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ABSTRACT: Lithium (Li) deposition behavior plays an important role in dendrite formation and the subsequent performance of
lithium metal batteries. This work reveals the impact of the lithiophilic sites of lithium-alloy on the Li plating process via the first-
principles calculations. We find that the Li deposition mechanisms on the Li metal and Li22Sn5 surface are different due to the
lithiophilic sites. We first propose that Li plating on the Li metal surface goes through the “adsorption−reduction−desorption−
heterogeneous nucleation−cluster drop” process, while it undergoes the “adsorption−reduction−growth” process on the Li22Sn5
surface. The lower adsorption energy contributes to the easy adsorption of Li on the lithiophilic sites of the Li22Sn5 surface. The
lower Li reduction energy on the Li metal surface indicates that it is easy for Li to be reduced on the Li metal surface, attributed to
its higher Fermi energy level. Furthermore, the faster Li diffusion on the Li22Sn5 surface results in smooth Li deposition, which is
based on a “two-Li synergy diffusion” mechanism. However, Li diffuses more slowly on the Li metal surface than on the Li22Sn5
surface due to the “single Li diffusion” mechanism. This work provides a fundamental understanding on the impact of lithiophilic
sites of Li alloy on the Li plating process and points out that the future design of 3D Li-alloy substrates decorated with
multilithiophilic sites can prevent dendrite formation on the lithium-alloy substrate by guiding uniform Li deposition.
KEYWORDS: the first-principles, adsorption energy, reduction energy, lithiophilic sites, Li diffusion

■ INTRODUCTION
Lithium-ion batteries (LIBs)1−4 are omnipresent in daily life
and are critical for numerous applications including portable
electronics, electric vehicles, and the power grid. However, the
traditional graphite anode-based LIBs have limited energy
density that cannot meet the increasing market demands for a
longer cycle life.5 Compared with the conventional graphite
anode, lithium (Li) metal is regarded as the most promising
anode material for next-generation rechargeable batteries
owing to its high theoretical capacity (3860 mA h/g) and
low chemical potential (−3.04 V vs standard hydrogen
electrode).6,7 However, lithium metal batteries (LMBs) suffer
from undesirable SEI layer formation, uncontrollable Li
dendrite growth, and large volumetric changes of Li metal
during the Li stripping and Li plating processes.8−11 The Li
dendrite growth will expose its high surface area to the

electrolyte, which accelerates the consumption of the electro-
lyte and leads to low Coulomb efficiency.12,13 The uncontrol-
lable Li dendrite formation issue is closely related to the Li
plating process, which is affected by the lithiophilic property of
the substrate materials.
Considerable efforts have been devoted to addressing the

issues of Li dendrite formation. There are several effective
strategies, including designing Li alloys with more lithiophobic
sites and7,14−17, creating an artificial SEI layer18,19, and
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optimizing the electrolyte chemistry.9,20−24 The lithiophilic
sites of the substrate materials are of vital importance for the Li
plating process. If the substrate surface maintains numerous
lithiophilic sites, Li can adsorb stably and grow smoothly
across the substrate surface to produce no Li nucleation
overpotential at the beginning of Li plating.25 The lithiophilic
or lithiophobic behavior can be connected with the substrate
type. It is reported that the Cu substrate is a lithiophobic
material without lithiophilic sites on the surface, which has
high Li nucleation energy involved during Li deposition.25

However, in comparison, the Au substrate is lithiophilic,
enabling Li to dissolve into the Au substrate at room
temperature to form a Li-alloy buffer layer, which reduces
the Li nucleation barrier energy. Besides, Li diffusion on the
substrate is another dominant factor for dendrite-free Li
plating. Li diffuses faster in Li alloys, such as Li13In3, LiZn,
Li3Bi, and Li3As, compared to Li metal, where the Li dendrite
formation and growth can be suppressed significantly.14−16,26

The fast Li diffusion can avoid tip effect-induced Li nucleation
and thus achieve a uniform Li deposition,27 whereas a slow Li
diffusivity and random Li nucleation process cause a large
overpotential. A higher Li diffusion could allow a higher
probability for Li to deposit in the vicinity of the substrate
instead of being reduced directly on a local protuberant site of
the substrate.28−30 Furthermore, the 3D scaffold structure can
adjust the volume change and increase the Li diffusion,
resulting in high capacity and good cycling stability.7,17,31 For
example, the innovative 3D Li/Li22Sn5 nanostructure forming a
3D Li22Sn5 interconnected network provides an easy pathway
for Li-ion and electron diffusion,7 which accelerates the Li
diffusion and subsequently suppresses the Li dendrite
formation and increases the Coulombic efficiency of LMBs.
Although significant efforts have been put into the

improvement of the Li plating process from experimental
aspects, the fundamental mechanism of the Li deposition
process is still unclear. It has been reported that Li diffuses
faster on the Li−Sn alloy anode, and it exhibits good cycling
stability without dendrite formation.32 The Li−Sn alloy
material can suppress Li dendrite formation effectively and
has great potential to be industrialized. Therefore, we focus on
the impact of lithiophilic sites of the Li22Sn5 substrate on Li
plating. Different from previous works, we concentrate on
revealing the fundamental mechanism of the Li plating process
on Li metal and Li22Sn5 surface from the atomic and electronic
levels and explain why specific Li-alloy materials have better
performance compared to Li metal. From a thermodynamic
aspect, the adsorption energy is examined to study the Li
adsorption process. The reduction energy calculation is
conducted to investigate the Li reduction reaction on Li
metal and Li22Sn5 surface. From the kinetic aspect, the Li
diffusion on Li22Sn5 and Li surfaces is investigated via barrier
energy calculation. We found that Li diffusion on the Li22Sn5
surface is a “two Li synergy diffusion” mechanism, while Li
diffusion on the Li metal surface is a “single Li diffusion”
mechanism. From this, we reveal the physical reasons why Li
diffuses faster on the Li22Sn5 surface, resulting in the smooth
deposition of Li on the Li22Sn5 surface.

Surface Selection of Li Metal and Li22Sn5. Before
studying the impact of lithiophilic sites on the Li plating on Li
metal and Li22Sn5 surface, the surface energy is calculated to
find the most stable surface facet. The lower surface energy
means the surface is more stable. The Li(100), Li(110),
Li(111), Li22Sn5(100), Li22Sn5(110), and Li22Sn5(111) surface

structures are shown in Figure 1a, which are constructed based
on the Li and Li22Sn5 bulk structures. In Figure 1b, we found

that the surface energies of Li(100), Li(110), and Li(111) are
0.033, 0.034, and 0.037 eV/Å2, respectively, which indicate
that the Li(100) surface is the most stable surface. Besides, the
surface energies of Li22Sn5(100), Li22Sn5(110), and
Li22Sn5(111) are 0.050, 0.036, and 0.051 eV/Å2 respectively,
demonstrating that Li22Sn5(110) is the most stable surface.
Therefore, Li(100) and Li22Sn5(110) surfaces are selected for
Li adsorption, reduction, and diffusion calculations.

Impact of Lithiophilic Sites on the Li Adsorption
Process. The Li adsorption, reduction, and diffusion processes
are crucial for Li plating. The Li adsorption process is the first
step of Li plating, which is studied by calculating the Li
adsorption energy via performing density functional theory
(DFT) calculations. The lower Li adsorption energy indicates
that Li can be adsorbed on the substrate more easily. The high
Li adsorption energy hints that it is difficult for Li to adsorb on
the substrate; thus, Li will be desorbed into the electrolyte after
being reduced on the substrate, forming Li heterogeneous
nucleation in the electrolyte until the Li nucleation cluster size
is big enough to drop on the substrate surface. Figure 2a shows
one Li adsorbed on Li(100) and Li22Sn5(110) surfaces.
Li(100) consists of 128 Li atoms, while Li22Sn5(110) includes

Figure 1. Surface structures (a) and the surface energies (b) of
Li(100), Li(110), Li(111), Li22Sn5(100), Li22Sn5(110), and
Li22Sn5(111). Li(100) is the most stable surface among Li surface
orientations, and Li22Sn5(110) is the most stable surface among
Li22Sn5 surface orientations.
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88 Li and 20 Sn atoms. Several possible Li sites on the Li metal
and Li22Sn5 surface are considered, and the Li site with the
lowest energy is selected (Figures S1, S2, and Table S1). The
Li body-centered cubic (BCC) site on the Li(100) surface
shows the lowest adsorption energy, and the Li site on the
Li22Sn5(110) surface surrounded by two Sn atoms and three Li
atoms has the lowest adsorption energy, as shown in Figure 2a.
We found that the Li adsorption energies on Li(100) and
Li22Sn5(110) are 0.16 and −0.8 eV, respectively (Figure 2b),
indicating that it is easier for Li to be adsorbed on the
lithiophilic sites of the Li22Sn5(110) surface than on the
Li(100) surface. Therefore, Li adsorbed on the Li22Sn5 surface
is stable, while Li cannot stay stably on the Li metal surface due
to the high adsorption energy.

Impact of Lithiophilic Sites on the Li Reduction
Process. Li reduction on the substrate surface is the second
step of the Li plating process. The Li reduction reaction energy
on Li metal and Li0.18/LiSn5/22 surfaces is calculated. The lower
reduction reaction implies that Li can be reduced more easily.
The fully relaxed Li0.18/LiSn5/22 and Li metal structures with
and without Li vacancy are shown in Figure 3a. Figure 3b
shows that the Li reduction energies on Li0.18/LiSn5/22 and Li
are −0.06, and −0.33 eV, respectively, implying that Li can be
reduced more easily on the Li metal surface than on the Li0.18/
LiSn5/22 surface. Besides, the thickness impact of the Li
deposition layer is also considered, and it shows that Li can be
more easily reduced with the increasing deposition layer of
Li1.45/LiSn5/22 (Figure S3). As shown in Figure 3c, combining
the Li adsorption energy and reduction energy, Li is adsorbed
first on the lithiophilic site of Li22Sn5, then reduced to Li metal,
and grows on the surface. There is no Li nucleation energy
involved during Li deposition on the Li22Sn5 surface. However,
Li on the Li metal surface is not stable due to its higher

adsorption energy. It desorbs into the electrolyte and forms Li
heterogeneous nucleation in the electrolyte. From what has
been mentioned above, we can conclude that the lithiophilic
sites of the substrate contribute to the dendrite-free Li plating
of LMBs.

Voltage Change of Lix/LiSn5/22|Li during Li Plating. To
further study the impact of lithiophilic sites of the Li-alloy

Figure 2. Most stable sites for Li adsorption on Li(100) and Li22Sn5
(110) surfaces (a); Li adsorption energy on Li(100) and Li22Sn5
(110) (b); the Li adsorption energy on Li22Sn5(110) is lower,
revealing Li can be adsorbed more stably on the lithiophilic sites of
Li22Sn5. However, it is difficult for Li to adsorb tightly on the Li metal
surface due to the high adsorption energy, which will desorb into the
electrolyte after being reduced on the Li surface.

Figure 3. Fully relaxed Li0.18/LiSn5/22 and Li metal structures with
and without Li+ vacancy (a); Li reduction energy on the Li metal and
Li0.18/LiSn5/22 surface (b); Li reduction energy on the Li metal is
lower than that on Li0.18/LiSn5/22, implying Li can be reduced more
easily on the Li metal surface than on the Li0.18/LiSn5/22 surface. The
lower Li reduction energy on the Li metal surface also indicates that
the Fermi energy level of Li is higher than that of Li22Sn5; the
schematic of combining the Li adsorption and reduction processes on
the Li metal and Li22Sn5 surface (c); Li plating on the Li22Sn5 surface
undergoes the “Li adsorption−reduction−growth” process, where
there is no extra Li nucleation energy involved. However, Li on the Li
metal surface goes through the “Li adsorption−reduction−desorp-
tion−heterogenous nucleation−cluster drop” process, causing Li
nucleation overpotential during Li plating.
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substrate on Li plating, the voltage change of Lix/LiSn5/22|Li is
calculated during Li deposition on Li22Sn5 paired with Li metal
(0.18 ≤ x ≤ 1.45). As we know, there is a relation between
voltage and the Fermi level of two electrode materials. A higher
voltage indicates a larger Fermi-level difference between Li and
Lix/LiSn5/22. Figure 4a shows the Li1.45LiSn5/22 and Li metal

structures used for voltage calculation. From Figure 4b, we
found that the voltage of Lix/LiSn5/22|Li is more than zero,
suggesting that the Fermi energy level of Lix/LiSn5/22 is higher
than that of Li metal. Besides, the voltage of Lix/LiSn5/22|Li
decreases from 0.36 to 0.09 V when x increases from 0.18 to
0.73 (Table S2), which hints that the Fermi energy difference
between Lix/LiSn5/22 and Li metal decreases when the Li
deposition layer increases. We also found that the voltage of
Lix/LiSn5/22|Li almost stays unchanged after x is more than
0.73. Therefore, we infer that the Li plating mechanism is the
“Li adsorption−reduction−growth” process at the beginning of
Li deposition on the Li22Sn5 surface. However, the Li
deposition mechanism changes to the “Li adsorption−
reduction−desorption−heterogeneous nucleation−cluster
drop” process when the Li deposition layer further increases.

Impact of Lithiophilic Sites on Li Diffusion Mecha-
nism. Li diffusion on the substrate surface is another
important factor for the Li plating of LMBs. A higher Li
diffusion means Li is more likely to deposit in the vicinity of
the substrate instead of depositing on the protuberant location
of the substrate, which helps form a smooth and dense

deposition surface.28−30 The lower barrier energy contributes
to a faster Li diffusion on the surface, resulting in a more
smooth and uniform deposition on the surface. The Li barrier
energy on Li(100) and Li22Sn5(110) is calculated via the
CINEB method. The Li diffusion mechanism is closely related
to the inherent properties of various transport mediums and
external conditions.33 The Li diffusion in solid materials could
be a direct hopping or knock-off mechanism.34,35 In this work,
we focus on the Li diffusion mechanism on the Li metal and
Li22Sn5 surface. The direct hopping mechanism is more
reasonable in this study, such as a single Li diffusion
mechanism, two- or multi-Li synergy diffusion mechanism.
The multi-Li synergy diffusion occurs due to the strong
interaction between Li and the unique Li configuration in the
substrate structure. Thus, the lithiophilic sites on the substrate
surface will contribute to faster Li diffusion via two- or multi-Li
synergy diffusion mechanisms. In this work, the single Li
diffusion and two-Li synergy diffusion mechanisms are
identified. There is one type of Li occupation site (BCC
site) on the Li metal surface and several types of Li occupation
sites on the Li22Sn5 surface during Li diffusion. The results
based on the single Li diffusion mechanism show that the
barrier energy of Li on Li(100) is 0.042 eV, while the barrier
energy of Li on Li22Sn5(110) is 0.286 eV (Figure 5a). The
barrier energies based on two-Li diffusion for the Li metal
surface and Li22Sn5 surface are 0.178 and 0.035 eV, respectively
(Figure 5b), uncovering that Li diffuses faster on the
Li22Sn5(110) surface than on the Li(100) surface. To further
examine the coordination environment of the Li diffusion on
Li(100) and Li22Sn5(110) surfaces, as shown in Figure 5c, we
found that the most stable Li site on Li(100) is the bcc site
which shows the lowest barrier energy when one Li hops from
one bcc site to the nearest site. While the most stable Li site on
Li22Sn5 is surrounded by two Sn and three Li, the diffusion
barrier energy is the lowest when two combining Li diffuse to
the nearest Li sites, and the diffusion pathway of two-Li
synergy diffusion on the Li22Sn5(110) surface is shown in
Figures S4 and S5. Therefore, as shown in Figure 5d, we
disclose that the Li diffusion on the Li22Sn5 surface during Li
plating is a “two-Li synergy diffusion” mechanism, while the Li
diffusion on the Li metal surface is a “single Li diffusion”
mechanism.

■ CONCLUSIONS
In summary, this work provides a fundamental understanding
of the impact of lithiophilic sites on the Li plating mechanism
via “Li adsorption”, “Li reduction”, and “Li diffusion” by
performing first-principles calculations. From a thermodynamic
aspect, the Li adsorption energy and Li reduction energy are
calculated. We found that Li deposition on the lithiophilic
Li22Sn5 surface experiences the “Li adsorption−reduction−
growth” process. However, the Li deposition on the Li metal
surface undergoes the “Li reduction−desorption−heteroge-
neous nucleation−cluster drop” process. It demonstrates that
the Li plating behavior can be regulated by the lithiophilic sites
of the Li22Sn5 substrate, uncovering that the lithiophilic sites of
the substrate are the dominant factors for nondendrite
formation. The lower Li reduction energy on the Li metal
surface indicates that Li can be reduced easily on the Li metal
surface owing to its higher Fermi energy level. Besides, at the
beginning of Li deposition on the Li22Sn5 surface, the Li
plating mechanism is the “Li adsorption−reduction−growth”
process. However, it changes to the “Li adsorption−

Figure 4. Li1.45/LiSn5/22 and Li structures (a); voltage change of Lix/
LiSn5/22|Li during Li plating on Li22Sn5 paired with Li metal (b). The
voltage of Lix/LiSn5/22|Li decreases from 0.36 to 0.09 V when x
increases from 0.18 to 0.73. The voltage of the Lix/LiSn5/22 substrate
is almost unchanged when the Li deposition layer further increases. It
can be inferred that the Li plating mechanism is the “Li adsorption−
reduction−growth” process when Li deposits on the Li22Sn5 surface at
the beginning. However, the Li plating mechanism is the “Li
adsorption−reduction−desorption−heterogeneous nucleation−clus-
ter drop” process when the Li deposition layer further increases.
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reduction−desorption−heterogeneous nucleation−cluster
drop” process when the Li deposition layer increases. From
the kinetic aspect, we found that the Li diffusion behavior can
be adjusted by the lithiophilic sites of Li22Sn5, and Li diffuses
faster on the Li22Sn5 surface due to its lower barrier energy. We
disclose that Li diffusion on the Li22Sn5 surface is a “two-Li
synergy diffusion” mechanism, while Li diffusion on the Li
metal surface is a “single Li diffusion” mechanism. This work
reveals the fundamental Li adsorption, Li reduction, and Li
diffusion mechanisms on the Li-alloy surface from the atomic
and electronic aspects, which gives a new insight into the
impact of lithiophilic sites on the Li plating process and
explains why there exists Li nucleation overpotential during Li
plating. It guides the future design of 3D Li-alloy substrates
decorated with multilithiophilic sites that can prevent dendrite
formation on the lithium-alloy substrate by guiding uniform Li
deposition.

■ COMPUTATIONAL METHOD
The first-principles calculation is performed by using Vienna
Ab-initio Simulation Package code.36 The Perdew−Burke−
Ernzerhof functional is applied to approximate the exchange−
correlation functional, and the projector augmented-wave
method37−39 is used for electron and core interaction. The
projection operators are evaluated in real space. The cutoff
energy is set to be 400 eV. The vacuum thickness is 15 Å for all
slab structures to prevent the interaction between the periodic
images. All calculations reach the required energy convergence.
The accuracy for electronic minimization is 10−4 eV, and the
stopping criterion for ionic relaxation is 0.03 eV/Å. During the
Li adsorption, Li reduction, and Li diffusion calculations, the
van der Waals interaction is considered by using the DFT-D3
method with Becke−Jonson damping,40 and the dipole
corrections are applied in the z direction to counterbalance
the size effect of the supercell due to the periodic boundary
conditions. The surface energies of different surface
orientations of Li and Li22Sn5 are verified to find the most
stable surface. The low-index 100, 110, and 111 surfaces of Li
and Li22Sn5 are considered during surface energy calculations.
The Li22Sn5 surfaces are created via Materials Studio based on
the bulk structure from the Ceder group [mp-1198729: Li22Sn5
(cubic, F4̅3m, 216)].41 To guarantee the accuracy of the
surface energy calculation for Li22Sn5, the slab sizes of Li22Sn5
(100), (110), and (111) are 19.73 Å × 19.73 Å, 19.73 Å ×
27.90 Å, 27.90 Å × 27.90 Å, respectively. The surface energy σ
defines the energy difference between a newly generated
surface and that of the bulk structure42

E E A( )/2slab bulk= (1)

where Eslab is the total energy of the slab structure, Ebulk is the
total energy of the bulk structure, and A is the area surface.
After obtaining the most stable Li and Li22Sn5 surfaces, the

Li adsorption behavior on the Li metal and Li22Sn5 surface is
investigated. The slab size of Li22Sn5(110) decreases to 13.95
Å × 13.95 Å to reduce the computational resource. The
Li(100) slab structure consists of eight layers, and the
Li22Sn5(110) slab structure includes six layers. The Li(100)
structure is fully relaxed by fixing the bottom four layers, and
Li22Sn5(110) is fully optimized by fixing the bottom three
layers. Several possible adsorption sites are considered, and the
most stable site is selected for adsorption energy calculation on
the Li(100) and Li22Sn5(110) surfaces. The Li adsorption
energy Eadsorb is described as follows43

Figure 5. One- (a) and two- (b) Li diffusion on Li(100) and
Li22Sn5(110) surfaces; initial Li and final Li sites of single Li diffusion
and two-Li synergy diffusion on the Li(100) and Li22Sn5(110)
surfaces (c); the schematic of the Li diffusion mechanism on the Li
metal and Li22Sn5 surface (d). It demonstrates that Li diffuses faster
on Li22Sn5 than on the Li metal surface. The Li diffusion on the
Li22Sn5 metal surface is a “two-Li synergy diffusion” mechanism, and
the Li diffusion on the Li metal surface is a “single Li diffusion”
mechanism.
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E E E E( )adsorb slab Li slab Li= ++ (2)

where Eslab+Li is the total energy of the slab structure with one
Li adsorbed on the surface, Eslab is the total energy of the
surface structure, and ELi is the total energy of one Li.
The Li reduction energy is calculated to investigate the Li

reduction process during Li plating. The Li reduction energy is
the energy needed for Li to be reduced on the Li metal or
Li0.18/LiSn5/22 surface. The Li0.18/LiSn5/22 structure is a
LiSn5/22 slab with one deposited Li layer. Several reduction
sites for Li on the Li metal and Lix/LiSn5/22 are considered,
and the reduction site with the lowest energy is selected for Li
reduction energy calculation. The Li reduction energy Ereduction
can be expressed as follows42,44

E E E E( )reduction slab with Li vacancy Li= ++ + (3)

where Eslab is the total energy of the Li metal or Lix/LiSn5/22
structure, Ewith Li+ vacancy is the total energy of the Li metal or
Lix−1/LiSn5/22 structure with one Li+ vacancy and one extra
electron, and ELi+ is the total energy of one Li+.
Besides, the voltage of Lix/LiSn5/22|Li is calculated (0.18 ≤ x

≤ 1.45) to study the voltage variation of Lix/LiSn5/22|Li during
the Li plating process. It compares the Fermi energy level of
Lix/LiSn5/22 and Li metal during Li plating. The voltage of the
Lix/LiSn5/22|Li formula is expressed as follows45,46

V E E ELi /LiSn Li /LiSn Lix x 5 22 x 5 22d / /
= [ ] +

+ (4)

where ELi /LiSnx x 5 22d /+
and ELi /LiSnx 5 22/

stand for the total energy
before and after dx Li extraction from the Lix+dx/LiSn5/22
compound per formula unit, respectively, while ELi is the total
energy of the Li metal.
The Li diffusion mechanism is also investigated via the

climbing image-nudged elastic band (CINEB)47 method. The
barrier energy of Li diffusion can be obtained via CINEB
calculation, and the low barrier energy indicates that Li diffuses
faster from the initial site to the final site. For one- and two-Li
diffusion calculations on the Li metal and Li22Sn5 surface, the
energies of several initial and final configurations are tested,
and the configurations with the lowest energies are selected for
CINEB calculations. Several diffusion paths have been
examined, and the diffusion pathway with the lowest diffusion
barrier energy is chosen. During CINEB calculations, five
images are inserted between the initial and final states during
optimization. The criteria for ionic relaxation and electronic
self-consistency are set to be 10−4 eV and 0.03 eV/Å,
respectively.
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