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Lithium-ion batteries have been widely used in recent decades. However, the anodes being used at
present cannot meet the growing demands of the electronics market. Among all the alternative anode

materials, lithium is emerging as an advanced anode owing to its high theoretical specific capacity and

low operating potential. However, lithium anodes suffer from severe lithium dendrite growth, unstable

solid electrolyte interphases, and sluggish kinetics. To address these problems, various strategies have
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been proposed for the development of practical lithium metal anodes. As reported in previous studies,
current collectors play a critical role in facilitating uniform lithium nucleation and deposition, building a
stable solid-electrolyte interphase, and improving the dynamics. In this paper, we review the recent

developments in current collectors for lithium-ion batteries, retrospect recent research results, and

rsc.li/frontiers-materials

1. Introduction

New energy storage systems, such as photovoltaic modules,
wind power plants, and hydrogen storage modules, are playing
increasingly important roles in modern society." Rechargeable
batteries have achieved enormous progress and have acquired
broad commercial applications as they act as transfer trans-
portation ports to bridge the gap between clean energy stations
and consumer electronics. Currently, several researchers have
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investigate possible future research directions.

focused their research attention toward the exploration of
secondary batteries with high energy densities. Lithium metal
anode (LMA) is considered a promising alternative anode for
next-generation lithium-ion batteries (LIBs).”> Known as a holy
grail anode, lithium metal has an extremely high capacity of
3,860 mA h g™, low density (0.59 g cm ), and low electro-
chemical potential, leading to impressive weight and volume
energy density.

The first-generation lithium metal batteries (LMB) can be
traced back to the 1970s, when Whittingham proposed lithium
as an anode and TiS, as a cathode.® Although Li|TiS, battery
exhibited superior energy density and rate capability, the
uncontrollable Li deposition triggered thermal runaway and
safety hazards. Therefore, research on Li-metal-based second-
ary batteries was halted. With the development of characteriza-
tion techniques and growing demand for higher-energy-density
devices, a comprehensive understanding of the failure mecha-
nism and relative improvements in Li metal anodes has been
proposed. For example, Zhang et al. reported that the dendrite
would accelerate thermal runaway in a Li||LiNig 5C0,Mng 30,
pouch cell by reducing the self-heating temperature (7y).*
Through the generation of the larger solid electrolyte inter-
phase (SEI) and dendritic Li, T; would reduce to 72.7 °C after
20 cycles in contrast to 176.1 °C for pristine cells. Moreover, a
stable polymer-rich SEI in Li anodes was able to suppress
dendrite growth and increase T; from 143.2 °C to 174.2 °C.?
Accelerating rate calorimetry (ARC) and differential scanning
calorimetry (DSC) were demonstrated as critical methods in
such studies.°® The improved understanding of the failure
mechanism in LMAs have once again attracted research interest.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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LIBs generally consist of anode and cathode materials to
reversibly store lithium, a current collector (CC) to collect
electrons, an electrolyte to enable the transportation of lithium
ions, and a separator to isolate the anode and the cathode. Battery
performance is essentially determined by the Li' storage capacity
and working voltage of both the anode and cathode materials.
3In addition, the battery configurations, namely the electrolyte,
separator, and CC, have a profound impact on the performance as
they determine the release capacity of the electrode materials.”'°

CCs are used to support the active materials, collect the
electrons involved in the electrochemical reaction, deliver the
electrons between the electrode materials and the external
circuit, and release the thermal heat generated during the
electrochemical process.’*™ A typical CC should be electro-
nically conductive, ionically insulated, electrochemically inac-
tive, mechanically robust, and cost-effective. As the potential at
the Li anode side is approximately 0 V, the CC at the Li metal
side should not react with lithium or the electrolyte in such a
reduction environment. Moreover, the CC must possess
high mechanical strength so that it can withstand the stress
generated when active materials undergo volume expansion.
As a result, copper (Cu) foil was employed as a commercial CC
for the anodes.

In LMBs, the mechanism of lithium ion storage on the
anode side is quite different from that in LIBs.">'® In LIBs,
Li" undergo electrochemical reactions with the anode materials
upon charging, and Li deposition behavior occurs only under
fast charging and low-temperature charging. During this pro-
cess, Li" ions do not directly interact with the CCs. In contrast,
Li ions are converted to Li metal on the CC via electrodeposi-
tion in LMBs. Hence, the CC has a remarkable impact on the Li
deposition process, including the Li nucleation overpotential,
Li plating morphology, and cycle life. Commercial Cu foil is
generally used as CC for LIBs but is not adaptive for LMBs
because it is weak in guiding lithium plating owing to its
lithiophobic nature. Effective approaches such as modification
of Cu foil or designing practicable CCs have been proposed to
advance the development of lithium anodes. In this review, we
introduce the advances in modified Cu foils and three-
dimensional (3D) porous Cu structures, investigations on CCs
beyond Cu foils, and designs of functional CCs, as illustrated in
Fig. 1. Facile modifications of commercial Cu foil are regarded

I

functional
design

Fig. 1 A schematic illustration of the developments in CCs for lithium metal
anodes: Cu-based CCs, CC beyond Cu, and CCs of functional designs.
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as the most cost-effective approach because they take advantage
of the current techniques to produce Cu foil without excess
research input. The construction of 3D porous Cu structures
can further enable the operation of CCs because they offer free
space to withstand the infinite volume change of Li plating.
Nickel-based CCs are worth developing because of their
abundant resources and low price. Carbon-based CCs provide
stronger plasticity and flexibility, and are expected to be applied
in flexible electronics. To accelerate the practical process
of lithium metal anodes, CCs that can stabilize the SEI and
prevent thermal runaway should receive more attention.

2. Modifications on Cu foil

The materials of CCs utilized in LIBs include aluminum (Al),
copper (Cu), nickel (Ni), stainless steel, and carbon with 2D
planar or 3D porous type.'® Currently, Al and Cu foils are
applied as CCs for cathodes and anodes, respectively. Despite
its low cost and light weight, Al foil undergoes corrosion at low
potential in LIBs, which makes it unfavorable for supporting
anode materials.’” Cu foil has emerged as a commercial anode
CC owing to its high conductivity, ductility, and stability at low
operating voltages.'® The widely used commercial Cu foil has a
2D planar structure with a low surface area and is lithiophobic
in nature. In a typical LMB system, when Li" ions are extracted
from cathodes and plated on Cu foil, the deposited lithium
suffers from an uncontrollable nucleation and growth process,
resulting in an uneven morphology and low coulombic effi-
ciency. Therefore, it is necessary to develop a suitable CC for
reversible Li deposition and stripping.

As Cu foil has been commercialized and that the manu-
facturing technique is relatively mature, modifications to
commercial Cu CCs have been extensively regarded as a cost-
effective approach for improving the feasibility of LMBs. To
address the limitations of bare Cu, incorporating lithiophilic
materials and constructing 3D structures are the most common
and effective strategies.'® Huang et al. employed a trace amount
of Au on Cu foil as the CC to eliminate the uncontrollable Li
plating on Cu foil for an anode-free Li,S-based full battery.>
A commercial ultrathin-Au film was carefully coated on Cu foil,
as shown in Fig. 2a-c. During cycling, Au transformed into a
lithophilic Li,Au alloy as a nucleation site, leading to dendrite-
free Li deposits on the Au film. In a Li,S|/Cu cell, Li is plated
parallel to the Cu foil with an area equal to that of the Li,S
cathode, as shown in Fig. 2a. In contrast, the Li deposition area
matches well with the location of the Au film in Li,S||Au/Cu,
as shown in Fig. 2b and c, indicating that the diffusion path-
way and deposition area of Li can be induced by Au. Conse-
quently, the overpotential (the difference between the lowest
transient potential and the steady cycling potential) of Li
deposition during the initial process on the Au/Cu CC is
approximately 0, while that of the bare Cu foil is 36.8 mV
(Fig. 2d and e). In addition, Ag was reported to be able to
manipulate the Li deposition behavior in Cu-based CCs in the
same manner. Similar Au- and Ag-induced-nucleation designs
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with permission.2® Copyright 2019 Elsevier B.V.

sites.  (a)
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Fig. 2 Metal-based nucleation

have been reported many times and have achieved great
improvements.>' 28

Compared with noble metals such as Au and Ag, inexpen-
sive metal compounds are preferred for developing high-
performance Cu-based CCs. Despite the lithiophobic feature
of pure Cu, some copper compounds, such as CuO and Cu,O,
were found to be lithophilic.>**** Involving Cu foil as a reactant,
a lithiophilic surface could be generated. It has been reported
that other metals or metal compounds can also work as
nucleation sites, such as Sn,** Zn0,>*** and Al,0;.>* Xiong
et al. proposed a lithiated ZnO nanoarray-decorated Cu foil to
regulate the Li plating/stripping behavior.>® The ZnO nanorod
arrays were synthesized in situ by a solution deposition route.
The ZnO nanorods were transformed into LiZn and Li,O after
lithiation. The conductive alloy array enabled a uniform elec-
trical field distribution and even Li-ion flux, which functioned
as nucleation sites to guide dendrite-free Li deposition. Fig. 2f
illustrates the Li plating process on the lithiated ZnO@Cu
electrode. The voltage profiles of the electrodes in Fig. 2g
confirm that the overpotential of lithiated ZnO@Cu was lower
than that of bare Cu, suggesting the lithiophilic nature of the
LiZn/Li,O arrays. The EIS spectra in Fig. 2h reveal that the
charge transfer resistance of lithiated ZnO@Cu is much smaller
than that of bare Cu, indicating faster kinetics during cycling.
The morphologies of the electrodes after 20 cycles could explain
the different performance (Fig. 2i and j). The lithiated ZnO@Cu
electrodes maintained a smooth surface, a homogenous
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thickness and very few dendrites. While the lithiated bare Cu
electrodes had a non-uniform surface and a porous micro-
structure. It can be concluded from the two cases in Fig. 2 that
by changing the characteristics of the Cu foil surface from
lithiophobic to lithiophilic, a more reversible Li plating/strip-
ping process can be acquired. More recently, Huang et al.
modified Cu foil with CuzN nanowires by an in situ method,*®
utilizing alkali to etch and simple thermal annealing to nitride.
This work is representative of many studies’®>> that take
full advantage of Cu foil as a reactant to generate a lithiophilic
surface.

In addition to the aforementioned metal-based nucleation
sites, numerous non-metal chemicals have been proposed
as good substrates for inducing Li deposition. Yang et al.
employed a homogeneous porous SiO, layer deposited directly
over the Cu CC (LI-SiO,@Cu) as depicted in Fig. 3a.>” A silicone-
based adhesive of the tape was first applied on a fresh Cu foil
and converted to SiO, layer by a commercial infrared laser with
working power of 1.5 W for two-time lasing treatment. The
voltage profiles shown in Fig. 3b reveal that the nucleation
energy barrier of LI-SiO,@Cu was relatively smaller than that of
bare Cu, indicating more favorable nucleation kinetics in
LI-SiO,. The inset in Fig. 3b explains one of the reasons for
the enhanced kinetics, namely, the abundant lithiophilic sites
produced by LI-SiO,. In addition, a small amount of laser-
induced graphene was visually identified by performing trans-
mission electron microscopy (TEM), which also played a role in
accelerating the electrochemical dynamics. The as-prepared LI-
SiO,@Cu suppressed the formation of Li dendrites and inactive
Li and presented a higher average CE of 99.3%, demonstrating
outstanding performance in LMB with zero excess of lithium.
The energy density of the prepared anode-free pouch cell with
LiFePO, as the cathode is ~209 W h kg™ ', which is twice as

a 106 um
laser

Multiple

®|®|

- = -

self-enhance
growth of
s
il o
non-uniform I I uniform

. 4 nucleation
nucleation %%

[e) 0 e O ¢ 00 ¢

Fig. 3 Non-metal lithiophilic sites. (a) Schematic diagram for the for-
mation of laser induced SiO, layer on the Cu CC and the lithium plating
behavior. (b) Voltage profile of bare Cu and Cu with LI-SiO, layer.
Reproduced with permission.®” Copyright 2020 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (c) Schematic of the mechanism of PDA-induced
Li deposition. Reproduced with permission.*® Copyright 2019 Elsevier B.V.
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high as the commercial LiFePO, pouch cells. However, the
cycling stability and failure mechanism were not discussed.
Yang et al. prepared a 3D-hierarchical composite material by
processing polyimide films on Cu foils with a similar lasing
treatment,*® which consisted of many laser-induced N-doped
graphene walls that served as nucleation centers upon Li
deposition. Overall, these studies offer a fast, low-cost, and
scalable approach to develop modified Cu foils for Li-metal
anodes.

Various lithium-reactive materials can be considered as
options for nucleation sites to modify Cu foils for advanced
LMBs. Organic materials could also be considered as options to
protect Cu foil CCs owing to their structural flexibility. Liu et al.
introduced a functional polydopamine (PDA) layer onto Cu foil
to improve Li deposition.>® The PDA layer was prepared by the
polymerization of dopamine in Tris-HCI buffer solution at a
reaction temperature of 20-60 °C for 24-48 h. During the first
deposition process, Li* reacted with poly(5,6-dihydroxyindole)
to generate poly(5,6-indolequinone). Subsequently, the carbo-
nyl groups on the PDA layer stored Li'. Upon subsequent
plating, the stored Li" is preferentially reduced in situ to Li
metal. Fig. 3¢ shows the Li deposition mechanism induced by
bare Cu and PDA. As a result, the Li-Cu asymmetric cells
showed a high CE of 97% for 100 cycles, and the LiFePO,||
Li@PDA-Cu full cell displayed excellent long-term cycling sta-
bility. Hwang et al. further modified these PDA-Cu CCs with Ag
nanoparticles as nucleation seeds and graphene oxide as an
artificial SEL.>” The modified CC exhibited an improved CE of
98.1% in an asymmetric cell, a high average CE of 98.5% and a
high capacity retention of 55.7% after 60 cycles in an anode-free
full cell with NMC as the cathode.

Some other organic materials, such as polyvinylidene
difluoride,*® polyethylene oxide,*" and polyvinyl alcohol,** have
been investigated as the protection layer for Li metal anodes.
These organic material-coated Cu foils not only enable uniform
Li deposition/stripping but also help construct a more stable
SEL However, the Li" diffusion coefficient is low in organic
materials, which probably influences their rate capability.

Recently, numerous 3D CCs have been presented and pro-
ven to be an efficient solution to ensuring LMB operating the
fast kinetics of LMB operation. These 3D structures can effi-
ciently avoid dendrite growth and volume expansion upon Li
plating because of their large surface areas and rapid electron
and ion pathways. Nevertheless, the large-scale, cost-effective,
and controllable production of 3D structured CCs is still
challenging, such as 3D carbon nanotube sponge,**™** graphene
foam,*® and nickel foam,*”*®* among others. Thus, it would be
valuable to develop 3D structured CCs by employing existing
commercial products as general templates.

Zhang et al. suggested a scalable route to construct a 3D
porous structure on commercial Cu foil via a liquid Ga-induced
alloying-dealloying procedure, as shown in Fig. 4a.*’ For a
typical preparation process, the liquid Ga was uniformly
smeared over the surface of the Cu foil and further annealed
at 100 °C to form a CuGa, alloy. After the selective etching of
Ga, the residual Cu atoms rearrange into a 3D nanoporous

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Chemistry. (d) Li deposition diagram of different CCs with 0, 2, 4, and
8 h dealloying time. (e) Coulombic efficiency of the different CCs.
Reproduced with permission.’® Copyright 2020 American Chemical
Society.

architecture. Fig. 4b shows the structural changes upon initial
nucleation and further plating during lithiation in 3D porous
Cu. The porous skeleton of 3D Cu possesses numerous charge
centers that can build a more uniform electric field, which
helps to homogenize the current density and prevent Li
dendrite propagation. Fig. 4c shows the internal impedance
of different CCs after the initial Li plating/stripping, from
which the interfacial resistance of SEI formation (Rsg;) and
charge transfer resistance (R.) can be calculated using equiva-
lent circuits. The half-cell with 3D porous Cu exhibited a much
lower Rggp + R (54.9 Q) than that of the planar Cu foil (157.9 Q).
Thus, better electrochemical performance was achieved in both
symmetrical and full cells.

More commonly, researchers have employed various com-
mercial Cu alloy foils as initial reactants to synthesize 3D
porous Cu foils, such as Cu-Zn alloy,**"** Cu-Mn alloy,”* Cu-Sn
alloy,>* and Cu-Zr alloy.” Interestingly, foreign metal atoms in
the alloy may play a positive role in the induction of Li
deposition. Tang et al. investigated the role of residual CuZn
alloys in a dealloyed CuZn framework using density functional
theory (DFT) calculations and in situ experiments.*® A series of
dealloyed CuZn frameworks with different etching times (0, 2,
4, and 8 h) were employed as research objects. Fig. 4d shows the
Li deposition behavior on different CCs with dealloying times
of 0, 2, 4, and 8 h. Li dendrites grew sporadically on 2D planar
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Cu, whereas 2h-3D CuZn and 4h-3D CuZn CCs guided Li
plating into the inner pores, thus promoting the growth of Li
deposits. When fully etching the foreign Zn atoms for 8 h, the
deposition surface layer of the residual 8h-3D Cu was smoother
than that of 2D planar Cu, but rougher than that of 2h-3D CuZn
and 4h-3D CuZn. It can be speculated that the residual 3D
CuZn phase reduces the local current density and suppresses
the growth of Li dendrites. DFT calculations and in situ mea-
surements were conducted to further verify the lithophilicity of
the CuZn alloy. With the assistance of the 3D porous skeleton
and residual lithiophilic CuZn alloy, 2h-3D CuZn maintained a
CE of 95% for 150 cycles, as depicted in Fig. 4e, which was
much higher than that of the control sample.

Constructing a 3D structure on a Cu foil base is another
popular strategy for the design of porous CCs. Wang et al.
fabricated a 3D granular piling structure by casting Cu micro-
particle solution onto Cu foils.>® The granular piling structure
managed to dynamically adapt to volume change during
Li plating/stripping to realize quick stress relaxation. More
commonly, various works employed a template method along
with electrodeposition to create porous structure, for instance,
colloidal template method combined with copper electro-
deposition,”” > porous CoP film produced by electrodeposition,*
and hydrogen bubble dynamic template method.®® Moreover,
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assembly of one-dimensional nanorods, nanofibers, or nanowires
were also proposed as an efficient approach to design porous
framework, such as ZnO-modified polyactylonitrile (PAN) fiber,**
uniform vertically aligned Cu pillars,®® Sn-coated Cu nanowires,>
ZnO nanorod arrays,”® and vertically aligned carbon nanofibers.**
Generally speaking, the 3D porous structures offer a large surface
area to reduce the local current density and Li" flux to homogenize
the Li deposition, and provide abundant space to accumulate the
volume change during lithium plating, resulting in dendrite-free
Li anode with enhanced cyclability.

In addition to the 3D porous CCs built on planar Cu foil,
some Cu and Cu alloys with inherent 3D frameworks are
considered as intact CCs or starting materials to build more
effective CCs. Shao et al. employed a commercial copper foam
(CF) as skeleton to grow vertically aligned hierarchical copper
fibers as modified CCs (HCF/CF) for dendrite-free lithium
metal anodes.®® Fig. 5a illustrates the different Li deposition
behaviors on the CF and HCF/CF CCs. The numerous Cu fibers
acted as charge centers and nucleation sites in the HCF/CF
framework, and lithium tended to nucleate and deposit on the
copper fibers and then fill the space between the fibers.
A homogeneous layer of lithium was eventually deposited on
the HCF/CF framework by repeated cycling. In contrast, Li
dendrites and dead Li were formed on bare CF CCs. The CEs
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Fig. 5 Cu framework based CCs. (a) Schematic illustration of the Li deposition on the CF and HCF/CF CC. (b) Coulombic efficiencies of Li plating/striping
on CF, planar copper, and HCF/CF. Reproduced with permission.®® Copyright 2019 Elsevier B.V. (c) Schematic of in situ formed lithiophilic layer on a
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CuZn mesh in symmetrical cells. Reproduced with permission.* Copyright
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for Li plating/stripping on both CCs are shown in Fig. 5b. HCF/
CF maintained a high CE of 98% for over 200 cycles, while
CF displayed an unstable CE, which dropped to 30% after
130 cycles. Furthermore, the Li@HCF/CF|LiFePO, (LFP) full
cell exhibited capacity retention of 95.6% after 500 cycles.

Ci et al. elaborately deposited the Au layer onto one side of
the Cu foam by magnetron sputtering.>' The lithiophilic Au
nucleation sites induced lithium metal to grow toward the
direction opposite to that of the separator and onto the back
surface of the Cu foam. Combined with the unique structure of
the Cu foam, the growth direction and morphology of the
deposited lithium could be controlled. with the delicate design
of the microstructure and surface chemistry of Cu foam, such
as microchannel construction®>®® and Zn0O**®” or graphene®®
decorations. In general, the 3D porous structure of Cu foam has
shown greater advantages over 2D planar Cu foils in guiding
lithium deposition.

Moreover, Cu-based alloy meshes are attractive starting
materials for the preparation of functional porous lithiophilic
architectures. Zhang et al. suggested a simple air annealing
strategy to generate a homogenous ZnO coating layer on a
commercial brass (CuZn alloy) mesh to realize highly stable
lithium metal batteries operation.®* The in situ formation of a
lithiophilic ZnO layer on a commercial 3D brass mesh (ZnO-
CuZn) by a facile air treatment at 300 °C is shown in Fig. 5c,
based on the chemical energy release driven surface atom
diffusion strategy. The voltage profiles demonstrated that the
nucleation overpotential for the ZnO-CuZn mesh was as low as
65 mV, whereas that for the fresh CuZn mesh was 180 mvV,
indicating that the ZnO layer succeeded in reducing the nuclea-
tion overpotentials (Fig. 5d). Fig. 5e shows that the CE of
ZnO-CuZn was maintained at 97.48% after 100 cycles, which
was higher than that of the CuZn mesh (75%). Moreover, the
voltage curves of the symmetrical cells with ZnO-CuZn mesh
CCs delivered a prolonged lifespan of up to 1200 h with small
polarization (Fig. 5f). The outstanding electrochemical perfor-
mance could be attributed to the uniform lithiophilic ZnO
coating and the 3D structure.

Similarly, Kang designed a 3D Cu nanowire-phosphide
(CuNW-P) CC with a phosphidation gradient using a simple
wet chemical method.®® Beside the merits of 3D interconnected
Cu nanowires, the phosphide gradient contributes to a
high electrical and ionic conductivity, ensuring reversible Li
deposition. Kim et al. compared the different behaviors of Li
deposition/stripping in various CC structures. They concluded
that the increased structural dimensions and hierarchy of CCs
stabilized dendrite formation for extending the cycle life.

In this section, we introduced Cu-based current collectors,
including surface modifications on Cu foil and designs of 3D
porous Cu skeletons. Cu foil exists as the representative CC for
commercial LIBs, which makes it an attractive starting material
with high practicality and easy manufacturing. Nevertheless, a
scalable approach must be developed to tune the lithiophobic
nature of planar Cu foil to be lithiophilic before application in
LMBs, which still requires further research. The implemen-
tation of 3D porous Cu skeleton obviously improves the
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electrochemical performance of LMAs, but the high material
cost and low scalability make it unacceptable for commerciali-
zation. The currently reported Cu-based CCs show progress but
still do not meet the high requirements of LMAs. Thus,
approaches for novel cost-effective Cu-based current collectors
with better performance are still worth exploring.

3. Beyond Cu foil

Modifications of Cu foils have been confirmed to be an effective
strategy for improving the quality of the deposited lithium. The
aforementioned 3D Cu CCs show great potential to further
improve the electrochemical performance of LMBs. Therefore,
it is worthwhile to develop more effective 3D porous Cu-based
CCs, which would accelerate the exploration of LMBs. Mean-
while, more metallic and non-metallic materials should be
considered when developing advanced CCs.

Compared with the Cu foil, the manufacturing cost of the Ni
foil is relatively low, and Ni is more abundant than Cu in the
Earth’s crust. In addition, the electrochemical stability and
mechanical strength of Ni are excellent. Ni foil is widely
employed as a current collector in rechargeable batteries.
However, Ni foil has a lithiophobic feature, which limits its
practical application as a current collector for LMBs. Chen grew
hexagonal plate lithiophilic NiO sheets on Ni foil (NiO-Ni) using
a facile hydrothermal and thermal treatment method to guide
uniform lithium deposition, as displayed in Fig. 6a.”° NiO
sheets worked to reduce nucleation barriers as Li* tended to
react with NiO to form Ni/Li,O first during the initial plating.
The assembled 3D surface structure offers sufficient free space
for lithium planting. The Li nucleation overpotentials of Ni and
NiO-Ni were 33 and 17 mV, respectively, suggesting that polari-
zation could be decreased by NiO seeds. The surface morpho-
logies of Li-plated Ni and NiO-Ni further confirmed the role of
the hexagonal plate NiO seeds, as shown in Fig. 6b and c.

Ni foam (NF) is more cost-effective than commercial Ni foil,
and its 3D porous structure makes it more advantageous for
inducing Li deposition. Li et al. constructed a nanoporous Ni
foam (NPNF) CC through an atmosphere-controlled oxidation
and reduction method.”* Fig. 6d presents the distinct Li
deposition process on pure Ni foam and nanoporous Ni foam
CCs. The deposited Li tended to exhibit a dendrite-like mor-
phology on the bare Ni foam. The nanoporous Ni foam pos-
sesses a larger surface area and evenly spaced nanopores,
which can efficiently lower the local current density and guide
uniform lithium nucleation and deposition with uniform Li"
flux. As displayed in Fig. 6e, when the lithium-plated CCs were
paired with a LFP cathode, the Li@NPNF|LFP full cell exhib-
ited an outstanding capacity retention of 93% after 300 cycles at
a1 C current density, along with a high CE of 99.5%, which was
evidently better than that of the Li@NF | LFP cell.

In addition to the aforementioned structural optimization,
surface chemical modification is another common approach.
By attaching an interconnected NiF, nanosheets onto Ni foam
(NiF,@NF), the lithiophilicity of the framework can be greatly
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improved.*” This fluorination process of Ni can be accom-
plished by a one-step thermal treatment with polytetrafluor-
oethylene powders as the fluorine precursor. A LiF-enriched SEI
layer can be generated in situ during cycling to facilitate smooth
Li growth. Ni;S, nanosheets,”> Co;04 nanoarrays,”® and AuLis
particles*® have also been proven to be fine nucleation seeds to
decorate Ni foam, which suppressed Li-dendrite growth and
formed a stable SEI. Copper and nickel substrates are mostly
used as metallic CCs. In addition, 3D stainless steel mesh and
porous Ti foil have been proposed as typical metallic CCs.”*””
Research on metallic CCs is still proceeding rapidly; how-
ever, no desired results have been achieved. To achieve prac-
tical standards, efforts are being made to develop common
metallic CCs. Simultaneously, measurable progress has been
achieved in exploiting non-metal-based CCs.”®”® Graphitic
carbon-based CCs are the most representative non-metal
collectors owing to their high conductivity and flexibility.”®
Graphite materials are primarily used as nucleation sites or
protection layers to modify metallic CCs, such as vertically
aligned graphene pillars on Cu foil,”® porous carbon nanotube
(CNT) sponge on Cu foil,** fluorinated electrochemically exfo-
liated graphene coated on Cu foil,*° and graphene anchored on
Cu foam.®® The mentioned graphene or CNT has an intrinsic
nanostructure; accordingly, they can be easily attached
to conductive substrates rather than fabricated into free-
standing membranes. Recently, carbon fiber cloth emerged as
an ideal choice for designing advanced CCs.”® Carbon cloth has
an inherent 3D structure, excellent flexibility, brilliant electrical

1304 | Mater. Chem. Front., 2023, 7, 1298-1311

conductivity, and free-standing characteristics. Liu et al. opti-
mized commercial carbon cloth by graphene nesting and sur-
face decoration for high-capacity lithium metal batteries.®!
A commercial carbon cloth was immersed in GO suspensions
and zinc acetate solution stage by stage following by freeze-
drying and annealing to prepare the final CFC/G/ZnO foil.
Fig. 7a illustrates the morphology of the CFC/G/ZnO foil, where
it can be observed that the graphene sheets located in the
micro-channels of CF and ZnO nanoparticles decorated both on
carbon fibers and graphene sheets. In addition, the possible
mechanism of Li nucleation and growth on graphene sheets
and carbon fibers was proposed. Li nucleated at ZnO sites and
grew along the fibers or sheets. During the initial discharge, Li
ions first intercalated into carbon materials and then started to
nucleate and deposit, as shown in Fig. 7b. The CFC/G/ZnO
presented a small overpotential of 4 mV at nucleation stage, which
was much lower than that of Cu foil (29 mV). Modifying carbon
cloth with lithiophilic materials like Li,,Sns and Co nanoparticles
to reduce nucleation barrier have also been proposed in other
works.?®> Similarly, commercial graphite paper emerged as an
available conductive matrix to design CCs as well.** To further
improve the conductivity of the carbon framework, highly con-
ductive copper layer cladding is a rational design.*® By means of
the 3D structure of the carbon framework, decorating on one side
can elaborately guide the uniform Li deposition and avoid the
impalement of separator by Li dendrites.>

Similar carbon framework can also be achieved by carboni-
zation of paper®® and growth on Ni foam substrate.*®®® In a very

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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recent research proposed by Wang et al., Ni foam was employed
as a scaffold to prepare graphene foam by a general CVD
method.*® Carbon atoms deposited on Ni foam skeleton at
1000 °C under Ar/H, atmosphere, and graphene foam (GF) was
formed after etching Ni by HCI solution. Moreover, CNTs were
decorated onto the GF framework (3D CNT-GF) using the CVD
method with NiCo catalysis. After Ag was sputtered onto the
aforementioned structure, the final 3D Ag/CNT-GF substrate
was obtained and used as a CC. Fig. 7c shows the fabrication
process and morphology of the as-formed 3D Ag/CNT-GF. The
3D CNT-GF exhibited small nucleation overpotentials at current
densities of 0.5-5 mA cm > (Fig. 7d). With additional Ag
decoration, the overpotentials were further reduced, suggesting
fast electrochemical kinetics on the 3D Ag/CNT-GF CCs. The
excellent electrochemical performance is attributed to the high
conductivity and surface area of the CNT-GF skeleton and the
enhanced lithiophilicity of Ag.

Pre-storing lithium metal in a graphitic substrate instead of
electrochemical deposition is a common strategy. Zhu et al.
employed Ni foam as a template to adsorb graphene oxide (GO)
dispersion, and reduced graphene oxide (rGO) foam was
obtained by etching Ni and annealing.®” Li metal was infused
into rGO foam by directly contacting molten Li with rGO foam
to form a Li/rGO composite. This rapid preparation process is
called the spark reaction.®® The GO foam provides a flexible 3D
structure that can efficiently alleviate the volume variation
during Li plating and stripping. The Li/rGO composite could
be directly paired with the NCM cathode to assemble a full cell
without cumbersome prelithiation. Inspired by the spark reac-
tion, carbon nanotubes have also been used as highly effective
host materials to pre-store lithium, which has been found in
recent studies.**®°

Compared to metallic materials, carbon materials can be
tailored to the desired morphologies as the starting materials
can be nanostructured GO, CNF, CNT, and various degradable
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organic carbon sources. The flexibility of carbon materials
makes them favorable for assembly in flexible batteries, such
as pouch cells.

Various carbon materials can be employed to design 3D
porous CCs through both top-down and bottom-up methods,
e.g., chemical vapor deposition (from organic carbon source to
graphene) and chemical exfoliation (from graphite to gra-
phene), etc. The nano-micro- structure and chemical charac-
teristics of carbon-based CCs can be well controlled, which can
achieve enhanced electrochemical performance of LMAs as
compared to Cu-based CCs. Nevertheless, none of the reported
carbon-based CCs have the preparation methods and incom-
patibility with current manufacturing techniques.

4. Functional designs

Here, we introduce the advancements in CCs classified as per
the categories of materials. Most of these CCs have been
reported to enable Li nucleation and deposition, but they have
rarely been confirmed to help form a stable SEI. Moreover,
more attention should be paid to the safety hazards triggered
by thermal runaway. Realizing dendrite-free Li plating/strip-
ping is the first basic requisite for the operation of LMBs.
Stabilizing the SEI layer is a critical factor in prolonging the
lifespan of a single cell. Based on this, only improving the safety
performance of LMBs can make them acceptable to industry
and consumers. Herein, some functional designs for CCs are
introduced.

SEI, that can be divided into in situ SEI and artificial SEI,
significantly determines the battery performance.’® The in situ
SEI on CCs or deposited lithium is generated through a
spontaneous electrochemical process, consisting of inner
inorganic lithium compounds and outer organic components,
which are fragile and highly reactive to the electrolyte during
further cycling.”’™®® Artificial SEI are constructed on LMAs or
CCs before cycling to induce smooth lithium deposition and
alleviate parasitic reactions. Basically, artificial SEI must be
electron insulated and ion conductive, and it should be homo-
genous in thickness and chemical composition and robust
enough to accommodate the infinite volume change. Through,
ex situ techniques, we can adopt highly ion-conductive and
electrochemically stable inorganic components like LiF, Li,S
and Li;N as artificial SEI and exclude inorganic materials like
ROCO,Li or ROLI to avoid/mionimize side reactions.

The aforementioned lithiophilic particle decorations on the
CCs mainly guided smooth Li deposition, which may not
facilitate the prevention of continuous side reactions between
freshly plated Li and the electrolyte and may generate a robust
SEI layer. Deng et al. reported a super-ion-conductive lithium-
rich antiperovskites film (LiRAP-ASEI) as an artificial SEI with a
unique self-regulating phenomenon.”® A molten state LiRAP
was in situ produced and concurrently coated on the surface of
Cu foil to form LiRAP-ASEI@Cu CC with the coating rod
to control the thickness. Under the protection of the LiRAP-
ASEI, the asymmetry cell delivered excellent stability with an
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ultrahigh CE of 99.5% over 1500 cycles at 0.5 mA em™ > and 0.5
mAh cm 2. The Li plating/stripping behavior of bare Cu and
LiRAP-ASEI@Cu and the possible self-regulating function of
LiRAP-ASEI are shown in Fig. 8a. LiRAP-ASEI is expected to
undergo repeated cracking and self-repair under the stress
generated during Li deposition; thus, the SEI was able to
dynamically maintain a mechanically robust protective layer.
Conformal polymer coatings on Cu foil have been reported
to be effective protection layers, which facilitate the modifica-
tion of the toughness of the SEI. Low-cost polyvinyl alcohol
polymers,** high-polarity f-phase poly(vinylidene difluoride),*’
and PAN®® have been confirmed to be promising artificial SEIs.
In these studies, Li metal was preferentially deposited between
Cu and the coating layer to reduce electrolyte consumption.
Through the protection mechanism, the as-prepared full cells
were able to operate in normal carbonate-based electrolytes.

1306 | Mater. Chem. Front., 2023, 7,1298-1311
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Some inorganic materials have been determined to be
effective at enhancing the strength and conductivity of SEI;
for example, LizN,*® LiF,”” Li;P,°* and Li,S.”> Gong et al
employed Li,S as an artificial SEI coating of Cu nanowires
by in situ growth. Fig. 8b shows the synthesis process and
morphology of the as-formed Li,S@Cu NWs. Cu,S NWs were
grown on Cu foams by anodization (chronopotentiometry)
and sulfuration. The surface Cu,S was transferred to Li,S
during the initial activation process. The Li,S artificial SEI
exhibited an excellent structural stability and compositional
homogeneity. Moreover, the high ionic conductivity of Li,S
can improve the electrode kinetics during the electrochemical
process. Consequently, the asymmetric cells delivered high
average CE of 99.2% over 500 cycles and 98.5% over 300 cycles
when tested at 1 mA cm™ 2 and 2 mA cm™? for 1h, as shown
in Fig. 8c. The enhanced CEs are attributed to the strong
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mechanical and electrochemical stability of the artificial Li,S
SEI layer.

With a stable SEI, LMBs provide an enhanced service time,
which can be directly represented by the cycles of full cells.
However, the thermal runaway issues should be tackled before
putting the cell into the market. In general, thermal runaway
can be caused by mechanical, electrical, and thermal abuse,
accompanied by smoke, fire and explosion.’® In the literature
on thermal runaway issues in LMBs, researchers have mainly
worked on separator modifications and electrolyte optimiza-
tions to decrease the risks, while few reports have focused on
the role of CCs. Here, we refer to the brilliant work on fire-
extinguishing CCs for high-energy LIBs proposed by Cui et al.*’
They reported an ultralight polyimide-based CC prepared by
sandwiching a polyimide (PI) and triphenyl phosphate (TPP)
composite between two thin Cu layers (PI-TPP-Cu). Polyimides
offer a lightweight skeleton and exhibit thermal retardant
features. Triphenyl phosphate was selected as the flame-
retardant material owing to its low melting point and low cost.
Cu layers were used to collect electrons. Upon exposure to an
open flame, the pouch cell based on PI-TPP-Cu burned infirmly
and self-extinguished quickly within 6 s.

PI-TPP-Cu CCs have attracted significant interest and have
been commercialized. However, similar CC designs for LMBs
have not yet been reported. LMB faces more complicated and
serious thermal runaway problems because of its high reactivity
and uncontrollable Li growth. Therefore, the investigation and
research on fire-extinguishing CCs in LMBs systems should be
conducted. Numerous flame-extinguishing materials have been
reported and applied in various fields, including phosphorus
compounds,'®®*°* mineral xonotlite CagSigO;,(OH),,'*> and
Mg(OH),,"” among others. A better understanding of the
flame-retardant characteristics and their application to inte-
grated CCs could stimulate future development, which is highly
encouraged.

In this section, we introduced some specially designed CCs
that could further meet the high requirement of LMBs in addi-
tion to electrochemical performance. Since LMAs face more
stringent safety issues due to dendrite growth and unstable SEI
issues, it is believed that CCs could reduce safety concerns to
some extent. The above-mentioned CCs have made great but
not sufficient progress, and they were evaluated under limited
conditions. Thus, future current collectors should be compre-
hensively characterized in terms of thie electrochemical stabi-
lity, safety, cost and scale-up capability.

5. Conclusion and outlook

Lithium metal anodes operate via electrodeposition. Accord-
ingly, lithiophobic Cu foils are not applicable in LMB systems.
Modifying the Cu foil with lithiophilic materials is an effective
strategy to reduce nucleation barriers and achieve dendrite-free
Li deposition. The decorations on the Cu foil could be particles,
1D nanotubes and nanofibers, 2D films, and 3D conformal
coatings. Dendrite-free deposition can be realized by delicately
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constructing 3D porous structures that allow lithium to prefer-
entially deposit into the pores. Moreover, nickel- and carbon-
based materials have been proposed as efficient substrates to
enable smooth Li deposition. In addition, flame-retardant and
wide-temperature operation should be the final target to realize
the applications of lithium metal batteries.

In some studies, Li nucleated at the lithiophilic region and
grew towards the separator. Under these circumstances,
unevenly deposited Li metal may eventually impale the separa-
tor, and the exposed Li inevitably reacts with the electrolyte,
leading to a low CE. It would be better to guide Li growth away
from the separator with the aid of a functional coating layer on
the CCs. The coating layer not only blocks direct contact
between Li and the electrolyte but also facilitates Li* ion
transportation, and the coating layer is called an artificial
SEI. However, functional chemistry modification is expected
to reduce adverse reactions by constructing a robust ion-
conductive SEI. A combination of the two methods has not
been reported, but it is worth exploring.

Numerous studies have reported dendrite-free Li plating.
However, a coulombic efficiency of 94-99% has been considered
as good in many studies. It was progressing compared to previous
studies, but still far from practical applications. Broader concerns
regarding the coulombic efficiency, SEI stability, and cyclability
should be raised. In this regard, a comprehensive understanding
on the evolution of deposited Li, SEI and the failure mechanism
of lithium metal anodes will guide future research.

As the exploration of lithium metal anodes is still in pro-
gress, investigating the applications of some novel materials,
such as graphene, graphdiyne, metal organic frameworks
(MOFs), covalent organic frameworks, and MXene, for modify-
ing CCs is worthwhile. For example, a lithiophilic metal atom
can be plated in the MOF to deposit lithium into the porous
structure of the MOF; thus, dendritic lithium will be avoided.

The crossover effect between Li anodes and cathodes was
confirmed. Nevertheless, few reports have mentioned the cross-
over effect between anode CCs and cathodes. This is crucial for
designing anode-free lithium ion batteries, as dissolved atoms
from cathodes may travel to the anode side and impact the
lithium deposition behavior. Thus, the best cathode that can be
well-paired with a lithium metal anode or anode-free configu-
ration can be determined.

Although solid state electrolytes hold great promise in
(anode-free) lithium metal batteries, the interaction between
current collectors and solid-state electrolytes remains unclear
and the related CCs are insufficiently developed thus far. Most
research investigated the feasibility of CCs in non-aqueous
liquid electrolytes, which might not ultimately be the ideal
system for LMBs when considering the merits of solid state
electrolytes. Hence, the performance of the mentioned CCs and
beyond should be further examined in solid state batteries.

Finally, we should upgrade the existing industrial techni-
ques to develop lithium metal batteries, as high-tech industrial
bases and chains for manufacturing lithium ion batteries are
already present. In this way, lithium metal batteries will meet
the required demand.
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