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Abstract: With the increasing demand for high energy-density batteries for portable electronics and large-scale energy storage systems, the
lithium metal anode (LMA) has received tremendous attention because of its high theoretical capacity and low redox potential. However, the
commercial application of LMAs is impeded by the uncontrolled growth of lithium dendrites. Such dendrite growth may result in internal short
circuits, detrimental side reactions, and the formation of dead lithium. Therefore, the growth of lithium metal must be controlled. This article
summarizes our recent efforts in inhibiting such dendrite growth, decreasing the detrimental side reactions, and elongating the LMA lifespan by
optimizing the electrolyte structure and by designing appropriate current collectors. After identifying that the unstable solid electrolyte inter-
face (SEI) film is responsible for the potential dropping in carbonate electrolytes, we developed LiPF6–LiNO3 dual-salt electrolyte and lithium
bis(fluorosulfonyl)imide (LiFSI)–carbonate electrolyte to stabilize the SEI film of LMAs. In addition, we achieved controlled lithium depos-
ition by designing the structure and material of the current collectors, including selective lithium deposition in porous current collectors, lithio-
philic metal guided lithium deposition, and iron carbide induced underpotential lithium deposition in nano-cavities. The limitations of the cur-
rent strategies and prospects for future research are also presented.
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1. Introduction

Since lithium-ion batteries (LIBs) were commercialized in
1991, they have achieved widespread adoption in consumer
electronics, electric vehicles, and energy storage applications.
However,  LIBs  using  graphite-based  anodes  and  lithium-
containing cathodes are approaching their theoretical energy
densities  [1–2].  Therefore,  secondary  lithium  batteries  will
play an important role in next-generation high energy-dens-
ity  batteries  because  of  the  high  specific  capacity  (3860
mAh·g−1) and the low redox potential (−3.04 V vs. SHE) of
the lithium metal anode (LMA) [3–4]. In addition, the selec-
tion  of  the  cathode  materials  will  be  significantly  extended
because lithium is not a required component of the cathode
materials  in  secondary  lithium  batteries.  However,  the
growth of lithium dendrites restricts the application of lithi-
um metal batteries. The volume expansion during lithium de-
position  leads  to  breakage  of  the  solid  electrolyte  interface
(SEI) films, thereby allowing lithium dendrites to grow in the
cracks  of  the  SEI  films  or  penetrate  the  SEI  films  directly.
These lithium dendrites can impale the separator, leading to
short  circuiting of  the  batteries  and even triggering thermal
runaway. Moreover, lithium dendrites may aggravate the det-
rimental  side  reactions  and  cause  the  formation  of “dead”
lithium, thereby leading to low Coulombic efficiency and a

short lifespan [5–6]. Therefore, it is important to suppress the
growth  of  dendrites  and  increase  the  stability  and  safety  of
lithium metal batteries.

Various models have been proposed to explain the growth
behaviors  of  lithium  metal,  such  as  the  phase-field  model
[7–10], the electrostatic shield model [11–14], and the SEI-
induced  nucleation  model  [15–18].  These  models  illustrate
the  many  factors  affecting  the  growth  of  the  lithium dend-
rites, such as ion transport, current density, temperature, pres-
sure, surface property, and electric field. The morphology of
the deposited lithium can be improved by homogenizing the
electric  field  distribution,  promoting  ion  diffusion,  and  in-
creasing mechanical pressure.

The currently reported strategies that effectively suppress
dendrite  growth  can  be  classified  into  three  categories:  op-
timizing electrolyte structures [19–22], designing current col-
lectors  [23–26],  and  building  artificial  SEI  films  [27–30].
Various new liquid electrolytes  have been designed to tune
the  properties  of  SEI  films  and  to  improve  the  LMA  per-
formance,  such  as  fluorinated  electrolytes  [31–33],  concen-
trated electrolytes [21,34], and electrolytes enhanced by ad-
ditives [35–37]. Designing the current collectors with three-
dimensional  (3D)  structures  [38–40]  and  a  lithiophilic  sur-
face [41–43] is an effective approach to regulating the lithi-
um deposition and controlling both the position and morpho- 
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logy of the deposited lithium by modulating the electric field
distribution  and  reducing  the  lithium  nucleation  barriers.
There  is  a  wide  range  of  materials  (e.g.,  alloys,  polymers,
gels,  organics,  inorganics,  and  organic–inorganic  compos-
ites)  and  various  approaches  (coating/casting,  vapor  depos-
ition,  solution  dipping,  electrochemical  treatment,  chemical
treatment,  etc.)  for  constructing  homogenous,  ion-conduct-
ive,  and  stable  artificial  SEI  films  to  suppress  the  uncon-
trolled lithium dendrite growth and accommodate the volume
change of lithium metal [44–47].

In this article, we summarize our recent investigations on
high-performance  LMAs  based  on  electrolyte  optimization
and current collector design. We first clarify the importance
of a stable SEI film by exploring the reason for the potential
dropping and develop LiPF6–LiNO3 dual-salt electrolyte and
lithium  bis(fluorosulfonyl)imide  (LiFSI)–carbonate  electro-
lyte  to  form stable  SEI films.  Our works on designing cur-
rent collectors to control the deposition of lithium metal are
then presented: lithium deposition induced by (1) 3D current
collectors, (2) lithiophilic alloys, and (3) iron carbides in car-
bon nanotube (CNT) cavities. Finally, conclusions and pro-
spects  are  provided  for  further  research  on  highly  stable
LMAs. 

2. Electrolyte  optimization  to  stabilize  the  SEI
film

The  electrolyte  is  a  crucial  factor  that  affects  the  Cou-
lombic efficiency, lifespan, and deposition morphology of an
LMA. The electrolyte is crucial in secondary lithium batter-
ies because it is involved in the formation of an effective and
stable SEI film on an LMA. An ideal SEI film has the fol-
lowing features:  (1)  high stability in structure and compon-
ents, (2) high ion conductivity to ensure rapid ion transport,
(3)  mechanically  robust  and  flexible  to  adapt  to  the  large
volume change of the LMA, and (4) appropriate thickness to
prevent electron tunneling and decrease the electrode polar-
ization.  The  composition  of  the  electrolytes,  the  interaction
between the various components, and their reduction poten-
tials  determine  the  properties  of  the  SEI  film  on  the  LMA
surface. Therefore, it is important to determine the relation-
ship between the electrolyte structure and the SEI properties
and  to  adjust  the  electrolyte  components  accordingly  to
achieve stable lithium plating/stripping. 

2.1. Potential  dropping  and  SEI  evolution  in  the  LiPF6

EC/DMC electrolyte

Having  wide  electrochemical  windows,  carbonate-based
electrolytes are attractive for the development of lithium met-
al batteries. However, the lithium deposition potential drops
after some lithium deposition in carbonate-based electrolytes
(Fig. 1(a)) [48], leading to low energy density, poor energy
conversion  efficiency,  and  overcharge  of  the  battery.  By
physical characterization and electrochemical evaluation, we
discovered that the potential dropping during lithium plating
is  caused  by  the  decomposition  of  the  commercial  LiPF6

ethylene carbonate (EC)/dimethyl carbonate (DMC) electro-

lyte and the formation of an unstable SEI film in it. The slight
increase in the organic species ROCO2Li in the SEI film dur-
ing lithium plating (Fig. 1(b)) produces a significant increase
in charge transfer resistance (Fig.  1(c))  and a sharp drop in
the lithium plating potential, causing severe battery polariza-
tion. In addition, the organic species (ROCO2Li and ROLi) in
the SEI film are decomposed into several inorganic species,
such  as  Li2CO3 and  Li2O,  during  lithium  dissolution,  dam-
aging the SEI integrity. Therefore, electrolyte decomposition
and SEI film re-formation lead to the dropping of the lithium
plating potential during the charge/discharge cycles. The po-
tential does not drop anymore after several cycles because the
accumulated Li2CO3 and Li2O become sufficiently compact
during cycling and can effectively separate the deposited lith-
ium from the  carbonate  electrolyte.  However,  the  polariza-
tion of the battery increases as the SEI thickness rises in this
process.

These  findings  explain  the  origin  of  the  potential  drop-
ping and reveal the important impact of the SEI film on the
lithium plating/stripping behavior. Therefore, obtaining a thin
and  stable  SEI  film  by  optimizing  the  electrolyte  composi-
tion  is  critical  in  improving  the  performance  of  secondary
lithium metal batteries. 

2.2. LiPF6–LiNO3 dual-salt electrolyte

NO−3

PF−6
NO−3

NO−3
PF−6

LiNO3 is  a  popular  additive  used  in  ether  electrolytes
[49–50], in which the  anions are engaged in the lithium
ion solvation and form a Li3N-rich SEI film as they are re-
duced on the anode surface. However, the low solubility of
LiNO3 in  carbonate  solvents  limits  its  application.  We  ob-
tained a stable SEI film and improved the cycle performance
of  a  lithium  metal  battery  by  constructing  a  LiPF6–LiNO3

dual-salt  electrolyte  via  mixing  the  LiNO3–tetraethylene
glycol  dimethyl  ether  (TEGDME)  solution  and  the  LiPF6–
EC/DMC electrolyte  [51].  A mechanism of  anion competi-
tion was proposed to understand the interactions between the
different components in the dual-salt electrolyte. As the 
anions are replaced with the  anions in the Li+ solvation
shell, more  anions are reduced to form a Li3N-rich SEI
film; however,  decomposition is inhibited in the dual-salt
electrolyte (Fig. 2(a)–(e)). The suppressed leaching effect of
the acidic components (PF5 and HF) from LiPF6 to the SEI
film  (Fig.  2(f)  and  (g))  is  beneficial  for  the  formation  of  a
compact and stable SEI film and the decrease of the side re-
actions  between  the  lithium  metal  and  the  electrolyte.  Fur-
thermore, the LiNO3-conduced ionically conductive Li3N in
the  SEI  film  modulates  the  lithium  nucleation  morphology
(Fig. 2(h)) and promotes the deposition of dense and dend-
rite-free  lithium  metal.  These  improvements  were  demon-
strated  in  a  Li||Cu  cell  that  ran  stably  for  210  cycles  with
Coulombic efficiencies over 97% (Fig. 2(i)). 

2.3. LiFSI–carbonate electrolyte

Although  the  commercial  LiPF6–carbonate  electrolyte
matches well the high-voltage cathode materials, the SEI film
derived from it is unstable against the attack of lithium metal.
As an important component of the SEI film, LiF has a high
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shear  modulus  (55.1  GPa)  and  is  chemically  stable  against
lithium metal and organic electrolytes [52]. The presence of
LiF is conducive to LMA stabilization, thereby allowing for
high  Coulombic  efficiency  and  cycle  stability  [31–32].  Re-
placing LiPF6 with LiFSI in the carbonate electrolyte, we ob-
tain a stable and compact LiF-rich SEI film [53].  This film
effectively prevents the side reactions between the deposited
lithium  and  the  carbonate  solvent.  The  deposited  lithium
particles  remain  dense  after  50  cycles  (Fig.  3(a)–(c)).  The
Li||Cu cell maintained a Coulombic efficiency of 95.5% after
95 cycles (Fig. 3(g)), and the Li||Li4Ti5O12 full cell with a lim-
ited  amount  of  lithium  loading  also  exhibited  an  excellent
cycling  performance  in  the  LiFSI  electrolyte.  In  contrast,
voids  are  observed  in  the  SEI  film  in  the  LiPF6 electrolyte
due  to  the  leaching  effect  of  the  LiPF6 decomposition
products. As a result, the deposited lithium was found to be
porous, and more dead lithium was observed (Fig. 3(d)–(f)).

Graphite is a typical anode material used in LIBs because
of  its  high  structural  stability  caused  by  the  presence  of  a
stable SEI film in the carbonate-based electrolyte. Graphite is
also a promising material  of  current  collectors for  an LMA
battery  because  it  is  lithiophilic  after  lithium  intercalation
[54]. However, graphite becomes very vulnerable against the

co-intercalation of the solvated Li+ ions if the SEI film on it is
damaged, for example, by the lithium metal. The LiFSI–car-
bonate  electrolyte  was  found  to  be  superior  on  a  natural
graphite  (NG)  substrate  [55].  The  Coulombic  efficiency  of
the Li||NG cell was found to rise sharply to 93.5% in a few
cycles and remain stable thereafter for more than 70 cycles in
the  LiFSI  electrolyte,  whereas  it  was  found  to  decrease
sharply  after  30  cycles  in  the  LiPF6–carbonate  electrolyte
(Fig.  3(h)).  The  superiority  of  the  LiFSI  electrolyte  was
found  to  be  even  more  significant  at  elevated  temperatures
(60°C). The performance difference is attributed to the leach-
ing  effect  of  the  LiPF6 decomposition  products  and  the  in-
creased  LiF  content  in  the  SEI  film  formed  in  the  LiFSI-
based electrolyte.  In  the  LiFSI  electrolyte,  the  FSI−-derived
SEI film that remains stable and compact under the lithium
deposition potential  can effectively protect  the graphite and
the deposited lithium and reduce side reactions, thereby im-
proving the Coulombic efficiency and cycle stability (Fig. 3
(k) and (l)).

Molecular  dynamics  calculations  demonstrated  that,  in
comparison with the LiPF6 electrolyte, there are more anions
in the Li+ solvation shell in the LiFSI electrolyte (Fig. 3(i) and
(j). FSI− can be decomposed to form LiF and other FSI−-de-
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Fig. 1.    (a) Lithium plating/stripping potential profiles in the LiPF6 EC/DMC electrolyte, (b) Fourier-transformed infrared (FTIR)
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rived species during lithium plating, forming a compact and
stable SEI film. Minimizing the particle size of the graphite
can further lessen the particle pulverization, thus boosting the
Coulombic efficiency and cycle lifespan [55–56].

The inactive lithium in the form of the SEI film and elec-
trically isolated metallic lithium (more frequently called dead
lithium) has been identified as the main origin of the capacity
decay  and  the  restricted  lifespan  [57].  We  used  LiFSI–car-
bonate  electrolyte  and  LiPF6–LiNO3 dual-salt  electrolyte  to
suppress the formation of the SEI film and dead lithium, sig-
nificantly  improving the  Coulombic  efficiency and lifespan
of the cell. Fang et al. [58] reported the use of the titration gas
chromatography technique to quantify the contribution of the
dead lithium and SEI formation to the total irreversible Cou-

lombic efficiency and proposed ideal architectures of the de-
posited lithium and SEI film.  The deposited lithium should
retain  a  columnar  microstructure  with  a  large  granular  size
and minimum tortuosity to minimize the unreacted metallic
lithium residue. The SEI film should be chemically and spa-
tially  homogeneous  to  ensure  uniform  Li+ dissolution  and
mechanically  elastic  enough  to  accommodate  the  volume
change.  We  recently  demonstrated  that  these  requirements
can be met by using advanced electrolytes, such as the LiF-
SI–carbonate electrolyte and the LiPF6–LiNO3 dual-salt elec-
trolyte.  In  addition  to  the  advanced  electrolytes,  the  3D
frameworks that maintain electronic pathways can contribute
to establishing a durable structural connection to decrease the
amount of electrically isolated metallic lithium. Lithiophilic
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substrates are conducive to the formation of lithium deposits
with a large granular size via energetically favorable lithium
nucleation on the lithiophilic metals or alloys. 

3. Current  collector  design  to  control  lithium
deposition

The texture of the current collector strongly affects the be-
havior of lithium deposition and dissolution. Two strategies
have  been  developed  to  modulate  the  lithium  plating/strip-

ping behavior by specially designing 3D current collectors to
adjust the electric field distribution and introduce lithiophilic
materials to reduce the nucleation barrier.
 

3.1. Lithium deposition in porous current collectors

Many  studies  have  shown  that  the  lithium  plating/strip-
ping behaviors are related to the physical and (electro)chem-
ical  properties  of  the  electrode  surface.  However,  a  funda-
mental understanding of how the electrode surface morpho-
logy affects the lithium deposition behavior remains lacking.
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We  found  that  the  electrochemical  activity  of  the  porous
electrode becomes less important than the specially designed
porous structure of the electrode in the position of lithium de-
position. For example, the lithium deposition can be guided
in  the  micro-grooves  on  a  Ti  foil  (Fig.  4(a)  and  (b))  [59].
With this phenomenon as a start, we further found that lithi-
um metal  is  preferentially deposited in the micropores with
different physical and chemical properties; for example, the
micro-fabricated  wells  on  a  Si  wafer  and  hydrothermally
grown ZnO nanowire arrays through both Si (Li–Si alloying)
and ZnO (Li+–ZnO conversion reaction and Li–Zn alloying)
are electrochemically active for lithium storage. The lithium
initially nucleates on the bottom of the well and then grows in
it (Fig. 4(c) and (d)). In addition to the physical pits, the gaps
or cracks between the ZnO nanowire arrays function as nat-
ural  nanopores  and  allow the  deposited  lithium to  accumu-
late in them before the conversion reaction occurs (Fig. 4(e)
and (f)). We proposed a mechanism to explain the preferen-
tial lithium deposition in these pits. A pit on the current col-
lector is reverse to a protrusion of the electrolyte. Obviously,
according to classical electromagnetism principles, the tip of
the electrolyte is the point where Li+ ions gather and the cur-

rent is the strongest. As a result, most of the Li+ ions can ac-
cept  electrons  and  preferentially  be  deposited  in  the  pits.
Thus, controlled lithium deposition can be achieved by spe-
cially  designing  the  geometric  structure  of  the  current  col-
lectors.

Extending the above results  to  porous current  collectors,
higher-capacity lithium metal deposition can be realized with
high  Coulombic  efficiencies.  With  the  commercial  carbon
nanotube  sponge  (CNTs)  as  a  porous  current  collector,  the
electrochemical  performance  of  LMAs was  improved  [60].
With the high specific surface area of CNTs, the lithium nuc-
leation site increases and the local current density decreases,
thus ensuring uniform lithium deposition.  The investigation
of  the  morphology  evolution  during  lithium  plating  shows
that  lithium  is  initially  uniformly  deposited  on  the  CNT
framework  and  then  fills  the  voids  in  the  sponge  network
gradually (Fig. 4(g)). The CNT sponge can accommodate up
to 10.0 mAh·cm−2 of lithium without lithium dendrites. In ad-
dition,  the  lithium  nucleation  overpotential  decreases  be-
cause of the lithium affinity of the lithium-intercalated CNTs
(Fig.  4(i)).  Moreover,  the  lithium  plating/stripping  on  the
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CNT sponge maintains high efficiency and cycle stability in
the  ether  electrolyte  on  account  of  the  graphite-amorphous
carbon composite structure (Fig. 4(h)). The Li||CNTs cell was
found to  run  stably  for  400  h  with  efficiencies  over  98.5%
(Fig.  4(i)).  The  co-intercalation  of  the  solvated  Li+ and  the
exfoliation  of  the  layer-structured  graphite  are  inevitable  in
the ether-based electrolytes. Therefore, this composite struc-
ture is vital to the structural stability of CNTs. 

3.2. Lithiophilic metal guided lithium deposition

The  pre-lithiation  behavior  of  the  carbon  materials  en-
hances their affinity for lithium metal. However, the lithium
nucleation barriers are still large [60–61], thus hindering the
uniform  lithium  deposition.  By  coating  nano-sized  Ag
particles  on  commercial  carbon  fiber  paper  (CP;  CP@Ag)
(Fig.  5(a)  and  (b))  [62],  we  improved  the  lithium  plating/
stripping  performance.  The  lithiophilic  and  uniformly  dis-
tributed Ag particles are able to alloy with lithium and guide
uniform lithium deposition  on  the  carbon  fiber,  thereby  ef-
fectively alleviating the polarization and boosting the energy
conversion  efficiency  of  the  LMA.  The  nucleation  and  de-
position overpotentials were found to decrease from 35 and
26 mV on CP to 21 and 18 mV on CP@Ag in the first cycle,
respectively (Fig. 5(c) and (d)). The Li||CP@Ag half-cell was
found to stably cycle for about 1000 h at a current density of
0.5 mA·cm−2. The improved cycling stability is attributed to
the strong adhesion of the plated silver particles on the car-
bon fiber.

In  addition  to  Ag,  other  lithiophilic  metals  can  decrease
the nucleation overpotential and contribute to uniform lithi-
um  deposition,  such  as  Zn  [63–64],  Al  [65–66],  and  Mg
[67–68].  These  findings  indicate  that  the  lithium  plating/
stripping behaviors are closely related to the substrate materi-
als,  including  the  nucleation  overpotential,  the  morphology
of  the deposited lithium (or  alloys),  and the cycle  perform-
ance. The reasons for these differences, however, remain un-
clear. Therefore, the principle for the rational selection of the
substrate  materials  remains  lacking.  We  characterized  a
series of lithiophilic materials and found an interesting rela-
tionship between the lithium deposition/dissolution behavior
and  the  phase  transition  process  (the  lithium  metal  binary
phase diagram) (Fig. 5(g)–(j)) [69]. The metals whose phase
diagrams  exclude  intermetallic  compounds  can  constantly
accept lithium to form solid solutions, e.g., Ag and Mg. Dur-
ing  the  lithium  deposition/dissolution  on  the  Ag@Cu  sub-
strate, phase transitions of Li–Ag alloys are always observed.
The lithium ions are reduced to Li–Ag solid solutions instead
of free lithium metal  during lithium deposition.  In contrast,
the (non)metals  of  whom the phase diagrams include inter-
metallic compounds (such as Au, Al, Zn, Si, and Sn) do not
undergo phase  transitions  any longer  after  the  formation of
the lithium-saturated intermetallic compounds; the deposited
lithium exists in the form of free lithium metal. Therefore, the
Au element only appears on the surface of the Cu foil, and the
free lithium lies between the lithium-saturated alloy and the
SEI film.

Density  functional  theory  (DFT)  calculations  illustrated
that the diffusion barrier of lithium in the Li3Ag alloy and that
in the Li3Au alloy are similar. This finding rules out the pos-
sibility that  the above difference in the alloying/de-alloying
behavior  is  associated  with  the  kinetic  factors  (such  as  the
current density or deposition rate) and proves that the differ-
ence is determined by thermodynamic factors (the phase dia-
gram).

Based on the relationship between the phase diagram and
the lithium deposition behavior, we classified the lithiophilic
materials into two categories. The metals that only form sol-
id solutions with lithium can accommodate a large amount of
the deposited lithium with small structural changes, ensuring
the  stability  and  integrity  of  the  host  (the  metal  substrate)
during repeated alloying/de-alloying. These metals can guide
the  lithium plating/stripping  throughout  the  cycling  process
(Fig.  5(e)  and (f)).  In  contrast,  the  (non)metals  that  contain
intermetallic  compounds  in  their  phase  diagrams  can  no
longer adjust  the morphology of the deposited lithium after
they are covered with free lithium metal. The internal strain
accumulated  during  the  two-phase  transition  promotes  the
fragmentation of the metal substrate,  resulting in poor lithi-
um plating/stripping cycling stability (Fig. 5(f)). These find-
ings can be applied to  predict  the electrochemical  perform-
ance of (non)metal substrates in lithium metal batteries and
other secondary metal batteries, as well as direct the rational
design of these substrates. 

3.3. Iron  carbide  induced  underpotential  lithium  depos-
ition in nano-cavities

Lithium (and sodium) deposition in the micropores is an
interesting approach for the development of an active lithium
(and sodium) storage material or a porous current collector.
Although  some researchers  claimed that  they  realized  lithi-
um (and sodium) storage in porous carbons [70–73], no solid
evidence was provided, leaving it an open question whether
lithium (and sodium) can be stored in the micropores. By in-
ducting lithium with lithiophilic materials, we realized lithi-
um storage in the CNT nano-cavities (Fig. 6(a) and (b)) and
directly  observed  it  using  the  cryogenic  transmission  elec-
tron  microscopy  (cryo-TEM)  technique  [74].  DFT  calcula-
tions indicated that the iron carbides (FexC) in the cavity have
a  strong  affinity  for  lithium and  sodium.  The  characteristic
lattice  fringes  for  lithium  (Fig.  6(c),  (e),  and  (f))  by  cryo-
TEM and the characteristic  energy loss peak around 55 eV
observed by cryo-electron energy loss spectroscopy (EELS)
(Fig.  6(d))  confirmed  the  presence  of  lithium  metal  in  the
CNT cavities. By experimental characterization and theoret-
ical  calculations,  this  study  demonstrated  the  potential  for
lithium  storage  within  CNT  cavities.  However,  no  sodium
was detected in the FexC-containing CNT cavities. Based on
these studies, we proposed three prerequisites for metal stor-
age: (1) lithium ions can diffuse in the host material, (2) lithi-
um ions can pass through the graphene layer through defects,
and (3) the inducing species exist in the nano-cavity. No lithi-
um  metal  was  observed  around  the  CNT  openings  or  iron
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carbide-free regions, i.e., the iron carbide promotes the lithi-
um ions to diffuse in the CNT interlayer and eventually reach
the inside of CNTs through the defective graphene layer. No
sodium  was  found  in  the  cavities  because  the  sodium  ions
cannot intercalate into CNTs. The three prerequisites can be
used to promote concepts for lithium metal storage within the
micro-nanopores of carbon materials and other porous mater-
ials.

There  are  two  aspects  for  optimizing  current  collector
design,  structure  and  texture.  Porous  current  collectors  can
modify the electric field distribution in the electrolyte via its

conductive  surface  structure  and  modulate  the  Li+ ion  con-
centration  gradient  in  the  electrolyte  by  reducing  the  local
current density. The texture of the current collector is another
key factor that affects lithium deposition. The lithiophilic ma-
terials  can  reduce  the  nucleation  barrier  for  the  heterogen-
eous  lithium  nucleation,  thereby  decreasing  the  nucleation
overpotential.  Moreover,  the  interaction  between  the  lithio-
philic materials and Li+ ions enables a homogeneous distri-
bution  of  the  Li+ ions,  leading  to  a  uniform lithium depos-
ition. In fact, for the ultimate design of current collectors, the
two strategies  are  usually  combined to  ensure both the low
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local  current  density  and the  high lithiophilicity  of  the  cur-
rent collector, such as using lithiophilic alloys as the 3D cur-
rent collectors and plating lithiophilic metals on the 3D lith-
iophobic  current  collectors  to  reduce  the  lithium nucleation
barriers, preloading lithium into the porous current collectors
with  lithiophilic  interface  layer  to  prepare  composite  elec-
trodes,  and arranging the  positions  of  the  lithiophilic/lithio-
phobic materials on the 3D frameworks to guide homogen-
eous and bottom-up lithium deposition. 

4. Conclusions and outlooks

PF−6 NO−3

This article summarizes our recent efforts on the modific-
ation and protection of the LMA by rational electrolyte op-
timization and current  collector design.  We first  discovered
that  the  instability  of  the  SEI  film  at  the  charged  (lithium
stripped) state is responsible for the potential dropping dur-
ing the subsequent lithium deposition in the carbonate elec-
trolytes. As a result, two electrolytes were developed to sta-
bilize  the  SEI  films  in  the  carbonate  electrolytes.  First,  a
LiPF6–LiNO3 dual-salt  electrolyte  was  designed  to  form  a
stable Li3N-rich SEI by exploiting the competition between

 and  anions  in  the  Li-ion  solvation  structure.
Second,  LiFSI  was  used to  replace  LiPF6 to  ensure  a  com-
pact and stable SEI film in the carbonate electrolyte, enhan-
cing  the  stability  of  the  deposited  lithium  on  Cu  foil  and

graphite substrates. Realizing that lithium deposition can be
controlled via the real or virtual pores of the micro-nano pat-
terned substrate, we proposed minimized graphite, commer-
cial CNT sponge, and CP as the porous substrate to improve
the deposition and stripping of a large areal capacity of dend-
rite-free lithium. We then chemically coated the CP with sil-
ver nanoparticles to further reduce the lithium nucleation bar-
rier on the porous substrate. Principles for the rational selec-
tion of lithiophilic metal substrates were proposed according
to the presence or absence of intermetallic compounds in the
lithium–(non)metal binary phase diagrams. We successfully
stored metallic lithium in the nano-cavities of CNTs by vir-
tue of the induction effect of lithiophilic Fe3C. The results of
these fundamental studies provide important guidance for the
design  and  development  of  the  electrolytes,  SEI  films,  and
current collectors of long-life secondary lithium batteries.

Regarding the directions of future research for lithium de-
position and protection, we believe more attention should be
paid to the following aspects.

(1)  Design  of  the  electrolyte  components.  The  polariza-
tion,  interfacial  stability,  and  morphology  of  the  deposited
lithium are closely related to the electrolyte properties, such
as  the  conductivity,  the  transference  number  and  the  diffu-
sion coefficient of the Li+ ions, and the decomposition poten-
tial of the electrolyte. It is time-consuming to identify appro-
priate electrolytes in a vast space of chemical systems using
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the conventional trial-and-error approach. Hence, the mech-
anisms by which these properties affect the electrochemical
performance must be clarified in order to build general elec-
trochemical  criteria  for  the  construction,  selection,  and  op-
timization of electrolytes. The microstructure of the electro-
lyte (the interactions between the components in the electro-
lyte, the Li+ solvation structure, and the transport mechanism
of the charge carriers) is another aspect to consider. Determ-
ining the  solvation structure  in  electrolytes  can assist  in  ef-
fective modification of the macro properties of an electrolyte
by controlling the interaction of the components at  the mo-
lecular  level.  For  example,  the  addition  of  diluent  solvents
can change the concentration distribution of the effective lith-
ium ions to design the locally concentrated electrolytes; this
approach  holds  the  advantages  of  both  the  broad  electro-
chemical  windows  of  the  concentrated  electrolytes  and  the
low viscosity of the diluent electrolytes.

(2) Structural design and material selection of the current
collectors. Although it is well accepted that 3D porous cur-
rent collectors can suppress dendrite growth and elongate the
lifetime of  a  lithium anode,  a  clear  correlation  between the
texture of the current collector and the lithium deposition/dis-
solution has not been established. The geometric parameters
of 3D current collectors, including the pore structure and pore
volume,  the  specific  surface  area,  and  the  lithium  loading,
must be reasonably considered for practical applications. Al-
though  the  electrochemical  behaviors  of  lithiophilic
(non)metals  can  be  predicted  via  phase  diagrams,  a  further
fundamental understanding of the effect of current collectors
on the growth of lithium metal is required. Further investiga-
tion is required on the impact of the various factors on lithi-
um deposition, such as the hardness, wettability, surface en-
ergy, and geometry of the current collectors. In addition, the
texture  of  the current  collector  also significantly  affects  the
SEI composition on Cu and Ag substrates [64], possibly via
the  catalysis  of  electrolyte  decomposition  by  Ag  nano-
particles  to  the  electrolytes  decomposition.  Understanding
the correlation between the SEI film and the current collector
chemistry, geometry, and mechanics can contribute to find-
ing appropriate current collectors for LMAs.

(3)  Composition  and  structure  of  the  SEI  film.  The  uni-
formity of ion diffusion in the SEI film depends on the distri-
bution of the organic and inorganic species in the SEI film. A
Li3N-rich SEI film is beneficial for the formation of spheric-
al lithium deposits via the enhanced Li+ conductivity of the
SEI layer.  In addition,  the composition and structure of  the
SEI film affect the lithium deposition behavior via its interac-
tion  with  the  solvated  lithium ions  and  therefore  determine
the de-solvation energy barrier. Moreover, the side reactions
between  lithium and  the  electrolyte  are  associated  with  the
compactness  of  the  SEI  film.  Therefore,  the  role  of  each
component in the SEI film and the interaction between these
components on the properties of the SEI film deserve atten-
tion. In fact, the SEI film is the most complicated component
because it is associated with both the electrolyte and the cur-
rent collector and thus affects the lithium deposition and the

interaction between the electrolyte and the deposited lithium
or the current collector. The SEI film structure and composi-
tion  are  complex,  fragile  to  slight  exterior  disturbance,  and
difficult  to  characterize.  New  technologies  must  be  de-
veloped to characterize the SEI film.

(4) Advanced characterization techniques. To gain funda-
mental insights into the lithium dendrite and SEI film forma-
tion mechanism in various current  collectors  and new elec-
trolytes,  advanced  characterization  techniques  are  urgently
needed  to  monitor  lithium  dendrite  growth  and  interphase
evolution  [75–76].  Examples  of  advanced  characterization
techniques are cryo-TEM, time-of-flight secondary ion mass
spectrometry, in  situ SEM/TEM/atomic  force  microscopy,
and  theoretical  calculations.  For  instance,  Cryo-TEM  can
characterize the composition and structure of SEI films that
are sensitive to electron beams and air. In situ techniques can
be used to track the real lithium plating/stripping process in a
working cell, thereby elucidating the mechanism of dendrite
nucleation and growth.

Integration of these strategies (and probably more) is ex-
pected to promote the realization of controllable adjustment
of  the  lithium deposition  kinetics  and  thermodynamics  and
products that meet the requirements of lithium metal batter-
ies. 
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