li deposition at the lithiophilic sites
(Chen X. et al.,, 2019). In addition, the-NH (Niu et al., 2019)

and-C=0 (Lin et al,, 2016) functional groups also exhibit large
binding energies to lithium. Using the polar functional groups to
modify the surface is effective in improving the lithiophilicity of
the current collectors, but it decreases the electronic conductivity
and thus, the amount of these polar functional groups added to
the surface needs to be properly controlled.

The lithiophilic materials can reduce the nucleation barrier
and achieve a dendrite-free lithium deposition. However, some
efforts should be taken to the following issues in the application of
the lithiophilic current collectors. 1) Au and Ag substrates have
been extensively studied, but their high cost will limit their large-
scale applications. Some cheap metals that form alloys with
lithium need to be developed as the alternatives; 2) additional
attention should be paid to the stability of the alloy materials
during cycling. They may undergo large volume change and
phase transitions during the repeated alloying/dealloying, leading
to the structural collapse or the particle fracture; and 3) the
introduction of lithiophilic materials such as lithiophilic metal
oxides and polar functional groups may cause poor electronic
conductivity. Therefore, the cost, amount and structural changes
of the lithiophilic materials need to be considered on designing
the lithiophilic current collectors in order to meet the multiple
requirements of the lithium metal batteries.
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3 SOME OF OUR WORK

3.1 Selective Deposition on Micro-nano

Patterns

Many studies have demonstrated the feasibility of changing the
lithium plating/stripping behaviors by modifying the physical and
chemical properties of the electrode surface (Zhang Y. et al., 2017;
Wang A. etal., 2018; Zou et al., 2018; Zhai et al., 2020). However, the
fundamental understanding on how the electrode surface
morphology affects the deposition behavior is inadequate and
more effort is required to clarify the growth mechanism of the
lithium dendrites. We found that the deposition of lithium metal can
be guided to the micro-patterns on a Ti foil (Li et al., 2017). With this
phenomenon as a start, we reported the preferential deposition of
lithium metal in micropores with different physical and chemical
properties such as the wells on Si wafer and the arrays of ZnO
nanowires. We proposed the possible mechanism of preferential
lithium deposition in pits and extended these findings in the
narrowly defined pits into the generalized pores composed of
nanostructures, which can achieve higher-capacity lithium metal
deposition to meet the practical requirements of the lithium metal
batteries.

In the first place, the Ti foil substrate with micro-grooves was
employed for lithium deposition. By the energy dispersive
spectroscopy (EDS) and scanning electron microscopy (SEM)
observation, the micro-patterns on the foil was proved to be the
location where the lithium metal prefers to deposit (Figures
2A-C). These provide solid evidence for the guiding effects of
the micro-pore on the deposition of the lithium metal.

On the basis of this, more micro- and nano-architectured
electrodes including porous Siand ZnO electrodes, were prepared
to control the lithium deposition. It was found that lithium is
deposited at first on the bottom of the well (Figures 2D,F) and
then grows in it (Figures 2E,G) on the porous Si electrode, which
suggests that the lithium deposition is well confined within the
wells. This confinement can reduce the contact area between
lithium metal and the electrolyte during cycling and suppress the
side reactions between them, and thus contributed to a much
higher Coulombic efficiency for the cell with the patterned Si
wafer electrode than the planar Si wafer counterpart.

Apart from the two cases of grooves on Ti foil and wells on Si
wafer, the pit sizes of which are limited to a few microns for the
sake of fabrication efficiency and cost, the arrays of the ZnO
nanowires, with gaps or crevices between the oriented nanowires,
is regarded as natural nano-pores. The electrodes with the arrays
of ZnO nanowires were prepared, and the results after lithium
plating show the presence of a new lithium array (or bundle) of
oriented nanowires between the ZnO arrays, the shape of which is
like one between two pieces of jigsaw puzzle (Figures 2H,I),
confirming the controlled growth of lithium within the crack of
the ZnO arrays.

We proposed a mechanism to explain the preferential lithium
deposition in pits. The lithium metal and the electrolyte are
regarded as an electron conductor and a Li* conductor,
respectively. The concave pits on the metal electrode are
opposite to the tip protrusions of the electrolyte, between the
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pit and the tip is the electrode/electrolyte interface. Clearly, the tip
of the electrolyte is the point at which the Li" ions are gathered
and the electric current is the strongest, on the basis of the
classical electromagnetism principles. ~Therefore, it is
understandable that most of the Li* ions can receive electrons
from the metal electrode and preferentially deposit in the pit.

This study revealed that the electrochemical activity of the
substrate materials, in comparison with the well-designed surface
structures, plays a less important role in determining where the
lithium be deposited. Therefore, it is viable to realize controlled
lithium deposition by specifically designing the geometrical
structure of the current collector.

3.2 Lithiophilic (non)metals Induced Lithium
Deposition

The materials that can be electrochemically alloyed with lithium
exhibit a certain degree of lithiophilicity, including nonmetals
such as C and Si, and metals such as Agand Au (Yan et al., 2016).
These materials can be used as current collectors to induce
lithium deposition and reduce the lithium nucleation barrier.
This group utilized CNT sponge and Ag-plated carbon fiber
paper (CP@Ag) as the current collectors to achieve dendrite-free
lithium deposition, which proves the feasibility of the alloying
strategy in improving the performance of the secondary lithium
batteries. Afterwards, we conducted systematic research on the
lithium plating/stripping behaviors on a variety of lithiophilic
materials, clarified the relationship between the structural
variation of the alloys and the lithium plating/stripping
behavior, and proposed a principle for the rational selection of
the lithium deposition substrates.

3.2.1 Lithium Plating on CNT Sponge

With years of development, many strategies of modification have
been tried but problems remain unsolved such as the lithium dendrites
growth and the low Coulombic efficiency. Noticing the correlation
between the porous current collector and the lithium deposition and
on the basis of our understandings for the lithium deposition on the
lithiophilic materials, we firstly proposed to use the CNT sponge
(CNTs) as a porous lithiophilic current collector to improve the
lithium deposition and electrochemical performance (Yang et al,
2019b). The commercial CNTs, with its commercial availability and
high specific surface area, especially its graphitic-amorphous carbon
composite feature, was utilized as a 3D current collector to guide the
dendrite-free lithium deposition. SEM images and the nitrogen
adsorption-desorption isotherm exhibit the 3D porous network of
the CNT sponge and the porous structure of each carbon nanotube,
respectively. The Raman spectrum demonstrates the graphitic-
amorphous carbon composite structure of the CNT sponge.

The use of CNTs as a 3D current collector improves the
electrochemical performance of LMB. With a current density of
1.0 mA cm ™2 and a lithium deposition capacity of 2.0 mA h cm ™2,
the Coulombic efficiency of the Li|CNT cell is 72.1% in the first
cycle, but sharply increases to 97.5 and 98.8% in the second and
10th cycles, respectively. It then maintains above 98.5% in the
subsequent 90 cycles. (Figure 3E).
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The lithium plating/stripping electrochemical behaviors are
quite different on CNTs and on bare Cu. On one hand, the
lithium nucleation overpotential on CNTs is much smaller than
on bare Cu (Figure 3F), originated from the distinct surface
properties of the two current collectors. A large amount of
lithium is absorbed and condensed lithium is formed on the
CNT sponge due to its microporous characteristics, leading to a
reversible lithium storage capacity of 150 mA h g above 0.0 V
on the CNTs. Therefore, the pre-lithiated CNTs has a higher
chemical affinity with lithium metal, reducing the nucleation
overpotential. On the other hand, the Li||CNT sponge cell can run
stably for 400 h, owing to the structural stability of CNT ensured
with the graphitic-amorphous carbon composite structure. The
co-intercalation of the solvated lithium ions and the exfoliation of
the layer-structured graphite are inevitable during the pre-
lithiation of the graphitic carbon in the ether-based
electrolytes. Therefore, such composite structure is important
for the structural stability of CNTs.

The morphology evolution at different lithium plating
capacities shows that the lithium is deposited uniformly on
the skeleton of the CNTs at first and then gradually fills the
voids in the sponge network (Figures 3A,B). No lithium
dendrites are observed even if the lithium plating areal
capacity is as high as 10.0mAh cm™ (Figure 3C). After
lithium stripping, both the 3D skeleton of the sponge and its
graphite-amorphous carbon composite structure are well
preserved (Figure 3D). The dendrite-free lithium deposition is
attributed to the high specific surface area, which ensures a good
electrical contact between the electrode and the electrolyte and
increases the density of the lithium nucleation sites, thereby
decreasing the local current density on the CNTs.

3.2.2 Improved Lithium Deposition on Silver-Plated
Carbon Fiber Paper

Although the pre-lithiation above 0.0 V enhanced the affinity of
the carbon materials to lithium, the nucleation barriers for
lithium plating on the carbon materials are still large (for
example, the nucleation overpotential is 37 mV on the CNTs
in the first cycle) (Yang et al., 2019b), which hinders the uniform
and controlled lithium deposition. It was reported that there are
no nucleation barriers on the metals that exhibit some solubility
to lithium, such as Ag and Mg (Yan et al., 2016). Therefore, the
application of these metals as lithiophilic seeds can further reduce
the nucleation barrier and control the lithium deposition on the
carbon substrates.

We pre-plated nano-sized silver particles on commercial
carbon fiber paper (CP) via the silver mirror reaction and
used the silver-coated CP (CP@Ag) as a porous current
collector for lithium deposition (Li et al., 2019b). The diameter
of most of the silver particles is a few tens of nanometers (Figures
3L)). X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) demonstrate the existence of the metallic
silver.

The presence of the silver nanoparticles improves the lithium
plating/stripping performance on the carbon fiber paper. The
lithiophilic silver particles alloy with the lithium and guide the
subsequent lithium plating on the carbon fibers (Figure 3K),
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effectively reducing the polarization and improving the energy
conversion efficiency of the lithium anode. The nucleation and
deposition overpotentials decrease from 35 to 26 mV on CP to 21
and 18 mV on CP@Ag in the first cycle, respectively (Figures
3G,H). The CP@Ag cell exhibits stable cyclability at a current
density of 0.5 mA cm ™ for about 1,000 h.

The electrochemical impedance spectroscopy (EIS)
indicates that the SEI film resistance and the charge
transfer resistance are smaller on the CP@Ag than on the
naked CP. This illustrates that the SEI film with higher jon
conductivity is formed on the CP@Ag. It is easier for the
lithium ions to be reduced to metallic lithium on the CP@Ag.
These explain the decrease of the nucleation and the
deposition overpotentials.

The evolution of the morphology during lithium plating
indicates that the silver particles can guide the uniform
deposition of lithium on the carbon fibers. The Ag particles
still adhere tightly to the carbon fiber after 10 cycles
(Figure 3L). The strong adhesion of this chemically plated
silver ensures the cycle stability and high Coulombic efficiency
of the lithium plating/stripping. Other lithiophilic metals can also
induce uniform lithium deposition, and some cheap metals that
form alloys with lithium can be good alternatives to silver, such as
Zn, Al (Ye et al, 2019a) and Si (Tang et al., 2018).

3.2.3 Phase Diagram Determined Lithium Plating/
Stripping Behaviors

On the basis of the studies on CNT, CP@Ag and a number of
other lithiophilic materials as current collectors, it can be found
that the lithium plating/stripping behaviors are closely dependent
on the substrate material. Significant differences have been
observed in the nucleation overpotential, morphology of the
deposited lithium (or alloy) and their cycling performances
when different materials are used as the substrates. However,
the fundamentals for these differences remain unclear and some
understandings are even problematic. It is essential to clarify the
reason for the different lithium plating/stripping behaviors and
find the principles for the rational selection and design of the
substrate materials.

With the phase transition process of a series of lithiophilic
materials and density functional theory (DFT) calculations, we
clarified that the lithium plating/stripping behaviors on the (non)
metal substrates are basically determined with the binary phase
diagrams of the lithiophilic materials (Zhang et al., 2021b). The
lithium plating/stripping process on the Ag@Cu substrate is
always accompanied with the phase transition of the Li-Ag
alloys. During lithium plating on the Ag@Cu substrate, the a-
phase Ag-rich solid solution, p phase (LiAg), y phase Li-Ag
solution (ys, Y2, y1 phases) and §-phase Li-rich solid solution
appear in sequence (Figure 4A). A reversed process occurs as
lithium is dissolved from the Li-Ag alloys. The lithium exists in
the form of Li-Ag solid solutions instead of free metallic lithium
in these processes, because there are a series of solid solutions but
no Li-Ag intermetallic compound in the Li-Ag phase diagram
(Figure 4C). The solid-solution reaction permits the formation of
the Li-Ag alloys with any possible Li/Ag proportion. Therefore,
the phase transition runs through the entire Li-Ag phase diagram
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and mainly involves some single-phase transitions (solid solution
reactions).

During lithium plating on the Au@Cu substrate, Au can only
accommodate a small amount of lithium (the highest lithium
content is LijsAuy) and the later deposited lithium exists as free
lithium on the Au@Cu substrate (Figure 4B). The free lithium is

firstly stripped, and then Li;sAu, is finally transformed to LiAus
phase during lithium stripping. Therefore, the lithiation of Au
reaches saturation faster than that of Ag, followed by the
deposition of free lithium. The existence of a series of
intermetallic compounds in the Li-Au phase diagram is the
reason for such phase transition process (Figure 4D). There
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are many two-phase regions in the Li-Au phase diagram, leading
to the frequent two-phase transition and significant structural
change.

The impact of the kinetic factors on the alloying/de-alloying
behavior can be excluded by comparing the diffusion energy
barriers of the metals in the Li;Au and Li;Ag. The DFT
calculations show that the diffusion energy barriers of Ag
and Au atoms are large in the two alloys while those of
lithium are very small and are similar in these two alloys.
These suggest that the lithium diffusion plays a dominant role
in the formation and phase transition of the alloys. It is the
thermodynamic factor (the phase diagram), rather than the
kinetic factors (the high diffusion coefficient) that determines
the alloying behavior of lithium on the lithiophilic substrate
(forming solid solutions or intermetallic compounds).

In combination with the binary phase diagrams, the lithiophilic
(non)metals can be classified into two categories. The metals that
only form solid solutions with lithium such as Ag and Mg can
continuously accept the injected lithium to form solid solutions. In
contrast, the (non)metals that intermetallic compounds are present
in the phase diagrams can only accommodate a limited amount of
lithium, such as Au, Al, Zn, Si and Sn. Free lithium is plated on top of
the Li-saturated alloys and the latter cannot affect the lithium
deposition anymore.

The SEM-EDS images show that Ag (or Mg) is uniformly
distributed in the direction perpendicular to the substrates,
indicating the formation of Li-Ag (or Li-Mg) solid solutions
(Figure 4E). The scanning transmission electron microscopy
(STEM)-EDS demonstrates that the alloy particles remain
integrated though the Li concentration in the Li-Ag alloy
particles decreases from the surface to the internal. The Ag@
Cu substrate remains integrated after de-alloying, ensuring the
stable lithium plating/stripping in the subsequent cycles.
However, Au (or Zn) is only observed on the surface near the
Cu foil (Figure 4E). Free lithium metal lies between the Li;sAuy
alloy and the SEI layer.

The phase diagram characteristics strongly affect the lithium
cycling behaviors on the lithiophilic substrates, embracing the
morphology of lithium or alloys, the structural stability and the
formation of the SEI layers. The Li-Ag alloys guide the
deposition of the large lithium particles at any lithium
plating capacity. Porous particles are formed after lithium
stripping, which act as the lithiophilic seeds to guide the
condensed lithium deposition in the subsequent cycles.
Different from that on Ag@Cu, the Li-Au alloy can no
longer regulate the morphology of the deposited lithium
after being covered with free lithium, resulting in formation
of smaller deposited lithium particles. The deposited lithium
on the Au@Cu substrate is looser than on the Ag@Cu substrate
after long-term cycling, because the accumulated internal
strains during the two-phase transitions promote the
crumbling and dropping of Au from the Au@Cu substrate.
A stable SEI film rich of fluorine is formed on the surface of the
Li-Ag alloys, and the porous Li-Ag alloy particles can support
the SEI film to keep its integrity. However, many cycles are
required and a lot of lithium is consumed before a protective
SEI layer is formed on the Au@Cu substrate.
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The phase diagrams determine the electrochemical behaviors
of lithium deposition on different substrate materials. The
lithium deposition on the material that only forms lithium
solid solution shows stable nucleation overpotential, high
Coulombic efficiency, long lifespan and high structural
stability after deep de-alloying (Figures 4F,G). The
excellent electrochemical performance is due to the slight
structural changes, reduced side reactions and decreased
dead lithium. The significant increase in the nucleation
overpotential on the Au@Cu substrate after 50 cycles proves
the fall-off of the Au particles caused by the large structure
change of the Li-Au alloys.

The universality of this rule has been proved on a variety of
metal substrates in the lithium metal batteries. This finding
makes it possible to predict the electrochemical performance
of alloy materials under different conditions and design alloy
materials through alloy phase diagrams in secondary metal
batteries.

3.3 Lithium Deposition in CNT Cavity

With a cavity inside, CNT is a native porous material. It was once
expected in history to be an ideal container of lithium. However,
all the efforts to fill the cavities with lithium failed. For the first
time, we proposed a novel approach to realizing the lithium
storage in the CNT cavities with the assistance of the transition
metal carbides, such as iron carbide, inside the CNT to induce the
lithium ions (Yang et al., 2021a).

The above CNT sponge was used as the substrate for lithium
deposition, in the cavities of which is confirmed the presence of
Fe;C and Fe,C (Fe,C) by the transmission electron microscopy
(TEM). After the CNT sponge is discharged to 0.0 V, crystalline
metallic lithium is observed in the cavities accompanied with the
iron carbides, as is proved by the cryogenic-TEM (cryo-TEM)
and electron energy loss spectroscopy (EELS) (Figure 5A-C).

Another interesting finding is the location of the lithium
metal—it is stored between the inner wall of the CNT and the
iron carbide in the CNT cavities. In contrast, no metallic lithium
is observed around the CNT openings or the regions free of the
iron carbides. These imply that it is the iron carbides that allure
the lithium ions into the interior of the CNTs via the defected
graphene layers. The DFT calculations indicate that the iron
carbides are more lithiophilic than the graphene, explaining why
the lithium ions are not intercepted with the carbon layers on
their way to the cavity. With the high lithiophilicity of the iron
carbides inside the CNTs, the lithium ions can reach the CNT
cavity as long as there are some defects as the entrance to
penetrate the graphene layer and easily reduced to lithium atoms.

Despite the similar calculations suggesting the even stronger
adsorption of the iron carbides to the sodium ions than to the
lithium ions, no metallic sodium is found within the CNT cavities,
according to the cryo-TEM image (Figures 5D-F). This is attributed
to the forbidden entrance of the sodium ions into the graphene
interlayer of the CNTs. This turns out to be another condition for the
deposition of the metals in the cavities: the metal ions are able to
enter the interlayer and transport across the graphene.

This study proves the feasibility of metal storage in the CNT
cavities and shows three prerequisites for such lithium storage
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(Figure 5G): the capability of the ions to diffuse into the cavities, the
appropriate defects that help the intercalated ions to pass across the
graphene layers, and the attracting species in the nano-cavities that
allure the ions. These three prerequisites provide a guidance to the
design of the porous carbon for an excess capacity in the cavities or
nanopores.

The porous materials and “hollow” materials (such as the
hollow carbon spheres, multi-walled carbon nanotubes, and
fullerenes) can work as lithium containers by introducing
appropriate alluring agents inside and making some defects on
their shells. Similarly, other interesting species can be stored if
appropriate allures can be introduced during or after the
preparation of the porous host-material, not limited to the
carbon materials. In this way, the composite material will
present new physical and chemical properties and find new
applications, such as new catalysts and high-capacity electrode
materials.

4 CONCLUSION AND OUTLOOK

Recent years have seen significant advances in realizing
controlled lithium deposition by designing proper current
collectors. Researchers conducted plenty of studies on
designing the structures and selecting the materials of the
current collector. Although some of these approaches can
achieve dendrite-free lithium deposition, it should be
acknowledged that there is still a long way to go before the
commercial application of the secondary lithium metal batteries.
Further studies may be focused on the following aspects:

1. In-depth study of the relationship between the lithium plating/
stripping behaviors and the properties of substrate materials.
At present, a wide range of materials have been applied as
current collector and have shown improved electrochemical
behaviors. However, theoretical studies of lithium deposition

Frontiers in Energy Research | www.frontiersin.org

11

February 2022 | Volume 10 | Article 837071


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al.

behaviors on the current collectors as well as fundamental
understandings of how the current collectors affect the lithium
metal nucleation and growth are limited and further probing is
required. Our preliminary studies indicate that the
electrochemical behaviors of the lithiophilic (non)metals
can be predicted with the phase diagram. However, it is
undeniable that some other factors such as the hardness,
wettability, surface diffusion activation energy of lithium,
lithium adsorption energy, and surface morphology of the
substrate materials affect the lithium deposition and should be
taken into account for further investigation.

2. Optimization of the 3D porous current collector. Although it
has been clearly demonstrated that these 3D porous current
collectors are able to suppress the dendrite growth by guiding
the lithium deposition and reduce the volume change, there
are still some challenges to overcome to achieve a
commercialized lithium metal anode, for example, severe
side reactions and low Coulombic efficiencies resulted from
the high specific surface area, low volumetric energy density of
the full cell, and the instability of some fine designed micro/
nano structures during repeated cycles.

3. Development of composite anodes. In practical applications, it
is necessary to pre-store lithium metal in the current collector,
especially for the Li-S and Li-O, batteries. Thermal infusion is
a common method for preloading lithium into the 3D porous
current collectors to prepare composite electrodes. Its
prerequisite is the thermal stability and wettability of liquid
lithium to the substrate material. It is beneficial to the
preparation of composite anodes by designing a lithiophilic
interface layer on the surface of a 3D current collector, or
directly using a lithiophilic material as the 3D current
collector. The composite anode can maintain the
characteristics of a 3D porous structure, and can also adjust
the lithium loading simply by controlling the processing time.

4. Applications of current collectors doped with a marginal
amount of lithiophilic metals. The lithiophilic alloys can be
used to reduce the nucleation overpotential of lithium, but
introduction of a large number of alloying elements reduces
the energy density of the battery, and the large volume changes
during repeated alloying/de-alloying may damage the integrity
of the substrate. Therefore, lithium doped with trace
lithiophilic metal elements is promising as an alternative
anode for pure lithium metal. Doping a trace amount of
Ag, Al or Mg (<2at%) in lithium foil can significantly
change the surface properties of the lithium metal, such as
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