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Li-current collector interface in lithium metal batteries
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ABSTRACT
Interfaces within batteries, such as the widely studied solid electrolyte interface (SEI), profoundly influence battery performance.
Among  these  interfaces,  the  solid–solid  interface  between  electrode  materials  and  current  collectors  is  crucial  to  battery
performance  but  has  received  less  discussion  and  attention.  This  review  highlights  the  latest  research  advancements  on  the
solid–solid  interface  between  lithium  metal  (the  next-generation  anode)  and  current  collectors  (typically  copper),  focusing  on
factors  affecting  the  Li-current  collector  interface  and  improvement  strategies  from  perspectives  of  current  collector  substrate
(lithiophilicity,  crystal  facets,  mechanical  properties,  and  topological  structure),  electrolyte  chemistry,  current  density,  stacking
pressure, SEI, electric field and temperature, and provides a future directions and opportunities on this topic.
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1    Introduction
With  the  rapid  development  and  widespread  application  of
consumer  electronics  such  as  mobile  phones  and  computers,
electric vehicles, and intermittent renewable energy sources in the
power  grid (e.g.,  wind  and  solar  energy),  increasingly  high
demands  have  been  placed  on  energy  storage  systems  [1−6].
Among  these,  lithium-ion  batteries (LIBs),  as  a  breakthrough
technology  in  the  energy  storage  field,  have  become  successful
commercialized energy storage and power generation devices due
to  their  high  energy  density,  long  cycle  life,  and  absence  of
memory  effect  [7−10],  and  are  widely  applied  in  people’s  daily
lives.  A  typical  structure  of  LIBs  consists  of  current  collectors,
cathodes, anodes, electrolytes, and separators [11, 12], as shown in
Fig. 1(a) (illustrating  the  discharge  process  of  the  battery).  The
separator,  generally  made  of  polymers,  prevents  direct  contact
between  the  cathode  and  anode,  thereby  avoiding  short  circuits
[13−15].  Current  collectors  connect  the  battery  to  the  external
circuit,  allowing  electrons  to  enter  and  exit  the  battery,  with
common materials including copper (typically used for the anode
current  collector) and  aluminum (typically  used  for  the  cathode
current  collector) [12, 16].  The  electrolyte,  serving  as  the  channel
for lithium ion movement, usually comprises a mixture of lithium
salts (such  as  lithium  hexafluorophosphate (LiPF6),  lithium
tetrafluoroborate (LiBF4),  etc.) and  organic  solvents (e.g.,
carbonate  solvents,  including  ethylene  carbonate (EC),  dimethyl
carbonate (DMC),  diethyl  carbonate (DEC),  ethyl  methyl
carbonate (EMC),  etc.) [11, 17, 18].  The  cathode  materials  in
commercialized  LIBs  primarily  utilize  lithium  cobalt  oxide
(LiCoO2,  LCO) [19−21],  ternary  materials (LiNixMnyCo1−x−yO2,
NCM) [22−25],  and  lithium  iron  phosphate (LiFePO4,  LFP)
[26−29].  Anode  materials  mainly  consist  of  graphite  [30−32].  In
some  batteries,  higher  capacity  silicon-based  anodes  are  also
employed  [33−35].  During  the  charging  process,  lithium  ions

intercalate  between  the  layers  of  graphite  forming  LiCx,  while
during the discharging process, lithium from LiCx is released from
the  graphite  as  lithium  ions  [36−38].  However,  the  theoretical
specific  capacity  of  graphite  anodes  based  on  the  intercalation
reaction  mechanism  is  only  372  mAh·g−1 [39−42],  prompting
researchers to develop batteries with higher performance [43−45].
Metallic  lithium,  with  its  high  theoretical  specific  capacity
(3860  mAh·g−1),  low  chemical  potential (−3.04  V,  relative  to  the
standard  hydrogen  electrode),  and  lightweight (6.94  g·mol−1),  has
attracted widespread attention [46−48].  Batteries utilizing lithium
as  the  anode  material  are  referred  to  as  lithium  metal  batteries
(LMBs).  Pairing  metallic  lithium  anodes  with  cathode  materials
such  as  sulfur  [49−52],  air  [53−55],  and  high-nickel  ternary
layered  materials (e.g.,  LiNi0.8Co0.1Mn0.1O2,  NMC811) [56−58],  is
expected  to  construct  high-performance  batteries  with  energy
densities  greater  than  500  Wh·kg−1 [59−61],  significantly
surpassing  the  existing  state-of-the-art  commercial  lithium-ion
batteries (approximately  250  Wh·kg−1) [62].  However,  due  to  the
uncontrollable  growth  of  lithium  dendrites  and  continuous
parasitic  reactions  with  the  electrolyte  from  the  highly  reactive
lithium  metal  anode,  LMBs  suffer  from  declining  Coulombic
efficiency (CE),  cycling  performance,  and  battery  safety  issues
[63−65],  preventing  their  commercialization  since  first  proposed
in the 1970s [66, 67].  Current research efforts  are mainly focused
on  suppressing  lithium  dendrites  and  constructing  a  stable  solid
electrolyte  interface (SEI) as  starting  points  to  address  the
challenges  facing  LMBs  [68−73].  These  efforts  include
modifications  to  the  current  collector  [74−76],  electrolyte
modification (such  as  the  use  of  electrolyte  additives  like  lithium
fluoride,  lithium  polysulfides,  copper  acetate,  fluorides,  and  the
development  of  advanced  electrolytes) [77−82],  and  the
construction of artificial SEI layers [83−85].

From  the  structure  of  batteries,  it  is  known  that  there  are
multiple  interfaces  within  the  battery,  including  solid–liquid
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interfaces  and  solid–solid  interfaces.  These  interfaces  profoundly
affect the performance of the battery and are currently a hot topic
of  research.  For example,  the SEI,  which is  a  type of  solid–liquid
interface  currently  receiving  significant  attention  in  battery
research,  directly  impacts  the  battery’s  cycle  life,  lithium
deposition  state,  Coulombic  efficiency,  and  safety  [86].  A
considerable  amount  of  research  work  on  SEI  has  been  carried
out,  with  frequent  publications  reviewing  the  latest  research
advancements on SEI [87, 88]. Solid–solid interfaces are common
in  solid-state  batteries  [89].  The  interface  between  the  solid
electrolyte  and  the  electrode  faces  issues  such  as  high  interfacial
impedance,  poor  miscibility,  and  easy  separation  of  the  interface
[90]. Therefore, establishing a stable solid–solid interface between
components  of  solid-state  batteries  is  one  of  the  bottlenecks
restricting  the  development  of  solid-state  batteries  and  has
attracted widespread attention [39].

However,  there  is  another  very  important  but  less  discussed
solid–solid  interface  in  batteries,  that  is,  the  interface  between
electrode materials and current collectors. The Li-current collector
interface  refers  to  the  contact  surface  between lithium metal  and
the conductive current collector surface within the battery during
the charge and discharge processes. In lithium metal batteries, the
Li-current  collector  interface  is  a  critical  area  because  it  involves
the  electrochemical  reactions  and  physical  deposition  of  lithium
ions.  This  interface  serves  as  the  channel  through  which  the
external  circuit  transfers  charge  to  the  lithium  metal.  During
charging,  lithium  ions  are  reduced  to  metallic  lithium  on  the
current  collector  surface;  during  discharging,  metallic  lithium
oxidizes  back  to  lithium  ions  and  is  released  into  the  electrolyte.
Ideally, the Li-current collector interface should form a dense and
uniform  lithium  deposition  layer.  However,  if  the  interface
between lithium and the current collector is fragile—for example,
due to poor contact during the deposition process—this can lead
to  poor  deposition  morphology,  such  as  dendritic  growth.  It  can
also  cause  electrical  disconnection  between  lithium  and  the
current  collector  during  the  subsequent  stripping  process.  This
disconnection prevents lithium from gaining or losing electrons to
participate in the electrochemical process, thereby resulting in the
formation  of “dead” lithium  [91−95].  This  can  cause  low
Coulombic  efficiency,  short  cycle  life,  or  even  damage  to  the
battery  [96−99],  as  shown  in Fig. 1(b).  More  importantly,  this
challenge is actually quite common, as it can be caused by a variety
of factors.  For example, recent studies have shown that when the

current  density  is  so  high  that  the  deposition  rate  surpasses  the
formation  of  the  SEI,  the  shape  of  lithium  metal  deposition  is  a
rhombohedral  dodecahedron.  Moreover,  this  deposition  shape  is
independent  of  the  electrolyte  chemistry  and the  substrate  of  the
current  collector,  indicating  that  the  intrinsic  morphology  of
lithium metal deposition is dodecahedral [100].  As shown in Fig.
1(b),  the  contact  between  this  rhombohedral  dodecahedron  and
the current collector is almost point contact, which easily leads to
the  formation  of  dead  lithium  [100−102].  Therefore,  achieving  a
dense and uniform lithium deposition structure at  the Li-current
collector interface is crucial. Enhancement strategies can focus on
various  aspects  such  as  the  initial  stage  of  lithium  deposition
(nucleation),  growth,  thickness  and  morphology  control,  and
interface reactions to obtain the ideal Li-current collector interface
structure.  Unfortunately,  the  current  understanding  of  the
interface between lithium and the current collector is limited and
not  extensively  researched.  Only  a  few  of  studies  have  employed
characterization  methods  such  as  scanning  electron  microscopy
(SEM) or transmission electron microscopy (TEM) to qualitatively
assess the morphology of lithium deposition on the surface of the
current  collector.  These  studies  often  consider  the  absence  of
dendritic  or  fibrous  lithium  as  evidence  of  performance
improvement  [103].  However,  there  is  a  lack  of  quantitative
research  on  the  contact  quality  between  lithium  and  the  current
collector.

Therefore,  this  article  provides  a  comprehensive  review  of  the
Li-current collector interface, an important solid–solid interface in
batteries.  It  introduces  the latest  research progress  on this  critical
issue  and  aims  to  stimulate  researchers’ attention  and  discussion
on this topic. This review is primarily based on the latest research
achievements  in  the  past  three  years,  introducing  and  analyzing
factors  affecting  the  physical  contact  between  lithium  and  the
current  collector,  and  provides  an  outlook  for  future
developments. 

2    Factors  affecting  the  Li-current  collector
interface and improvement strategies
 

2.1    Current collector substrate
The  current  collector  is  a  crucial  component  of  LMBs,  not  only
connecting  the  anode  material  to  the  external  circuit  but  also
serving  as  the  substrate  for  lithium  deposition.  Therefore,  the

 

Figure 1    (a) Schematic diagram of the lithium-ion battery structure (during the battery discharging process). (b) Schematic diagram of poor physical contact between
lithium and the current collector in lithium metal batteries and the potential hazards this poor contact may pose to the battery.
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characteristics  of  the  current  collector  substrate  directly  affect
lithium nucleation,  growth,  and the contact  between lithium and
the current collector [3]. This section reviews the influence of the
current  collector’s  lithiophilicity,  crystal  facets,  mechanical
properties,  and  topological  structure  on  the  contact  between
lithium  and  the  current  collector,  and  presents  potentially  viable
strategies  for  improving  contact  based  on  existing  research
findings. 

2.1.1    Lithiophilicity of the current collector substrate

During  the  charging  process  of  LMBs,  lithium  ions  migrate
towards  the  anode  under  the  influence  of  electric  and
concentration  fields,  obtaining  electrons  on  the  surface  of  the
current  collector  and  nucleating  randomly.  Subsequent  lithium
ions  are  reduced  at  these  nucleation  sites  and  continue  to  grow

[104].  The  nucleation  and  early  growth  process  of  lithium
significantly  affects  the  final  morphology  of  lithium  deposition
[103, 105],  and different types of substrates significantly influence
the lithium nucleation process.  In addition to  the most  common
copper (Cu) substrate,  Yan  et  al.  investigated  substrates  made  of
different  elemental  materials  such  as  gold (Au),  silver (Ag),  zinc
(Zn),  and  magnesium (Mg).  They  found  that  the  energy  barrier
for  lithium  nucleation (nucleation  overpotential) varies  among
different types of substrates [106]. For example, gold has virtually
no  nucleation  overpotential,  while  copper  exhibits  a  higher
nucleation  overpotential.  Therefore,  when  both  copper  and  gold
are  present  as  substrates,  lithium  deposits  on  gold  rather  than
copper,  thereby  achieving  selective  deposition  of  lithium (as
shown  in Fig. 2(a)) [106].  Consequently,  some  studies  have
induced  the  directed  nucleation  and  deposition  of  lithium  by

 

Figure 2    Lithiophilicity of the current collector substrate affects the Li-current collector interface. (a) When both copper and gold are present in the substrate, lithium
selectively deposits on the gold surface with a low nucleation overpotential. (b) Schematic illustration of inducing directed nucleation and deposition of lithium using
materials  with  low  nucleation  overpotentials  as  seeds.  Reproduced  with  permission  from  Ref.  [106],  ©  Springer  Nature  Limited  2016. (c) Morphology  of  lithium
deposited on the surface of non-lithiophilic copper wire and (d) lithiophilic silver wire (scale bar = 100 μm). (e) Molten lithium droplets on the surfaces of Ag, Zn, Al,
and Cu foils, respectively. Reproduced with permission from Ref. [110], © American Chemical Society 2021. (f) SEM images of lithium deposited on bare copper, silver-
coated copper, and gold-coated copper, respectively, from top to bottom. (g) Three-dimensional structure and deposition thickness of lithium deposited on bare copper
and copper after silver coating. Reproduced with permission from Ref. [114], © Elsevier lnc. 2023.
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using  materials  with  low  nucleation  overpotentials  as  seeds (as
shown  in Fig. 2(b)).  For  instance,  silver  nanowires (NWs) with
low  nucleation  overpotentials  were  applied  on  graphene  [107];
aluminum (Al) with  low  nucleation  overpotentials  was  used  on
copper  current  collectors  to  induce  directed  lithium  deposition
[108];  and  gold  nanoparticles  were  guided  in  hollow  carbon
spheres to direct lithium deposition, thereby inhibiting the growth
of lithium dendrites [106].

Although  materials  with  low  nucleation  overpotentials  can
achieve  selective  deposition  of  lithium,  the  contact  conditions
between different types of substrates and lithium still need further
confirmation.  For  example, Fig. 2(a) qualitatively  demonstrates
that when copper and gold coexist on the substrate, lithium tends
to  deposit  on  the  gold  surface.  However,  it  remains  uncertain
whether the contact conditions during lithium deposition on gold
are superior to those on copper. Todeschini et al., in their study on
gold deposition, found that chromium (Cr) as a substrate exhibits
good  wettability,  and  the  interdiffusion  between  gold  and
chromium forms a Cr-Au alloy, resulting in good physical contact
of  gold  deposited  on  chromium  [109].  Therefore,  if  lithium  can
diffuse with the substrate material  to form an alloy,  it  may imply
better  contact.  Yan  et  al.’s  research  indicates  that  the  crystal
structure  and  atomic  radius  of  both  copper  and  gold  are
significantly  different  from  lithium,  so  both  gold  and  copper
should  exhibit  nucleation  barriers.  However,  in  reality,  the
nucleation overpotential  of  gold  is  virtually  zero,  which is  due to
the  solubility  between  gold  and  lithium  and  the  formation  of
alloys  [106].  Chen  et  al.  found  that  lithium  preferentially  form
alloys with lithiophilic metals.  These alloy sites become the initial
nucleation  sites  for  lithium  deposition,  continuously  adsorbing
lithium ions and transferring them to the internal alloy solid phase
through  diffusion  channels  [110].  Moreover,  they  believe  that
reduced nucleation overpotentials are conducive to forming dense
lithium  deposits  [111].  As  shown  in Figs.  2(c) and 2(d),  lithium
deposited  on  non-lithiophilic,  high  nucleation  overpotential
copper  wires  forms  a  large  amount  of  lithium  dendrites
accompanied  by  significant  volume  expansion.  However,
lithiophilic silver wires under the same deposition capacity exhibit
a  dense  deposition morphology.  The color  change of  silver  wires
to yellow during deposition implies  that  lithium diffuses  into the
lattice  of  silver  to  form  the  Li8Ag5 alloy  [110].  The  wettability  of
molten  lithium  with  the  substrate  can  be  rapidly  and  effectively
screened for lithiophilic current collector substrates that are easy to
form  alloys  with  lithium.  As  shown  in Fig. 2(e),  after  dropping
molten lithium onto the substrate  surface,  the contact  angle  with
silver and zinc foils is almost zero, indicating that lithium can wet
silver and zinc well.  The contact  angle with aluminum foil  is  less
than  90°,  indicating  that  lithium  can  partially  wet  aluminum.
However, the contact angle with copper is close to 180°, showing
non-wetting  characteristics  [110].  The  results  of  this  experiment
are  also  consistent  with  the  results  of  lithium  nucleation
overpotential tests and the results of binding energy analysis based
on density functional theory (DFT) calculations [106, 110].

Ma et al.  constructed nucleation sites by using lithiophilic zinc
to form a Li/LiZn layer. By employing graphene oxide, which can
stabilize  zinc  as  a  nucleating  seed,  they  achieved  uniform  and
smooth  deposition  and  extraction  of  lithium,  suppressing  the
formation  of  dead  lithium  and  dendrites  [112].  Wang  et  al.
prepared a current collector modified with tellurium copper (Te-
Cu).  The  Te-Cu  current  collector  forms  a  lithiophilic  Li2Te-Cu
coating  in  the  activation  process  with  Li,  resulting  in  a  very
uniform  and  dense  deposition  morphology  on  the  modified
current  collector  surface,  with  no  apparent  formation  of  dead
lithium during the process of lithium deposition/dissolution [113].
Sandoval  et  al.  in  their  study  of  anode-free  solid-state  batteries

[114], as illustrated in Fig. 2(f), discovered that lithium deposition
on  the  surface  of  copper  current  collectors  was  uneven,  and  the
thickness  of  lithium  deposited  on  the  current  collector’s  surface
was  significantly  lower  than  expected.  This  was  attributed  to  a
considerable amount of lithium growing into the pores of the solid-
state  electrolyte (SSE).  After  coating  the  copper  current  collector
surface  with  a  100-nm lithiophilic  layer  of  silver  or  gold,  lithium
deposition  became  more  uniform,  the  thickness  approached
theoretical values, and almost no lithium growth was observed in
the  pores  of  the  SSE.  This  finding  was  further  verified  by  three-
dimensional (3D) structural images of lithium deposition obtained
through  synchrotron  X-ray  microcomputed  tomography (μCT)
measurements.  As  shown  in Fig. 2(g),  the  shape  of  lithium
deposited  on  bare  copper  was  uneven,  with  significant  height
variations and a large amount of lithium growing into the pores of
the  SSE.  However,  after  applying  a  silver  coating,  the  shape  and
height  of  lithium deposition were more uniform, and no lithium
growth  was  observed  inside  the  SSE (note  that  this  image  is
designed  to  show  lithium  growth  in  the  SSE,  hence  lithium  is
shown  below  the  SSE  rather  than  the  current  collector,  but  the
morphology of lithium also reflects the deposition morphology on
the  current  collector  surface) [114].  They  believed  that  the
improvement in contact after coating with lithiophilic layers could
be  attributed  to  two  reasons.  First,  the  low  nucleation
overpotential of the lithiophilic coating promoted the formation of
a  dense  and  uniform  lithium  deposition  layer,  and  the  uniform
lithium  layer  had  good  contact  with  the  current  collector  during
stripping, thus reducing isolated areas and cavity formation during
the  stripping  process.  Second,  the  coating  could  locally  release
lithium through a dealloying reaction at the end of stripping and
increasing current density [114]. Although the alloying reaction of
lithiophilic  metal  substrates (such  as  Ag,  Au,  and  Zn  foils) can
drive  diffused  lithium  ions  into  the  bulk  phase,  resulting  in  a
desirable  deposition  morphology,  repeated  electrochemical  cycles
gradually  coat  the  substrate  surface  with  lithium.  This  process
ultimately leads to a deposition of lithium on the substrate surface
that  is  loose,  porous,  and  poorly  contacted  [115, 116].  Therefore,
Li et al. proposed a lithiophilic LiHg thin film. Given that Hg has a
diffusion coefficient in lithium-rich solutions that is 10–20 orders
of magnitude greater than that of Ag, Au, and Zn, the LiHg alloy
thin  film  was  able  to  maintain  dense  lithium  deposition  and
smooth  contact  with  the  substrate  even  at  a  high  deposition
capacity  of  55  mAh·cm−2,  whereas  traditional  lithiophilic  metal
substrates exhibited loose, porous lithium deposition morphology
at  a  deposition  capacity  of  5  mAh·cm−2 under  the  same  test
conditions [115].

In  addition  to  the  metals  that  can  form  alloys  with  lithium
mentioned above, inorganic materials that can generate mixed ion-
electron  conductors  through  conversion  reactions  with  lithium
(such  as  ZnO,  SiO2,  CuO,  CuP,  MgF2,  etc.) are  also  lithiophilic
materials that can be used to improve the contact between lithium
and  the  current  collector  [117, 118].  For  example,  Zou  et  al.
reported  a  lithiophilic  substrate  with  a  core–shell  structure,  S-
CuNW,  and  observed  the  process  of  uniform  nucleation  and
dense  deposition  of  lithium  through  characterization  techniques
such  as in situ transmission  electron  microscopy,  optical
microscopy,  X-ray  photoelectron  spectroscopy (XPS),  etc  [118].
Liu et al. pre-grew an ultra-thin and dense layer of metallic lithium
seeds  on  the  surface  of  copper  current  collectors  to  increase
lithiophilicity,  achieving  dense  deposition  of  lithium  and
significantly  enhancing  the  physical  bonding  strength  between
lithium  and  the  current  collector  [119].  Wang  et  al.  prepared  a
ZnS-ZnO  nanotube-modified  3D  carbon  cloth  current  collector,
where  ZnS  and  ZnO  as  precursors  formed  LiZn  alloy  increased
lithiophilicity  and  induced  uniform nucleation  and  deposition  of
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lithium  [120].  Zhang  et  al.  used  carbon  cloth  as  a  substrate,
introduced  Co  nanoparticles  onto  the  surface  of  nitrogen-doped
carbon nanotubes (NCNTs), and constructed a three-dimensional
lithiophilic  framework,  achieving  uniform  lithium  deposition
[121].  He  et  al.  constructed  a  lithiophilic  SiOx/C@C  core–shell
structure to modify copper foil. The highly lithiophilic SiOx/C core
prompts  initial  lithium  deposition  within  the  shell  cavity.
Subsequently,  the  lithiophilic  C  shell,  doped  with  N  and  S,
facilitates uniform lithium deposition across the shell gaps. Finally,
facilitated  by  a  uniform  conductive  network,  lithium  achieves  a
uniform  and  dense  deposition  on  the  copper  substrate  [116].
However,  contrary  to  the  widely  accepted  approach  of
constructing lithiophilic surfaces, Wu et al. adopted a lithophobic
surface by depositing hexagonal crystals prepared from a LiF and
Fe nanoparticle composite. Due to the fast lateral diffusion rate of
lithium  on  this  surface,  it  promoted  the  gradual  deposition  of
polyhedra  to  form  a  dense,  almost  porosity-free  layer  of  lithium
[122].  Although  this  approach  can  inhibit  the  growth  of  lithium
dendrites,  the  polyhedral  shape  is  difficult  to  form  tight  contact
with the current collector [100, 101].

In  summary,  the  nucleation  and  early  growth  processes  of
lithium  significantly  affect  the  final  morphology  of  lithium
deposition,  and  different  types  of  current  collector  substrates
influence the Li-current collector interface by affecting the lithium
nucleation  process.  Lithiophilic  substrates  that  form  alloys  with
lithium,  such  as  gold,  silver,  and  zinc,  have  low  nucleation
overpotentials,  which  favor  dense  lithium  deposition  on  the
current collector surface and ensure better contact quality between
lithium and the current collector [123].  Therefore,  improving the

Li-current collector interface can be achieved by using lithiophilic
materials  for  the  current  collector  substrate (metals  or  inorganic
materials),  coating  lithiophilic  layers,  or  creating  lithiophilic
nucleation sites. 

2.1.2    Crystal facets

The  crystal  facets  of  the  substrate  can  influence  the  electro-
deposition  process  of  lithium  [124, 125],  thereby  affecting  the
adhesion  and  contact  between  lithium  and  the  current  collector.
Kim et al. deposited lithium on copper foil containing (115) grains
in  a (111) orientation,  with  results  shown  in Fig. 3(a) [126].  The
observation  reveals  that  the  amount  of  lithium  deposited  at  the
grain boundaries significantly exceeds that inside the grains, with a
greater deposition on (115) grains compared to (111) grains, each
displaying  distinct  deposition  morphologies.  Needle-shaped
depositions  appear  on (115) grains,  whereas (111) facets  show
rhombohedral dodecahedral particles. First-principles calculations
reveal that the migration barrier for lithium atoms on the copper
(111) surface is almost zero, which promotes lithium growth along
two-dimensional  planes  rather  than  three-dimensional  dendritic
growth,  as  shown  in Fig. 3(b).  With  increasing  deposition  time,
these  rhombohedral  dodecahedral  lithium  particles  gradually
aggregate  and  interconnect  to  form  two-dimensional  lithium
islands  [126].  However,  as  shown  in Fig. 3(c),  whether  it  be
rhombohedral  dodecahedral  lithium  particles  or  the  lithium
islands they form through interconnection, only partial contact is
made  with  the (111) copper  foil  current  collector,  and  the
adhesion between them is not strong [126]. Zhang et al. achieved
the crystal facet control of lithium deposition on copper substrates

 

Figure 3    Crystal facets of the current collector substrate affects the Li-current collector interface. (a) SEM images (top) of lithium deposited on (111) copper foil with
(115) grains. Scale bars: the large image on the left is 20 μm, and the small image on the right is 5 μm. Characterization of single crystal Cu (111) foils (lower left) and
Cu (111) foil  embedded with (115) twin grains (lower right) by electron backscatter diffraction (EBSD) analysis. (b) Top-view SEM images of lithium deposited on
(111) monocrystalline copper foil at capacities of 0.30, 1.00, and 3.00 mAh·cm−2 (scale bar = 100 μm). (c) A 70° oblique view SEM image of lithium deposited on (111)
monocrystalline copper foil at a capacity of 3.00 mAh·cm−2 (scale bar = 5 μm). Reproduced with permission from Ref. [126], © Kim, M. H. et al. 2022. (d) SEM images
(top) of  lithium  deposition  on  polycrystalline  copper  current  collectors  shows  the  smallest  size  and  most  uniform  distribution  of  lithium  on  copper  grains  with
orientations close to (111). Crystal orientation map obtained by EBSD analysis (bottom). Reproduced with permission from Ref. [129], © American Chemical Society
2017. SEM images of lithium deposited on (e) copper current collectors and (f) copper foils with a (100) preferential orientation facet (scale bar = 50 μm), AFM surface
morphology images  of (g) copper  current  collectors  and (h) copper  foils  with  a (100) preferential  orientation facet,  and localized smoothness  of (i) copper  current
collectors  and (j) copper foils  with a (100) preferential  orientation facet.  Reproduced with permission from Ref.  [132],  © Wiley-VCH Verlag GmbH & Co.  KGaA,
Weinheim 2019.
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using  LaF3 nanoparticles,  changing  the  preferred  growth  facet  of
lithium from (110) to (200),  leading  to  two-dimensional  growth,
resulting  in  dense  and  smooth  deposition  of  lithium  on  the
current  collector  surface  [127].  Lai  et  al.  conducted  large-scale
molecular  dynamics  simulations  of  the  lithium-copper  interface
based  on  a  high-accuracy  neural  network  potential  field,
discovering  that  lithium  exhibits  different  potential  energy
distributions and dynamic characteristics on copper surfaces with
different  crystal  facets.  Moreover,  the  deposition  on (111) and
(100) surfaces was very flat and uniform, significantly superior to
that on the (110) surface [128].

Ishikawa  et  al.  conducted  lithium  electro-deposition  on
polycrystalline  copper  current  collectors  and  discovered  that
lithium  deposited  on  copper  grains  with  orientations  close  to
(111) had  the  smallest  size  and  most  uniform  distribution  as
shown  in Fig. 3(d).  Numerical  analysis  indicated  that  the
dependence  of  atomic  concentration  on  crystal  orientation  at
equilibrium  has  a  significant  impact  on  morphology  changes
during the initial  stages of  electro-deposition [129].  Furthermore,
they  also  found  that  the  SEI’s  formation  is  closely  related  to  the
crystal  facets  of  the  current  collector,  with  traditional
polycrystalline  copper  current  collectors  leading  to  uneven
formation  of  SEI,  whereas  the  SEI  formed  on  monocrystalline
copper (111) current  collectors  exhibited  the  smallest  thickness
and resistance [130]. However, Kim et al. reported different results
[131].  They  electro-deposited  lithium  on  monocrystalline  copper
current  collectors  with (100), (110),  and (111) orientations  and
found  that  the (100) copper  substrate  had  the  lowest  nucleation
overpotential, and lithium selectively deposited on the (100) planes
on  polycrystalline  copper  foil.  The (100) copper  foil  exhibited
more  dense  and  uniform  lithium  nucleation  sites,  thereby
doubling  the  cycle  stability  of  lithium  deposition  or  dissolution.
Gu et  al.  held  a  similar  view,  finding that  copper (100) exhibited
lithiophilicity [132]. As shown in Figs. 3(e) and 3(f), compared to
the loose deposition morphology of lithium on the original copper
current collector surface, the deposition morphology on the (100)
copper foil was denser, with the latter’s deposition thickness being
only half of the former’s under the same deposition capacity. SEM
images also showed tighter contact between lithium and the (100)
copper foil compared to the original copper foil. Moreover, atomic
force  microscopy (AFM) characterization  indicated  that  the
deposition morphology of lithium on the (100) copper foil surface
was smoother (Figs. 3(g)−3(j)).

In  summary,  current  research  through  experiments  and
calculations  has  found  that  different  crystal  facets  affect  the
migration  barriers  and  lithiophilicity  of  lithium  atoms  on  the
surface of the current collector. For example, the migration barrier
of  lithium  atoms  on  the  Cu (111) surface  is  almost  zero,
promoting  two-dimensional  planar  growth  rather  than  three-
dimensional  dendritic  growth.  The  Cu (100) substrate  has  the
lowest  nucleation  overpotential  and  shows  denser  and  more
uniform  lithium  nucleation  sites.  However,  more  mechanistic
studies  are  still  needed  to  resolve  the  existing  controversies  and
find  the  optimal  option  for  which  crystal  facet  yields  the  best
effect. 

2.1.3    Mechanical properties

The  mechanical  properties  of  the  substrate  can  influence  the
characteristics  of  the  deposited  layer  [133],  representing  a
parameter  that  is  easily  overlooked  but  significantly  impacts  the
deposition process. For example, Luo et al. demonstrated that the
deposition rate of stable high-density glass on soft substrates is ten
million times faster than on hard substrates for glass of the same
properties  [133].  In  LMBs,  there  are  residual  stresses  present
during the lithium electro-deposition process, and if these stresses

cannot be timely relieved, they will affect the final morphology of
the  deposition.  Therefore,  Wang  et  al.  proposed  a  stress-driven
lithium  growth  model  [134].  As  shown  in Figs.  4(a) and 4(b),  if
traditional  hard  substrates  are  used,  the  residual  stresses  during
lithium  deposition  cannot  be  released,  potentially  causing  poor
contact  between  lithium  and  the  current  collector  and  the
formation  of  lithium  dendrites.  However,  if  soft  substrates  are
used,  the  substrate  can  continuously  release  the  residual  stresses
during lithium deposition by forming wrinkles, thereby inhibiting
the  formation  of  lithium  dendrites.  Experimental  results  also
confirmed  this  idea,  as  shown  in Fig. 4(c),  after  1  h  of  electro-
deposition,  lithium  exhibited  a  loose,  filamentous  deposition
morphology  on  the  surface  of  traditional  hard  copper  current
collectors. Then, polydimethylsiloxane (PDMS) was used as a soft
substrate  with a  thin copper film attached to prepare soft  copper
current collectors.  After electro-deposition for the same duration,
as shown in Fig. 4(d),  the deposited lithium tightly and smoothly
covered  the  surface  of  the  current  collector,  exhibiting  better
contact conditions than with hard current collectors [134].

Oh  et  al.  attached  a  lithiophilic  magnesium  thin  film  to  the
current collector to achieve stable lithium nucleation and inserted
a soft MXene layer beneath the magnesium film (as shown in Fig.
4(e)) to  buffer  stress.  The  authors  analyzed  the  modified
mechanical  properties  using  nanoindentation  techniques  and
found  that  the  indentation  depth  after  inserting  the  flexible
MXene layer increased by seven times compared to those without
the  MXene  layer,  demonstrating  superior  ductility.  Then,  high-
resolution  three-dimensional  structural  characterization  was
performed  using  a  three-dimensional  X-ray  microscopy (XRM)
and a computed tomography (CT) system. As shown in Fig. 4(f),
severe  contact  loss  occurred with  only  the  magnesium film,  with
an internal  porosity  reaching 28%,  and the  interface  between the
magnesium  film  and  the  electrolyte  was  rough.  In  contrast,  as
shown in Fig. 4(g), when a soft MXene layer was inserted beneath
the  magnesium  film,  the  MXene  layer  acted  to  release  stress,
resulting in smoother contact, an internal porosity of only 6%, and
a  flat  interface  between  the  magnesium  film  and  the  electrolyte
[135].

In summary, residual stress exists during the lithium deposition
process. Using soft current collectors can continuously release the
residual  stress  generated  during  lithium  deposition  by  creating
wrinkles,  leading  to  better  contact  and  thus  a  more  ideal  Li-
current collector interface. 

2.1.4    Topological structure

Since the commercialization of LIBs, planar copper foils have been
widely  used  as  current  collectors  for  the  anode  due  to  their
outstanding  conductivity,  stability,  and  ease  of  processing  [136].
However, the planar shape of copper foils,  with their low specific
surface  area  and  high  local  current  density,  coupled  with  the
inevitable  presence  of  defects  during  preparation  that  can  act  as
“hotspots” for  lithium  nucleation  and  growth  with  low  charge
transfer  impedance,  can  lead  to  a  fragile  Li-current  collector
interface.  This  results  in  the  formation  of  dead  lithium,  capacity
fading,  and  constraints  on  further  development  of  batteries  [3].
Therefore,  modifying  the  topological  structure  of  the  current
collector  to  increase  the  specific  surface  area  and  reduce  local
current density has become an effective way to address this issue.
For  example,  copper  meshes,  due  to  their  lower  current  density
and  more  uniform  charge  distribution,  lead  to  uniform  and
smooth deposition of lithium [137], thus exhibiting better cycling
performance  than  planar  copper  foil  current  collectors  [138].
Furthermore,  three-dimensional  current  collectors  with  higher
specific  surface  areas  have  attracted  broader  attention.  The  pore
size, pore volume, and electroactive surface area ratio (i.e., the area
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of  the  current  collector  that  can  come  into  contact  with  the
electrolyte) are  important  indicators  for  3D  current  collectors
[139].  Smaller  pore  sizes (sub-micron  level) provide  a  larger
specific  surface  area  and  lower  local  current  density,  thereby
promoting  dense  deposition  of  lithium.  A  larger  pore  volume
allows  the  3D structure  of  the  current  collector  to  accommodate
more  lithium.  A  higher  electroactive  surface  area  ratio  facilitates
lithium deposition within the internal structure of the 3D current
collector  rather  than  on  the  surface (as  shown  in Fig. 5(a)),
providing  a  larger  contact  area  between  lithium  and  the  current
collector, which is beneficial for improving the reversibility of the
lithium plating/stripping process [139]. As shown in Figs. 5(b) and
5(c),  after  depositing  the  same  capacity  of  lithium,  lithium  is
loosely deposited on the surface of planar copper foils. In contrast,
in  3D  current  collectors,  a  large  amount  of  lithium  is  densely
deposited within the three-dimensional structure, fitting well with
the  pores  and  effectively  increasing  the  contact  area  between
lithium  and  the  current  collector  [140].  By  observing  the
deposition process of lithium in the 3D current collector, as shown
in Fig. 5(d),  it  is  evident  that  the  internal  structure  of  the  3D
current  collector  has  numerous  uniformly  distributed  nucleation
sites,  leading to uniform nucleation and growth of  lithium [140].
Therefore, designing 3D current collectors with high pore volume
to  electroactive  surface  area  ratio  and  pore  size  play  a  significant
role  in  improving  the  Li-current  collector  interface.  Below,  we
introduce  both  metallic  and  non-metallic  current  collectors  with
three-dimensional topological structures. 

2.1.4.1    Three-dimensional metallic current collectors
Metallic (such  as  copper) current  collectors,  due  to  their
performance  advantages  and  cost-effectiveness,  are  the  most
widely  used  commercial  current  collectors.  Therefore,  modifying
the  topological  structure  of  metal  current  collectors  to  construct
three-dimensional  metallic  current  collectors  has  garnered

widespread  attention,  with  the  challenges  and  costs  primarily
related to how to build 3D structures. Common methods include
templating, chemical reduction, and scalable electro-deposition.

The  templating  method  involves  depositing  a  metal  substrate
on an organic or inorganic template via electrochemical methods,
then  removing  the  template  to  obtain  a  3D  structure.  It  is  an
attractive  method for  constructing 3D metallic  current  collectors.
Park  et  al.  used  polylactic  acid (PLA) particles  as  a  template  to
prepare porous copper current collectors, as illustrated in Fig. 5(e).
Figures  5(f) and 5(g) show  the  SEM  images  before  and  after
removing the template from the copper deposited on the template.
This  3D  copper  current  collector  promotes  uniform  lithium
deposition and exhibits the same effect at higher current densities,
indicating  that  the  improvement  in  the  Li-current  collector
interface  by  the  3D  copper  current  collector  is  independent  of
current  density  [140].  Tang  et  al.  used  polymethyl  methacrylate
(PMMA) microspheres  as  a  template  to  prepare  3D  copper
current  collectors  via  electrophoresis.  They  found  that  lithium
tends to deposit in areas of the current collector pores with a high
radius  of  curvature (high  electric  field  intensity) [136].
Additionally,  PDMS  [141],  NaCl  powder  [142],  and  hydrogen
bubbles  [143]  can  also  be  used  as  templates  to  prepare  three-
dimensional  current  collectors  for  a  better  Li-current  collector
interface.

The redox method involves oxidizing the current collector and
then  reducing  it,  building  a  3D  current  collector  in  the  process
from oxidation to reduction. Yang et al. immersed flat copper foil
in ammonia water to deposit Cu(OH)2, dehydrated it to CuO, and
finally reduced it to obtain a copper current collector with a three-
dimensional structure, as shown in Fig. 5(h). The prepared three-
dimensional  porous  current  collector  is  shown  in Fig. 5(i).  After
depositing  2  mAh·cm−2 of  lithium,  dense  and  compact  lithium
deposition can be observed within the current collector (Fig. 5(j)).
The  high  electroactive  surface  area  provided  good  contact,

 

Figure 4    Mechanical  Properties  of  the  current  collector  substrate  affects  the  Li-current  collector  interface.  Stress  is  generated  during  lithium deposition,  where (a)
hard substrates cannot release stress, while (b) soft substrates can form wrinkles to release this stress. In the diagram, green, blue, orange, and gray respectively represent
SEI,  lithium,  copper  current  collector,  and soft  materials (such  as  PDMS). (c) Lithium exhibits  a  loose,  filamentous  deposition  morphology  on the  surface  of  hard
copper current collectors, (d) Lithium tightly and smoothly covers the surface of the current collector. Reproduced with permission from Ref. [134], © Wang, X. et al.
2018. (e) Schematic  illustration  of  lithium  deposition  on  a  pure  current  collector,  a  current  collector  coated  with  a  lithiophilic  magnesium  thin  film,  and  further
addition of  a  soft  MXene layer. (f) Characterization results  of  the  three-dimensional  XRM and computed tomography (CT) system with only  the magnesium film
coated, and (g) after adding a soft MXene layer beneath the magnesium film. Reproduced with permission from Ref. [135], © Wiley-VCH GmbH 2023.
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allowing  the  lithium  plating  and  stripping  process  to  be  well-
controlled  with  good  reversibility.  After  numerous  charging  and
discharging  cycles,  the  lithium  anode  maintains  a  flat  surface,
making dendrite formation difficult (Figs. 5(k) and 5(l)). However,
as  shown  in Fig. 5(m),  after  depositing  2  mAh·cm−2 of  lithium,  a
large amount of protruding moss-like deposition was observed on
the planar current collector. They believed that for planar current
collectors,  lithium  nucleates  and  deposits  on  smooth  surfaces,
leading to increased local electric field intensity at the tips, causing
subsequent  lithium to  deposit  and grow along  the  tips  and form
dendrites.  But  the  sub-micron  scaffold  of  the  three-dimensional
porous  current  collector  has  numerous  protrusions,  thus
providing a large number of nucleation sites that enable uniform
lithium  deposition  within  the  three-dimensional  porous  current
collector, making the overall electric field distribution uniform and
forming  a  flat  lithium  deposition  surface,  as  shown  in Fig. 5(n).
Adair et al. oxidized the copper current collector substrate to form
Cu(OH)2 with  a  three-dimensional  nanowire  structure  and  then
reduced it to obtain a three-dimensional nanowire copper current

collector. They believed this process enhanced the lithiophilicity of
copper,  promoting  alloying  between  lithium  and  copper  during
the deposition process [144]. Lin et al. through the redox method,
prepared  a  copper  framework  current  collector  with  an  internal
mesh  structure,  finding  that  this  current  collector  could
significantly improve Coulombic efficiency [145].

To  meet  the  needs  of  large-scale  commercial  production,
methods  that  can  achieve  high-throughput  preparation  of  three-
dimensional  current  collectors (such  as  scalable  electro-
deposition) have attracted attention. For instance, as shown in Fig.
5(o), Park et al. electroplated copper metal with CNTs to prepare a
Cu-CNT  composite  current  collector  with  a  three-dimensional
structure. This approach allows flexible adjustment of the current
collector’s  pore  volume (by  changing  thickness),  porosity,  etc.,
thus  holding  potential  for  large-scale  preparation.  They  observed
the deposition and stripping process of  lithium on planar copper
foil and 3D Cu-CNT current collectors, finding that lithium could
fully  contact  the  3D  Cu-CNT  current  collector  and  thus  have  a
good  deposition  morphology (Fig. 5(p)),  and  maintaining  99%

 

Figure 5    The  topological  structure  of  current  collectors  affects  the  Li-current  collector  interface. (a) The  relationship  between  the  percentage  of  lithium deposited
inside the internal structure of current collectors with different topological structures to the total deposited amount and the electroactive surface area ratio. Reproduced
with permission from Ref. [139], © Yang, C. P. et al. 2015. Cross-sectional SEM images of lithium deposited on (b) copper foam and (c) planar copper foil (current
density: 0.1 mA·cm−2, capacity: 0.20 mAh·cm−2). (d) A schematic diagram of continuous growth of lithium within the pores of the copper foam current collector. (e)
Schematic  diagram  of  preparing  a  3D  copper  current  collector  via  a  templating  method.  SEM  images  of  a  3D  copper  current  collector  successfully  prepared  by
electrodepositing copper on a PLA template, before (f) and after (g) removal of the PLA template. Reproduced with permission from Ref. [140], © Ingber, T. T. K. et al.
2023. (h) Schematic diagram of preparing a 3D copper current collector via a redox method. (i) SEM image of a 3D porous current collector and (j) cross-sectional
SEM image after lithium deposition in the 3D porous current collector (capacity: 2 mAh·cm−2, scale bar = 20 μm). (k) Top views of lithium deposition in the three-
dimensional porous current collector at capacities of 0, 0.5, 1, and 2 mAh·cm−2 (from left to right), and (l) side views of the lithium anode after stripping 1, 1.5, and
2 mAh·cm−2 and after 10 cycles (from left to right) (scale bar = 2 μm). (m) Top (left) and side (right) SEM views after depositing 2 mAh·cm−2 of lithium on a planar
current collector. (n) Schematic diagram of electrochemical deposition of lithium on planar (left) and three-dimensional porous (right) current collectors. Reproduced
with permission from Ref.  [139],  © Yang,  C.  P.  et  al.  2015. (o) Schematic  diagram of  preparing a  porous 3D Cu-CNT current  collector. (p) Schematic  diagram of
lithium plating/stripping on planar copper foil (top) and 3D Cu-CNT composite current collector (bottom). Reproduced with permission from Ref. [146], © Park, S. K.
et  al.  2023. (q) Schematic  diagram of  lithium deposition  on a  2D copper  current  collector (left) and a  copper  current  collector  with  a  2.5D microstructure (right).
Reproduced with permission from Ref. [147], © Yang, I. et al. 2022. (r) The preparation process and lithium deposition behavior on a 3D graphene/carbon nanotube
composite current collector. Reproduced with permission from Ref. [161], © Wiley-VCH GmbH 2021.
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Coulombic efficiency after 800 cycles using a half-cell [146]. Yang
et  al.,  through  photolithography  combined  with  electro-
deposition, prepared a copper current collector with a two-and-a-
half dimensional (2.5D) microstructure. As shown in Fig. 5(q), for
planar  copper  current  collectors,  lithium  tends  to  form  porous,
moss-like  deposits.  During  the  deposition  and  stripping  process,
the  non-conductive  SEI  layer  can  cause  lithium  to  lose  electrical
connection with the current collector and form dead lithium. The
current  collector  with  a  2.5D  microstructure  allows  lithium  to
merge within limited micro-cavities, establishing a good electrical
link  with  each  other  and  the  current  collector,  effectively
suppressing the accumulation of dead lithium [147].

Moreover,  other  methods  exist  to  obtain  metal  current
collectors  with  three-dimensional  topological  structures,  such  as
alloying  two  metals  and  then  constructing  a  three-dimensional
topological  structure  through  de-alloying  [148, 149].  Although
constructing  metal  current  collectors  with  three-dimensional
structures  can  improve  the  contact  between  lithium  and  the
current  collector  compared  to  planar  ones,  the  relatively  weak
lithiophilicity of the current collectors (especially copper) suggests
there is still significant room for improvement in achieving a more
perfect  Li-current  collector  interface.  Therefore,  introducing
lithiophilic  sites  to  obtain  a  better  Li-current  collector  interface
while  constructing  three-dimensional  current  collectors  can  be
adopted,  as  reviewed  in Section  2.1.1.  For  example,  lithiophilic
(such  as  lithiophilic  metals  Ag,  Zn,  Au,  etc.,  and  metal  oxides
CuO,  ZnO,  etc.) coatings  [150, 151],  nanoparticles  [152, 153],
lithium fluoride (LiF) [154], etc., can be introduced on the surface
layer of the three-dimensional current collector. 

2.1.4.2    Three-dimensional carbon-based current collectors
Although  three-dimensional  metallic  current  collectors  offer
advantages  like  enhanced  performance,  cost-effectiveness,  and
processing ease, facilitating a superior Li-current collector interface
to  commercial  planar  copper  foil,  their  high  density  poses  a
challenge  to  the  development  of  high-performance  batteries.  The
weight  of  commercially  used  copper  foil  current  collectors
accounts  for  more  than  10%  of  the  total  weight  of  LIBs  [155].
Therefore, in recent years, frameworks formed by interconnecting
networks based on carbon materials, such as carbon fibers, carbon
nanotubes,  graphene,  carbon  cloth,  and  their  derivatives,  have
attracted increasing attention [156−159].

Song  et  al.  deposited  an  Mg3N2 nanolayer  on  the  surface  of
three-dimensional  carbon  foam (CF) via  chemical  vapor
deposition (CVD) and  found  that  lithium  could  be  deposited
uniformly and densely on the carbon framework [160]. Yang et al.
constructed a material  with a three-dimensional porous structure
using layers of graphene and carbon nanotubes,  as shown in Fig.
5(r). Its large specific surface area and high electrical conductivity
network  facilitated  smooth  growth  of  lithium  during  the
deposition  process,  gradually  filling  the  internal  spaces  with
increasing  deposition  capacity,  and  exhibited  good  reversibility
[161]. Pan et al. constructed lithiophilic three-dimensional carbon-
based current collectors with low nucleation overpotential carbon
defects in situ on  three-dimensional  carbon  paper.  This  current
collector  promoted  smooth  lithium  deposition  and  improved
reversibility and cycle stability [162].

In  conclusion,  modifying  the  topology  of  the  current  collector
and constructing three-dimensional  current  collectors  to  increase
specific  surface  area  and  reduce  local  current  density  is  a  key
method for obtaining a better Li-current collector interface [163].
Key  factors  include  the  pore  size,  pore  volume,  and  electroactive
surface  area  ratio  of  the  3D  current  collectors.  Submicron-sized
small  pores  provide  larger  specific  surface  area  and  lower  local
current density, promoting denser lithium deposition. Larger pore

volumes  allow  the  3D  structure  of  the  current  collector  to
accommodate  more  lithium.  A  higher  electroactive  surface  area
ratio facilitates lithium deposition within the internal structure of
the 3D current collector rather than just  on the surface,  resulting
in a larger contact area between lithium and the current collector,
which  enhances  the  reversibility  of  the  lithium  plating/stripping
process.  Besides commonly used metal current collectors,  the use
of  lightweight  carbon  materials  with  3D  topologies  is  gaining
more attention. Furthermore, introducing lithiophilic sites into the
3D  current  collector  can  achieve  a  more  perfect  Li-current
collector interface.

The current collector directly influences the Li-current collector
interface.  Further analysis of existing research conclusions reveals
that  the  current  collector  mainly  affects  the  Li-current  collector
interface  by  impacting  the  lithium  deposition  process.  For
example,  the  nucleation  process  of  lithium  is  influenced  by  the
nucleation  overpotential  of  the  substrate.  Lithiophilic  current
collector  substrates  that  easily  form  alloys  with  lithium (such  as
gold,  silver,  and  zinc) facilitate  the  formation  of  dense  lithium
deposits on the current collector surface and achieve better contact
quality  between  lithium  and  the  current  collector.  Additionally,
low  current  densities  favor  dense  lithium  deposition.  Therefore,
constructing  three-dimensional  current  collectors  to  increase
specific  surface  area  and  reduce  local  current  density  is  an
important  means  of  obtaining  a  better  Li-current  collector
interface.  However,  the  above  studies  on  the  Li-current  collector
interface mainly use SEM or TEM for qualitative characterization
of the interface between lithium and the current collector, lacking
quantitative research. This absence of quantitative criteria makes it
difficult  to  directly  compare  different  research  findings.
Consequently, while there are qualitative conclusions about which
parameters  of  the  current  collector  affect  the  Li-current  collector
interface,  it  is  challenging  to  establish  quantitative  evaluation
standards.  Even  among  different  papers,  conclusions,  such  as
which  crystal  facet  of  the  current  collector  leads  to  the  best  Li-
current  collector  interface,  are  sometimes  contradictory.
Therefore,  developing  new  characterization  methods  and
quantitatively  analyzing  the  impact  of  various  conditions  of  the
current collector on the Li-current collector interface (such as area
and strength) are crucial. 

2.2    Electrolyte chemistry
The electrolyte  chemistry  directly  alters  the  deposition process  of
lithium  in  LMBs  and  has  a  crucial  impact  on  the  Li-current
collector interface [164]. For example, as shown in Fig. 6(a) [100],
filamentous  [165],  rod-like  [166],  columnar  [167],  and  blocky
[168] deposition morphologies can be presented in four different
electrolytes, leading to different contact conditions. Factors such as
the  solvation  strength  and  concentration  of  the  electrolyte  may
influence the  Li-current  collector  interface.  For  instance,  Boyle  et
al., based on ultramicroelectrodes and electrochemical impedance
spectroscopy (EIS),  revealed  the  mechanism  by  which  the
electrolyte  influences  the  morphology  of  lithium  deposition.  The
results  indicated  that  weak  solvation  with  rapid  charge  transfer
induces  a  higher  Li  surface  energy,  favorable  for  uniform
deposition  of  large  lithium  blocks.  In  contrast,  strong  solvation
leads to the opposite effect, favoring high surface area deposition,
which  may  result  in  lithium  dendrites (as  shown  in Fig. 6(b))
[164]. Kim et al. developed a new weakly solvating electrolyte that
maintains  a  good  deposition  morphology  and  reversibility  of
lithium plating and stripping after multiple cycles [169]. Ma et al.
proposed that weak solvation enhances the reversibility of lithium
deposition/stripping,  resulting  in  improved  contact  between
lithium and the current collector at low temperatures (−40 °C) (as
shown in Fig. 6(c)) [170].
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Wang  et  al.  discovered  that  the  concentration  of  electrolytes
could  change  the  diameter  and  coverage  rate  of  lithium
deposition,  thus  affecting  the  Li-current  collector  interface.  As
illustrated  in Fig. 6(d),  their  findings  revealed  that  while  dilute
electrolytes  create  high  deposition  coverage  and  serve  as  a  good
starting  point  for  dense  lithium  deposition,  they  also  lead  to  the
formation  of  unstable  SEIs.  These  unstable  SEIs  hinder  the
development  of  large,  dense  lithium  deposits.  In  contrast,  high-
concentration electrolytes foster stable SEIs, supporting the growth
of  substantial  lithium  deposits.  However,  the  lower  initial
nucleation  density  with  these  electrolytes  results  in  incomplete
coverage of the current collector, thereby impeding dense lithium
deposition.  Therefore,  they  utilized  modifications  to  the  current
collector  to  increase  nucleation  density  and  used  medium
concentration (about 1.0 M) electrolytes to achieve dense lithium
deposition  [171].  Chen  et  al.  also  discovered  that  the
concentration of the electrolyte affects the morphology of lithium
deposition. They found that higher electrolyte concentrations lead
to  a  greater  number  and  more  uniform  distribution  of  lithium
nuclei,  which  favors  the  formation  of  dense,  regularly  shaped
deposits without dendrites. They suggest that this is because low-
concentration  electrolytes  form  an  SEI  rich  in  organics  with  low
interfacial  energy,  which  cannot  suppress  dendrite  formation.  In
high-concentration  electrolytes,  the  formation  of  an  SEI  rich  in

inorganics with high interfacial energy necessitates a reduction in
the  total  surface  area  to  lower  the  overall  interfacial  energy,
resulting  in  decreased  surface  area  of  the  deposited  lithium  and
thus a dense deposition morphology [172]. Aarts et al. pointed out
that  water  could  be  directly  used  as  an  additive  in  electrolytes  to
improve lithium deposition.  As shown in Fig. 6(e),  they used dry
tetraglyme (4G) as  a  solvent  combined  with  1  M  lithium
bis(trifluoromethylsulphonyl)imide (LiTFSI) or  1  M  LiClO4 and
different  amounts  of  water  as  the  electrolyte,  finding  that  as  the
amount of water increased, lithium gradually changed from mossy
to  columnar  forms.  Using  LiTFSI  electrolyte  with  25  mM  H2O
additive  at  a  current  density  of  1  mA·cm−2 resulted  in  dense  and
uniform lithium deposition of  30 μm thickness,  as  shown in Fig.
6(f) [173].

Additionally,  modifying  electrolytes  to  improve  the  Li-current
collector  interface  has  attracted  increasing  attention.  Currently
used  carbonate-based  electrolytes (CBEs),  linear  carbonates (like
DMC) have low viscosity and melting point but do not easily form
stable SEIs on the anode, whereas cyclic carbonates (like EC) can
solve this issue but have a high melting point (36.4 °C). Although
merging  the  two  can  achieve  co-optimization  of  melting  point,
viscosity,  and  interface,  there  still  exists  the  problem  of
uncontrollable lithium deposition leading to dendrites. Therefore,
Zhang  et  al.  used  an  ester  exchange  reaction  between  DMC and

 

Figure 6    Electrolyte  chemistry  affects  the  Li-current  collector  interface. (a) Different  types  of  electrolytes  result  in  various  deposition  morphologies  of  lithium.
(Electrolyte A: 1 M LiPF6 in 1:1 v/v EC/DEC, Electrolyte B: 1 M LiPF6 in propylene carbonate (PC) with 2 wt.% LiAsF6 and 2 wt.% fluoroethylene carbonate (FEC),
Electrolyte C: 0.6 M lithium difluoro (oxalate) borate (LiDFOB) and 0.6 M LiBF4 in 1:1 v/v FEC/DEC, Electrolyte D: 4 M lithium bis(fluorosulfonyl)imide (LiFSI) in 1,2-
dimethoxyethane (DME)). Reproduced with permission from Ref.  [100], © Yuan, X. T. et al.  2023. (b) Schematic showing how the strength of electrolyte solvation
affects the lithium deposition process. Reproduced with permission from Ref. [164], © American Chemical Society 2022. (c) Schematic illustrating the impact of the
strength of electrolyte solvation on lithium deposition in a low-temperature (−40 °C) working environment. Reproduced with permission from Ref. [170], © Wiley-
VCH GmbH 2022. (d) Schematic diagram showing the relationship between electrolyte concentration and both the coverage rate and diameter of lithium deposition.
Reproduced with permission from Ref.  [171],  © Wang,  Q.  D.  et  al.  2022. (e) SEM images of  lithium deposited from electrolytes  with varying amounts of  water  as
additive (using 4G as the solvent combined with either 1 M LiTFSI or 1 M LiClO4). (f) SEM image of dense and uniform deposition of 30 μm thick lithium using
LiTFSI electrolyte containing 25 mM H2O. Reproduced with permission from Ref. [173], © American Chemical Society 2024. (g) SEM images of the copper current
collector surface after lithium deposition in DMC, EC/DMC, and DMDOHD based electrolytes (current density: 0.2 mA·cm−2, capacity: 1 mAh·cm−2). Reproduced with
permission from Ref. [174], © Zhang, X. Z. et al. 2024. (h) Morphological characteristics of lithium deposition in different electrolytes (CBE and DFEB). Reproduced
with permission from Ref. [175], © American Chemical Society 2024.
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open-chain  products  of  EC  to  form  2,5-dioxahexanedioate
(DMDOHD) with two carbonate groups as the solvent. As shown
in Fig. 6(g),  both  DMC  and  EC/DMC  led  to  poor  Li-current
collector  interfaces  with  large  amounts  of  uneven,  loose,  and
porous  lithium  deposition,  but  DMDOHD-based  electrolyte
enabled  smooth  and  dense  lithium  deposition  [174].  Zeng  et  al.
designed  a  2,3-difluoroethoxybenzene (DFEB) electrolyte,  as
shown  in Fig. 6(h),  observing  dense  and  uniform  lithium
deposition  on  copper  foil.  In  contrast,  commercial  CBE  showed
fluffy  and  porous  lithium  deposition  on  copper  foil,
demonstrating  poor  contact  with  the  copper  foil  [175].  Lu  et  al.
introduced  a  new  solvation  adjustment  strategy  by  introducing
“bulky” solvation  molecules  with  both  coordinating  and  non-
coordinating zones, reducing the interaction between lithium ions
and  the  solvent,  thus  obtaining  a  good  lithium  deposition
morphology [176]. Cheng et al. adjusted the chemical composition
of  the  electrolyte  to  maintain  a  weak  solvation  effect  of  lithium
ions  with  higher  ionic  conductivity  at  low  temperatures,  thus
achieving  uniform  and  dense  lithium  deposition  at  low
temperatures (−40  °C) [177].  Ma  et  al.  designed  an  additive  that
could  form  an  adsorption  layer  on  the  lithium  metal  surface  to
hinder  the  charge  transfer  of  lithium  ions,  alleviating
concentration polarization during the deposition process,  thereby
achieving  good  lithium  deposition  morphology  and  stable
deposition/stripping cycles [178].

In  summary,  different  types  of  electrolytes  lead  to  different
lithium deposition morphologies on the current collector. Weakly
solvated  electrolytes  with  rapid  charge  transfer  induce  higher
lithium  surface  energy,  while  appropriately  concentrated
electrolytes  provide  a  good  starting  point  for  forming  high-

coverage  dense  lithium  deposition  along  with  a  stable  SEI.
Modifying  the  electrolyte  composition  to  alter  viscosity  and
interactions between lithium ions and solvents can also potentially
result in a better Li-current collector interface. 

2.3    Current density
The  variation  in  current  density  changes  the  morphology  of
lithium  deposition,  thereby  affecting  the  Li-current  collector
interface. As shown in Fig. 7(a), at a current density of 10 mA·cm−2,
the  lithium  deposition  morphology  is  filamentous.  When
increased  to  100  mA·cm−2,  non-filamentous  particles  appear,  and
at  1000  mA·cm−2,  lithium  deposits  solely  in  the  form  of
rhombohedral dodecahedra [179]. As illustrated in Fig. 7(b), with
the  current  density  increasing  from  50  to  150  mA·cm−2,  the
number of  deposited polyhedral  lithium particles  increases,  while
the  number  of  dendritic  lithium  particles  decreases.  When  the
current  density  increases  to  200  mA·cm−2,  there  are  no  dendritic
lithium particles, and further increasing to 1000 mA·cm−2 does not
change the polyhedral shape. This indicates that beyond a certain
threshold,  the  morphology  of  lithium  deposition  stabilizes  as  a
polyhedral  shape  and  remains  unaffected  [100].  Yuan  et  al.
discovered  that  when  the  current  density  is  sufficiently  high  to
surpass  the  formation  speed  of  SEI  and  avoid  mass  transfer
limitations,  the  intrinsic  deposition  morphology  of  lithium  is  a
rhombohedral dodecahedron, which is independent of the type of
electrolyte  and  current  collector  substrate.  As  shown  in Fig. 7(c),
they found that at a current density of 1 mA·cm−2, different types
of  electrolytes  exhibited  various  deposition  morphologies:
filamentous,  rod-like,  columnar,  and  blocky.  However,  when  the

 

Figure 7    Current density affects the Li-current collector interface. (a) SEM images of lithium deposited at current densities of 10, 100, and 1000 mA·cm−2. Reproduced
with permission from Ref. [179], © American Chemical Society 2022. (b) SEM images of lithium deposited at current densities of 50, 150, and 200 mA·cm−2.100 (c)
Deposition morphology of lithium in various types of electrolytes at current densities of 1 mA·cm−2 (top) and 1000 mA·cm−2 (bottom) (from left to right, electrolytes are
as follows: Electrolyte A: 1 M LiPF6 in 1:1 v/v EC/DEC, Electrolyte B: 1 M LiPF6 in PC with 2 wt.% LiAsF6 and 2 wt.% FEC, Electrolyte C: 0.6 M LiDFOB and 0.6 M
LiBF4 in 1:1 v/v FEC/DEC, Electrolyte D: 4 M LiFSI in DME. At a current density of 1 mA·cm−2, the deposition morphologies from left to right are filamentous, rod,
columnar, and blocky, respectively; when the current density increases to 1000 mA·cm−2, all morphologies become polyhedral). (d) Deposition morphology of lithium
on  different  types  of  substrates (current  density:  50  mA·cm−2). (e) SEM (left) and  cryogenic  electron  microscopy (right) cross-sectional  views  of  rhombohedral
dodecahedral lithium deposition in contact with the current collector. (f) SEM image of the cross-section of columnar lithium deposition in contact with the current
collector. Reproduced with permission from Ref. [100], © Yuan, X. T. et al. 2023.
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current  density  increased  to  1000  mA·cm−2,  the  deposition
morphology  of  lithium  in  different  types  of  electrolytes  was
polyhedral.  Additionally,  as  depicted  in Fig. 7(d),  they  also
discovered  that  both  non-lithiophilic (such  as  Cu,  C) and
lithiophilic (such  as  Au,  Ag) substrates  exhibit  a  rhombohedral
dodecahedral  deposition morphology  under  high current  density
(50  mA·cm−2).  However,  the  electrical  connection  between  the
rhombohedral  dodecahedron lithium and the current  collector  is
very poor, almost point contact, as shown in Fig. 7(e). This fragile
Li-current collector interface easily leads to disconnection between
lithium  and  the  current  collector,  forming  dead  lithium.  In
contrast,  the  columnar  lithium  deposition  at  low  current  density
(1 mA·cm−2) has better electrical contact with the current collector
(Fig. 7(f)).  Due  to  the  poor  electrical  connection  between  the
rhombohedral  dodecahedron  and  the  current  collector,  a  large
amount of residual lithium is difficult to strip during the stripping
process,  and  the  lithium  particles  exhibit  a  contracted  structure
after partial dissolution, leading to an increase in dead lithium and
a decrease in Coulombic efficiency. Although high current density
leads  to  fragile  connections  between  lithium  and  the  current
collector,  appropriate  application  of  high  current  density  can
achieve  good  contact.  Yuan  et  al.  found  that  using  a  high  initial
pulse current density (current density:  50 mA·cm−2,  capacity:  0.05
mAh·cm−2) followed by a normal current density (current density:
1 mA·cm−2, capacity: 0.95 mAh·cm−2) achieves a denser deposition
morphology  than  continuously  using 1  mA·cm−2 to  deposit  1
mAh·cm−2 capacity  of  lithium.  This  is  because  the  initial  pulse  of
high  current  density  promotes  tight  nucleation  of  lithium  in  a
short period [100, 180].

In  summary,  as  the  current  density  increases,  the  morphology
of  lithium  deposition  gradually  transforms  into  a  polyhedral

structure,  and  when  the  current  density  exceeds  a  certain
threshold,  the  deposition  morphology  is  no  longer  influenced  by
the  electrolyte  and  current  collector  substrate.  However,  the
polyhedral structure of lithium has point contacts with the current
collector, leading to a fragile Li-current collector interface that can
be improved by using pulse current. 

2.4    Stacking pressure
Applying stacking pressure on batteries has been proven to be an
effective  method  for  regulating  the  morphology  of  lithium
deposition, achieving higher Coulombic efficiency, and extending
cycle  life  [181−183].  As  shown  in Fig. 8(a),  elongated  lithium
deposits  with  significant  curvature  can  easily  lose  electrical
connection with the current collector, leading to a large amount of
unreacted lithium being encapsulated by an electrically insulating
SEI,  thereby  forming  dead  lithium.  Therefore,  controlling  the
morphology of lithium deposition, as illustrated in Figs.  8(b) and
8(c),  by  gradually  reducing  the  curvature  of  lithium  deposits  to
form  larger  deposits  can  establish  a  stable  Li-current  collector
interface.  This  ensures  that  lithium  always  maintains  good
electrical  contact  with  the  current  collector  before  stripping,
enhancing  the  reversibility  of  deposition/stripping.  The  ideal
deposition  morphology  should  be  micro-pillar-shaped,  with
minimal curvature, large deposits, and a uniform SEI, as shown in
Fig. 8(c),  which  facilitates  the  complete  dissolution  of  lithium
[101].

By  applying  stacking  pressure,  the  transformation  from Fig.
8(a) to Fig. 8(c) can  be  achieved.  Fang  et  al.  noted  that  applying
stacking pressure promotes the morphology of lithium deposition
towards collapse on the current collector, improving the electrical
connection  between  lithium  and  the  current  collector  [101],  and

 

Figure 8    The impact  of  stacking pressure on the Li-current collector interface. (a)–(c) Schematics  showing that  the lower the tortuosity and the larger the bulk of
lithium deposition,  the better  the electrical  contact  with the current  collector,  thus reducing the likelihood of  dead lithium formation.  Reproduced with permission
from Ref. [101], © Fang, C. C. et al. 2019. (d) SEM images of lithium deposited on copper foil without applied pressure and (e) with an applied pressure of 1200 kPa.
Reproduced with permission from Ref. [186], © American Chemical Society, 2023. (f) Top view (top) and cross-sectional view (bottom) of lithium deposited under
stacking pressures  of  70,  140,  210,  and 350 kPa (current  density:  2  mA·cm−2,  capacity:  2  mAh·cm−2). (g) Three-dimensional  images  of  lithium deposition and voids
reconstructed from cryo-FIB-SEM image sequences. (The left side is under a stacking pressure of 70 kPa and the right side is under 350 kPa of stacking pressure; grey
represents lithium and green represents voids). (h) Analysis of the impact of stacking pressure on lithium nucleation and early growth based on molecular dynamics
simulations. Reproduced with permission from Ref. [187], © Fang, C. C. et al. 2021.
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enhancing the battery’s cycling performance [184, 185]. Kim et al.
characterized  the  morphology  of  lithium  deposition  before  and
after  applying  stacking  pressure,  as  shown  in Fig. 8(d).  Without
stacking  pressure,  lithium  deposits  on  the  copper  foil  in  a  loose,
elongated,  and  intertwined  noodle-like  manner  with  many  holes
and a thicker deposition. Under the same conditions but applying
1200 kPa pressure, as shown in Fig. 8(e), lithium deposits densely
on the copper foil, displaying a good Li-current collector interface
[186]. Fang et al. further investigated the role of stacking pressure
[187].  As  shown  in Fig. 8(f),  increasing  the  pressure  from  70  to
350  kPa  made  the  lithium  deposition  morphology  increasingly
dense, and the thickness significantly thinner. Especially when the
stacking  pressure  reached  350  kPa,  lithium  exhibited  a  perfect
columnar structure. The cross-sectional view reveals that under a
lower  stacking  pressure,  the  lithium  deposition  layer  above  may
connect  tightly  with  each  other,  but  significant  holes  exist  at  the
bottom,  especially  near  the  contact  with  the  current  collector.
These holes gradually disappear as the stacking pressure increases,
indicating  that  stacking  pressure  significantly  affects  the  initial
stages  of  lithium  nucleation  and  growth.  They  further
reconstructed  the  three-dimensional  image  of  lithium  deposition
under  70  and  350  kPa  stacking  pressure  using  cryo-focused  ion
beam (FIB)-SEM,  as  shown  in Fig. 8(g),  revealing  poor  contact
between Li and the current collector under 70 kPa, especially with
many gaps near the current collector. However, when the stacking
pressure  increased  to  350  kPa,  the  contact  between  Li  and  the
current  collector  was  good,  significantly  reducing  the  porosity.
This method also provides a reference for subsequent quantitative
studies  on  the  Li-current  collector  interface.  They  attempted  to
explain  how  stacking  pressure  affects  the  early  stages  of  lithium

nucleation  and  growth  based  on  molecular  dynamics.  As  shown
in Fig. 8(h), without stacking pressure, Li nucleates randomly and
grows  uncontrollably,  eventually  forming  elongated,  uneven,
porous  deposits  with  poor  electrical  connection  with  the  current
collector. Under 350 kPa stacking pressure, the pressure promotes
the  connectivity  of  lithium  nucleation  sites  and  lateral  growth
during  the  growth  process,  eliminating  voids  during  deposition
and leading to uniform and dense lithium deposition.

In summary, applying stacking pressure (such as 350 kPa) can
transform  loose,  elongated  lithium  deposition  into  a  dense,  bulk
deposition  morphology,  resulting  in  a  better  Li-current  collector
interface [188, 189]. 

2.5    SEI
The SEI profoundly impacts battery performance, which includes
the Li-current collector interface. SEI affects the lithium stripping
process and can lead to the disconnection between lithium and the
current collector during stripping,  which results  in the formation
of dead lithium [3, 190]. As shown in Figs. 9(a)−9(f), the deposited
lithium  has  good  contact  with  the  current  collector  and  appears
well-shaped at the beginning, but it gradually shrinks and becomes
completely  enveloped  by  the  SEI  during  stripping.  Eventually,  it
loses  connection  with  the  current  collector  and  forms  dead
lithium.  The  EIS  characterization,  shown  in Fig. 9(g),  indicates
that  the  interface  resistance  increases,  and  the  lithium-ion
diffusion  coefficient  decreases  progressively  throughout  the
stripping process. Hence, the stripping process can be summarized
by  the  schematic  shown in Fig. 9(h),  which  suggests  that  the  SEI
leads  to  a  significant  disconnection  between  lithium  and  the
current  collector  during  lithium  stripping  [191].  Lin  et  al.

 

Figure 9    The SEI impacts the Li-current collector interface. Cryogenic electron microscopy images of (a) and (b) lithium deposited on a copper current collector at
0.5 mAh·cm−2 and the (c)–(f) subsequent stripping process. (g) Changes in interfacial impedance and lithium ion diffusion coefficients characterized by SEI during the
stripping process. (h) Schematic illustration of lithium losing contact with the current collector during the stripping process. Reproduced with permission from Ref.
[191], © Wiley-VCH GmbH 2024. (i) Schematic illustrations of conventional SEI inducing vertical Li (200) orientation deposition (top) versus SEI facilitating high Li+

transport inducing planar Li (110) orientation deposition (bottom). (j) Side, left, and three-dimensional reconstruction views (from left to right) of lithium deposition
characterized by CT for conventional SEI (bottom) versus SEI facilitating high Li+ transport (top) (current density: 1 mA·cm−2, capacity: 5 mAh·cm−2). (k) White light
microscopy characterization (capacity: 10 mAh·cm−2). Reproduced with permission from Ref. [194], © Wiley-VCH GmbH 2023. (l) Schematic illustrations of lithium
deposition under traditional SEI layer (top) versus SEI enriched with inorganic components (bottom). Reproduced with permission from Ref. [196], © Wi, T.-U. et al.
2023.
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attempted to mitigate this issue by reserving an adequate amount
of  lithium  to  maintain  contact  between  lithium  and  the  current
collector,  ensuring  the  continuity  of  electron  conduction  paths
and minimizing the formation of dead lithium [191].

Additionally,  the  SEI  impacts  the  lithium  deposition  process,
where  the  SEI’s  chemical  composition,  uniformity,  and
mechanical  properties  collectively  determine  the  kinetics  of
lithium nucleation and initial growth [192, 193]. For instance, the
SEI  can  induce  lithium  deposition  along  different  crystal
orientations. Since lithium atoms have a lower migration potential
on  the  Li (110) plane  compared  to  the  Li (200) plane,  lithium
atoms diffusing along the Li (110) plane are prone to form planar,
well-connected  with  current  collector,  dendrite-free  lithium
deposition  morphologies.  Conventional  SEIs  that  facilitate  slow
and  uneven  lithium  ion  transport  tend  to  induce  vertical
deposition  oriented  towards  the  Li (200) direction.  Sun  et  al.
designed  a  high-throughput  SEI  with  high  contents  of  LiF  and
–Si(CH3)3,  which  accelerates  the  transport  kinetics  of  Li+ ions,
ensuring  high  concentrations  of  Li+ ions  beneath  the  SEI  to
promote planar-oriented Li (110) deposition, as illustrated in Fig.
9(i) [194].  They  reconstructed  the  3D  morphology  of  lithium
deposition  using  CT  and  observed  the  morphology  of  lithium
deposition  using  microscopy,  finding  that  the  deposition
morphology  of  lithium  under  the  modified  SEI  was  flatter,  as
shown in Fig. 9(j) and Fig. 9(k). Furthermore, lithium ions exhibit
different  conductivity  properties  in  different  SEI  components,
which  also  affects  the  Li-current  collector  interface  [195].  The
lithium  flux  imbalance  caused  by  SEIs  formed  in  conventional
ester-based electrolyte systems leads to uneven lithium deposition,
resulting in direct disconnection between lithium and the current
collector.  Wi  et  al.  constructed  an  inorganic-rich  SEI  to  evenly
regulate  lithium  ion  diffusion,  achieving  uniform  and  stable
lithium  deposition  on  the  current  collector,  as  shown  in Fig. 9(l)
[196].

In  summary,  the  SEI  influences  the  processes  of  lithium
stripping  and  deposition.  During  stripping,  lithium  gradually
shrinks and becomes fully enclosed by the SEI, losing connection

with the current collector and forming dead lithium. Maintaining
a  clear  electronic  conduction  path  through  methods  such  as
reserving  lithium  can  improve  this  situation.  The  chemical
composition  and uniformity  of  the  SEI  also  affect  the  deposition
process.  For example,  the slow and uneven lithium ion transport
through  a  common  SEI  induces  vertical  lithium  growth.  Thus,
designing  SEIs  with  high  lithium  ion  transport  kinetics  can
achieve a better Li-current collector interface. 

2.6    Electric field
The impact of the electric field on the Li-current collector interface
is quite common. For example, during the manufacturing process
of  current  collectors,  it  is  inevitable  to  produce  microstructures
with high curvature radii, such as burrs, which can lead to the “tip
effect”,  generating  high  electric  fields  around  these  points.  This
condition encourages  lithium to preferentially  nucleate  and grow
rapidly  at  these  locations.  The  distribution  of  the  electric  field
within  the  battery  is  strongly  related  to  the  shape  of  the  current
collector, thus the strategies discussed in Section 2.1.4 for altering
the topological structure of the current collector and constructing
3D current collectors can also be analyzed from the perspective of
electric  field regulation and its  impact  on the Li-current collector
interface  [197].  After  constructing  a  3D  current  collector  with  a
porous  structure,  a  large  number  of  microstructures  with  high
curvature radii will appear within the 3D structure of the current
collector,  inducing  lithium  to  deposit  internally  and  thereby
suppressing  the  formation  of  lithium  dendrites  [139].
Additionally,  the  internal  electric  field  generated  during  the
charging and discharging process of the battery can also serve as a
strategy  for  improving  the  Li-current  collector  interface.  For
instance, Liu et al. found that dead lithium highly responds to the
electric  field  generated  during  battery  operation  [198].  As
illustrated  in Fig. 10(a),  an  electric  field  from  the  positive  to  the
negative electrode is generated inside the battery during charging,
inducing  an  opposite  electric  field  within  the  dead  lithium.  This
leads  to  a  negative  overpotential  at  the  end  of  the  dead  lithium
closer to the positive electrode,  causing lithium deposition at  this

 

Figure 10    Electric  field  impacts  Li-current  collector  interface. (a) Direction  of  electric  fields  within  the  battery  and  within  dead  lithium  during  the  charging  and
discharging process, along with the accumulation of charges in dead lithium. Blue and red represent negative and positive charges, respectively. (b) Optical images of a
lithium island at the beginning (t = 0 h) and an intermediate state (t = 3 h) during the charging and discharging process (scale = 100 μm). (c) Current density of a
lithium island at the initial state (t = 100 s) and an intermediate state (t = 2 h) during the charging and discharging process. (d) Coulombic efficiency of batteries with
and without dead lithium at different current densities. Reproduced with permission from Ref. [198], © Liu, F. et al. 2021.
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end. Conversely, the end closer to the negative electrode exhibits a
positive  overpotential,  leading to  lithium dissolution.  The reverse
occurs during the discharge process. Experimental and simulation
results also confirmed the above analysis. As shown in Figs. 10(b)
and 10(c), during the charging process, dead lithium islands in the
battery dissolve on the side closer to the negative electrode (right
end) and  deposit  new  lithium  on  the  side  closer  to  the  positive
electrode (left  end).  The discharge process  is  opposite.  Therefore,
this approach holds the promise of moving the dead lithium in the
battery that has lost contact with the current collector towards the
negative  electrode  during  the  discharge  process,  achieving
recontact  with  the  current  collector.  As  shown  in Fig. 10(d),
Coulombic  efficiency  measurements  also  indicate  that  the
efficiency  of  a  battery  configured  with  dead  lithium  can  even
exceed  100%,  proving  that  utilizing  the  electric  field  can  revive
dead lithium and enhance efficiency.

In  summary,  electric  fields  have  an  impact  on  lithium
deposition. For example, small structures on the current collector,
such as  burrs  or  irregularities,  create  high electric  field intensities
due  to  the  tip  effect,  leading  to  preferential  nucleation  and  rapid
growth  of  lithium  at  these  sites.  This  phenomenon  is  more
pronounced  when  constructing  current  collectors  with  three-
dimensional  structures.  Additionally,  during  the  charging  and
discharging  processes,  the  electric  field  within  the  battery  can
induce  an  internal  electric  field  within  the  lithium.  This  internal
field generates a potential difference across the ends of the lithium,
causing  one  end  to  dissolve  while  the  other  grows,  which  could
potentially  reconnect “dead” lithium  to  the  current  collector.
However,  the current  understanding of  the impact  of  the electric
field  on  the  Li-current  collector  interface  is  limited,  and research
in  this  area  is  sparse.  For  instance,  the  solid–solid  interface
between  lithium  and  the  current  collector,  as  well  as  the
solid–liquid  interface  between  the  electrolyte  and  the  electrode,
can  cause  abrupt  changes  in  the  electric  field;  the  deposition  of
lithium continuously alters the internal electric field of the battery,
which  further  affects  lithium  deposition;  the  accumulation  of
surface charges on the SEI during battery operation can also cause
local electric field distortions. These variations in the electric field
will profoundly influence the lithium deposition process and affect
the Li-current collector interface.  Therefore,  both the mechanism
by  which  the  electric  field  influences  the  Li-current  collector
interface  and  the  use  of  electric  fields  to  enhance  performance
merit more in-depth research in the future. 

2.7    Temperature
In  practical  applications,  batteries  are  required  to  operate  under
various  environmental  temperatures,  which  impacts  their
performance,  including  the  Li-current  collector  interface  [199,

200]. For example, at low temperatures, slow lithium ion transport
near  the  anode  can  lead  to  uneven  lithium  deposition  [201].  As
shown in Fig. 11(a), Tao et al. observed the morphology of lithium
deposition  at  0,  25,  and  50  °C,  respectively  [202].  At  0  °C,  the
morphology of lithium deposition is  uneven, with both dark and
light  areas.  The  light  areas  show  dendritic  deposition,  while  the
dark  areas  are  blocky  deposits.  As  the  temperature  increases  to
25  °C,  the  proportion  of  dendritic  deposition  areas  decreases.  At
50 °C, the light deposition areas further shrink, no longer showing
dendritic deposition but instead blocky deposition. The deposition
morphology  in  the  dark  areas  appears  dense,  compact,  and  flat.
Using  SEM  combined  with in situ nuclear  magnetic  resonance
(NMR),  they  illustrated  the  deposition  process  of  lithium  at
different  temperatures,  as  shown in Fig. 11(b).  At  0  and 25  °C,  a
similar  growth  pattern  of  lithium  is  observed:  it  starts  with
dendritic  formation  and,  as  deposition  progresses,  gradually
develops  into  blocky  lithium  laterally,  only  to  revert  back  to
dendritic  lithium during  the  stripping  process.  At  50  °C,  lithium
initially grows as dendritic but later, lateral deposition dominates,
gradually  forming  a  dense  deposition  morphology.  Further,
through  simulation,  they  modeled  the  thermal  and  electric  field
distribution at 0 and 50 °C. As illustrated in Figs. 11(c) and 11(d),
at 0 °C, there is a significant temperature gradient from the tip to
the base of the lithium deposition, but at 50 °C, the thermal field
distribution is more uniform. Additionally, as shown in Figs. 11(e)
and 11(f),  the  electric  field  distribution  at  0  °C  is  more  uneven
compared  to  50  °C,  making  it  difficult  to  achieve  dense  and
uniform deposition as at 50 °C.

In  summary,  it  has  been  found  that  low  temperatures  are
conducive to the formation of dendritic lithium, while increasing
the temperature can promote lateral growth of lithium and form a
flatter deposition morphology. However, the understanding of the
impact of temperature on the Li-current collector interface is still
insufficient.  For  example,  the  thermal  properties  of  lithium  and
the current collector (such as copper) differ greatly, with the linear
thermal  expansion  coefficient  of  copper (4.6  ×  10−5 °C−1) being
almost  three  times  that  of  lithium (1.65  ×  10−5 °C−1).  Therefore,
stress  may  occur  at  the  interface  during  temperature  changes.
Additionally,  the  thermal  conductivity  of  lithium (85  W·m−1·K−1),
copper (401  W·m−1·K−1),  and  the  electrolyte (usually  less  than
1  W·m−1·K−1) varies  significantly,  and  the  presence  of  interface
thermal  resistance  results  in  severely  uneven  heat  distribution
among the  components.  Thus,  further  research  is  needed  on  the
impact of temperature on the Li-current collector interface. 

3    Conclusion and outlook
This  review summarizes  the  latest  research advancements  on the

 

Figure 11    Temperature  impacts  the  Li-current  collector  interface. (a) Morphology  of  lithium  deposition  at  0,  25,  and  50  °C (from  left  to  right). (b) Schematic
illustrations  of  changes  in  lithium  deposition  morphology  at  0,  25,  and  50  °C.  At  0  °C, (c) temperature  field  and (d) electric  field  distribution,  and  at  50  °C, (e)
temperature field and (f) electric field distribution. Reproduced with permission from Ref. [202], © American Chemical Society 2023.
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solid–solid interface between lithium metal and current collectors,
drawing several key conclusions:

(1) The  properties  of  current  collector  substrates  profoundly
influence the Li-current collector interface. Introducing lithiophilic
sites,  altering  the  crystal  facets  of  current  collectors,  utilizing  soft
substrates,  and  constructing  three-dimensional  collectors  with
small pore sizes, large pore volumes, and high electroactive surface
area ratios are promising approaches for optimizing the Li-current
collector interface.

(2) Electrolyte  chemistry  also  impacts  the  Li-current  collector
interface.  Utilizing  electrolytes  with  appropriate  solvent  strength
and  concentration,  altering  electrolyte  composition,  and  using
additives can improve the interface.

(3) The  current  density  influences  the  morphology  of  lithium
deposition. A higher current density tends to favor the deposition
of lithium in a polyhedral structure, leading to a fragile Li-current
collector interface.

(4) Appropriately  applying  stacking  pressure  can  result  in  a
better  deposition  morphology  of  lithium,  thereby  enhancing  the
interface.

(5) The  chemical  composition,  uniformity,  and  mechanical
properties  of  the  SEI  all  impact  the  deposition  and  stripping
processes  of  lithium,  leading  to  disconnection  between  lithium
and  the  current  collector.  Therefore,  regulating  the  SEI  is  an
effective method to enhance the Li-current collector interface.

(6) Electric fields influence lithium deposition and growth, thus,
utilizing  electric  fields  to  induce  dense  lithium  deposition  and

reconnect  dead  lithium  with  the  current  collector  can  achieve  a
superior interface.

(7) Temperature  changes  affect  the  deposition  process  of
lithium.  Low  temperatures  are  detrimental  to  the  formation  of  a
good Li-current collector interface.

In  summary,  many  factors  can  influence  the  Li-current
collector  interface.  Identifying  and  thoroughly  researching  the
most  significant  factor  to  achieve a  stable  and optimal  Li-current
collector  interface  is  crucial.  Unfortunately,  the  current  research
on the Li-current collector interface, as shown in existing findings,
remains qualitative and lacks quantitative analysis. This qualitative
approach  means  that  different  studies’ results  are  difficult  to
directly  compare  due  to  the  absence  of  standardized  quantitative
benchmarks.  However,  this  also  indicates  that  our  current
understanding  is  still  superficial,  presenting  numerous
opportunities  for  future  research.  As  shown  in Fig. 12,  potential
directions for future studies might include:

(1) First  and  foremost  is  developing  quantitative
characterization  methods  for  the  Li-current  collector  interface.
Current  research  largely  relies  on  qualitative  observations  using
SEM,  TEM,  and  similar  methods  to  view  lithium  deposition  on
current  collectors,  lacking  quantitative  characterization  of  the
contact  area  and  bonding  strength  between  lithium  and  the
collector.  Some  studies  have  used  CT  and  similar  methods  to
achieve  high-resolution  3D  structures  of  lithium  deposition,
further obtaining maps of porosity distribution and changes in the
height  of  lithium  deposition  [114, 135, 187].  Therefore,  this

 

Figure 12    Future development directions for Li-current collector interface research.
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method has the potential  to serve as quantitative characterization
schemes  for  the  contact  area  between  lithium  and  the  current
collector.  Additionally,  characterizing  physical  parameters  that
change  with  the  Li-current  collector  interface  to  indirectly  reflect
its  variation,  including  electrical,  thermal,  and  mechanical
parameters, is also worth considering. For instance, changes in the
contact  situation between lithium and the  collector  could  lead to
overall  changes  in  electrical  conductivity,  suggesting  that
quantitative measurements of such changes could reflect interface
variations. Changes in the Li-current collector interface could also
alter  contact  resistance,  affecting  Joule  heating  when  current
passes  through,  which  could  be  mapped  using  infrared
thermography and recently reported non-destructive methods like
X-ray  diffraction  computed  tomography (XRD-CT) [203].
Moreover,  establishing  uniform  standards  for  characterization  is
crucial, facilitating direct comparisons between different studies.

(2) How  to  obtain  a  more  stable  and  improved  Li-current
collector interface still requires further investigation. Although this
review has summarized some strategies to improve the Li-current
collector interface based on existing literature, there is still a lack of
direct  and  quantitative  research.  Therefore,  developing  or
adopting new research and characterization methods is becoming
essential to overcome this bottleneck issue. For example, with the
rapid  advancement  of  computational  science  in  recent  years,
technologies such as machine learning and materials computation
have  been  widely  applied  in  scientific  research.  Using
computational  methods  for  high-throughput  screening  could
potentially identify material systems that form a robust Li-current
collector  interface.  Additionally,  these  methods  could  analyze
experimental  phenomena  to  predict  more  effective  material
modification  strategies.  Another  example  is  the  development  of
new in situ characterization  techniques,  especially  for in situ
electrical  parameter  characterization (such  as  local  current  and
conductivity),  which  is  crucial  for  deeply  understanding  the
interface  characteristics  within  batteries,  including  the  Li-current
collector  interface.  These  parameters  are  directly  related  to  the
migration  of  electrons  and  ions.  Currently,  there  is  a  lack  of
research  in  this  area,  and  the  few  existing  results  only  provide
overall  electrical  parameters  of  the  interface.  In  summary,
developing and applying new research methods to achieve a stable
and improved Li-current collector interface is vital.

(3) The  relationship  function  between  the  Li-current  collector
interface  and  key  battery  performance  parameters  still  requires
further  investigation.  How  a  stable  and  optimal  Li-current
collector  interface  can  better  contribute  to  high-performance
batteries,  ensuring  longer  cycle  life  and  higher  Coulombic
efficiency, also warrants further attention.

(4) Self-healing  intelligent  Li-current  collector  interfaces  may
become  an  exciting  research  topic  in  the  future.  In  recent  years,
intelligent  materials  and  smart  devices  have  garnered  increasing
attention.  Materials  degrade  and  develop  defects  over  time,
shortening  their  lifespan  or  causing  sudden  failures.  Hence,
intelligent  materials  that  can  self-heal,  much  like  animals
recovering  from  injuries,  have  become  a  focal  point.  Capturing
physical  signals  of  defects  and incorporating  materials  capable  of
eliminating  these  defects  into  the  matrix  is  currently  an  effective
approach  to  achieving  this  concept.  For  example,  in  the  field  of
electrical  insulation,  self-healing  polymer  dielectrics  capable  of
repairing  electrical  damage  have  been  developed  [203].  By
incorporating  superparamagnetic  nanoparticles  into  polymer
dielectrics,  the  magnetocaloric  effect  induced  by  electric  damage
can  cause  these  nanoparticles  to  migrate  to  the  defect  site  and
repair  it.  Similarly,  the  Li-current  collector  interface  can  develop
defects  during  repeated  cycling,  which  can  degrade  its  initially
good  performance.  Therefore,  incorporating  additives  into  the

electrolyte to detect and timely eliminate these defects could be a
novel and intriguing approach to enhance battery performance.

In  summary,  constructing  a  stable  and  good  solid–solid
interface  between  lithium  and  the  current  collector  is  crucial  for
high-performance  LMBs,  and  the  exploration  of  this  topic  is
currently  in  a  booming  phase.  Addressing  the  fragile  Li-current
collector  interface  issue  requires  interdisciplinary  collaboration
across  chemical  engineering,  material  science,  electrical
engineering,  computational  science,  physics,  energy  and
environmental engineering. With the rapid development of LMBs
bringing opportunities, along with the swift progress in analytical
characterization  techniques,  machine  learning,  and  theoretical
computations, we look forward to the proposal of better strategies
for achieving an improved Li-current collector interface, ensuring
this challenge no longer remains a bottleneck for the advancement
of high-performance LMBs. 
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