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ABSTRACT: An issue with the use of metallic lithium as an anode material
for lithium-based batteries is dendrite growth, causing a periodic breaking and
repair of the solid electrolyte interphase (SEI) layer. Adding 2D atomic
crystals, such as h-BN, as an interfacial layer between the lithium metal anode
and liquid electrolyte has been demonstrated to be effective to mitigate
dendrite growth, thereby enhancing the Columbic efficiency of lithium metal
batteries. But the underlying mechanism leading to the reduced dendrite
growth remains unknown. In this work, with the aid of first-principle
calculations, we find that the interaction between the h-BN and lithium metal
layers is a weak van der Waals force, and two atomic layers of h-BN are thick
enough to block the electron tunneling from lithium metal to electrolyte, thus
prohibiting the decomposition of electrolyte. The interlayer spacing between

the h-BN and lithium metal layers can provide larger adsorption energies

toward lithium atoms than that provided by bare lithium or h-BN, making lithium atoms prefer to intercalate under the cover of
h-BN during the plating process. The combined high stiffness of h-BN and the low diffusion energy barriers of lithium at the Li/
h-BN interfaces induce a uniform distribution of lithium under h-BN, therefore effectively suppressing dendrite growth.
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1. INTRODUCTION

Under the ever-increasing demand for electrical energy storage
devices with larger capacity and higher energy density,
conventional lithium-ion batteries based on graphite anode
can no longer provide satisfactory performance.'™* Tremen-
dous efforts have been devoted to the development of next-
generation anode materials.”~’ Among all the possible choices,
lithium metal anode has long been regarded as the “Holy Grail”
for its highest energy density (3860 mAh/g) and lowest
electrochemical potential (—3.04 V vs the standard hydrogen
electrode),®” and both lithium—sulfur batteries'”"" and
lithium—air batteries'>'® are based on lithium metal anode.
However, lithium metal anode suffers from the long-standing
dendrite problem, which is rooted in the intrinsic properties of
lithium metal and may cause short-circuit of the battery system.
Lithium metal is very reactive and can spontaneously react with
the organic electrolyte to form a passivation solid electrolyte
interphase (SEI) layer. The formation of dendritic lithium will
also cause periodic breaking and repair of the SEI layer,
consuming a large amount of lithium and electrolyte and
further leading to low Columbic efficiency and poor cycling
stability of lithium metal batteries."*~"”

Many strategies have been proposed to alleviate the dendrite
problem, such as building lithium deposition scaffold to host
the lithium metal,"*™>° adding additives to interfere the lithium
deposition process,”' ~>* changing the charging mode to
mitigate the lithium ion accumulation,”*® and engineering
the separator properties to realize homogeneous ion distribu-
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tion””*" and so forth. All these methods could mitigate the

dendrite growth phenomenon to some extent. However, as the
mechanical strength provided by the naturally formed SEI is
limited, the periodic breaking and repair of SEI layer which is
responsible for the low Columbic efficiency still exist. To
address this issue, an artificial SEI layer with better mechanical
strength and good chemical stability, such as ALO,” and
Li;PO,,’" have been proposed. While provided better
mechanical properties, these rigid artificial SEI layers commonly
suffer from low lithium ion conductivity and high interfacial
impedance, which on the other hand limited the rate capability
of the lithium metal anode.’’ > New interfacial layer with
strong mechanical strength, good chemical stability, high
lithium ion conductivity and satisfying electron barrier property
is urgently needed.

Yang et al. proposed a new concept of employing 2D atomic
crystals as the interfacial layer in place of the 3D bulk material
for lithium metal anode to suppress the dendrite growth, and h-
BN has been chosen to demonstrate this concept for its high
Young’s modulus (~1 TPa), excellent chemical stability and
superior insulating property.”® Several atomic layers of h-BN
were deposited on the copper current collector to separate the
lithium metal and liquid electrolyte, while the atomic defects on
h-BN formed during the synthesis procedure were expected to
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serve as lithium ion conduction pathways. By adding 2D h-BN
as interfacial layer for lithium metal anode, the dendrite growth
phenomenon was significantly inhibited, and the high
Columbic efficiency was well preserved during the cycling
test. In addition, according to the experiments, the atomic
defects generated during the synthesis procedure can provide
adequate ionic diffusion to maintain high Li" jons flux.
However, as a new kind of interfacial layer, the detailed
interaction between the 2D atomic crystals and lithium metal is
still unknown, and how the 2D atomic crystals work to suppress
the dendrite growth during the lithium plating process is yet to
be explored. In this work, we systematically investigated the
interaction between the 2D h-BN and lithium metal and
explained how the h-BN suppress the lithium dendrite growth
and maintain the high Columbic efficiency of lithium metal
anode via first-principle calculations. From the interfacial
models, we found that the interaction between h-BN and
lithium metal is a weak van der Waals force, and two atomic
layers of h-BN can provide energy barriers larger than 1.33 eV
to block the electron tunneling from lithium to electrolyte,
which protected the electrolyte from decomposition. The
binding of lithium atoms at the Li/h-BN interfaces are stronger
than those on bare lithium metal or h-BN surface. Thus, during
the plating process, lithium atoms will prefer to intercalate
under the cover of h-BN instead of exposing to the electrolyte,
which prevented the lithium metal anode from corrosion. The
high stiffness of h-BN and the low lithium diffusion energy
barriers (<0.21 V) at the Li/h-BN interfaces can work together
to facilitate a uniform distribution of lithium at the Li/h-BN
interfaces, further result in a flat lithium metal surface. Our
research successfully explained how 2D h-BN acts as an
interfacial layer for lithium metal anode to suppress the lithium
dendrite growth and maintain the high Columbic efliciency,
which will shed light on future design of lithium metal anode.

2. COMPUTATIONAL METHODOLOGY

All the computations were conducted using the Quantum ESPRESSO
software package.37 Perdew—Burke—Ernzerhof (PBE) generalized
gradient approximation (GGA)* and projector augmented wave
(PAW)* pseudopotentials were employed to treat the exchange-
correlation functionals and electron—ion interactions. To describe the
van der Waals interaction, Grimme’s D2 correction was adopted.”’
The cutoff energy was set to be 78 Ry for all calculations. For
geometrical optimization, the k-point mesh was set to be less than 0.05
A" and the force tolerance was set to be 0.01 eV A™". For density of
states (DOS) calculation, denser k-point mesh less than 0.01 A™" was
adopted.

Slab models were employed to calculate the surface energies and
adsorption energies with 10—1S A thick vacuum layers added to
prevent the interaction between slabs. Five to seven layers of lithium
atoms were considered when calculating the lithium metal surface
energies to ensure convergence. The surface energies were calculated
as follows: '

1
V= _(Esll\ib - NﬂLi)

24 (1)

where A is the surface area, El, is the energy of the slab model
containing N lithium atoms, and py; is the chemical potential of
metallic lithium. Lithium adsorption energy on lithium metal surfaces
or h-BN or the Li/h-BN interfaces was calculated as follows:*!

Eads = Etat(S/I + Ll) - Etot(S/I) - Etot(Li) (2)
where E,(S/I + Li) means the total energy of surface/interface
adsorbed with lithium atom, E,,(S/I) means the total energy of the
surface/interface and E,.(Li) means the total energy of a single lithium
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atom. The interface formation energy of h-BN and lithium metal was
calculated as follows:

Evi/nn — Erigab = Enpn
A

& (3)
where A represents the surface area, E;/, g\ represents the total energy
of fully relaxed Li/h-BN interface model, Ej; ,, represents the total
energy of fully relaxed lithium surface slab model and E,, gy represents
the total energy of fully relaxed h-BN. As the constructed Li/h-BN
interface models are not coherent, another parameter namely
interfacial energy ¢ was defined to evaluate the interaction between
the two surfaces excluding the strain energy contribution, which can be
calculated as follows:

_ ELi/h—BN - ELi—slab(z) - Eh—BN(z)
A

(4)

where A is the surface area, Ep;/,py is the total energy of the fully
relaxed Li/h-BN interface model, and Ej; g,4(,) and Ej, py(;) are the total
energies of lithium slab model and h-BN with the same lattice
parameters as the interface model along both the x and y directions
and fully relaxed along the z direction. As the interaction between
different atomic layers of h-BN is known to be weak van der Waals
force, in the calculations of interfacial interactions between lithium
metal and h-BN and lithium adsorption and diffusion at the Li/h-BN
interfaces, only one atomic layer of h-BN was considered to save the
computational efforts. In the density of states (DOS) calculation, two
atomic layers of h-BN were considered to study the influence of
lithium metal toward the electron tunneling energy barriers of h-BN.
Nudged elastic band (NEB)* method was employed to calculate the
lithium diffusion energy barriers, where 9, 9, and 32 images were used
in the calculations of lithium diffusion on lithium metal surfaces, h-BN
surface, and the Li/h-BN interfaces, respectively.

3. RESULTS AND DISCUSSION

3.1. Wulff Construction and Self-Adsorption and
Diffusion of Lithium Metal. The optimized lattice parameter
of lithium metal (b.c.c) was calculated to be 3.26 A, which is in
good agreement with experiments.*’ Three low-index surfaces,
{001}, {110}, and {111} were chosen to study the surface
energies, and the obtained energy values and the corresponding
Waulff construction are shown in Figure 1. The general trend of
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Figure 1. Wulff construction of lithium metal (b.c.c).
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I 42.76 mev/A2

the calculated surface energies is in good agreement with
previous calculations,'®** where the {001} surface shows the
lowest surface energy while the {111} surface shows the
highest. The little difference on detailed values may be caused
by the consideration of van der Waals corrections. From the
Wulff construction as shown in Figure 1, {001} and {110}
surfaces occupy most of the exposed surface area of lithium
metal. Thus, in the following sections, only these two surfaces
were considered.

We then studied the lithium self-adsorption and diffusion on
Li{001} and Li{110} surfaces. Three adsorption sites, hollow
(H), bridge (B), and top (T) were considered as shown in
Figure 2a. From the calculation results, for the Li{001} surface,
H site shows the largest adsorption energy of —1.68 eV, while
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Figure 2. (a),(b) Lithium self-adsorption and (c) diffusion on Li{001} and Li{110} surfaces.
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Figure 3. (a) Lithium adsorption and (b) diffusion on h-BN.

Table 1. Lattice Parameters of Li{001}, Li{110} and h-BN Supercells and the Constructed Interfaces after Geometrical
Optimization

Li{001}5, h-BN 3 Li{001}/h-BN Li{110};, h-BNyy, Li{110}/h-BN
a (A) 9.78 10.04 10.00 9.78 10.04 10.08
b (A) 13.04 13.05 13.03 9.22 8.70 8.75

Table 2. Structural Information and the Calculated Interface Formation Energy and Interfacial Energy of the Li/h-BN Interfaces

interface matching atom misfit-x (%) misfit-y (%) E; (meV/A%) o (meV/A?)
Li{001}/h-BN 3X4/4%x3 108 2.57 0.059 —4.17 —5.85
Li{110}/h-BN 3X2/4%X2 92 2.62 5.66 —1.49 —6.40
for the Li{110} surface, T site shows the largest adsorption h-BN is much weaker than those on lithium metal surfaces, thus
energy of —1.85 eV. The diffusion energy barriers of lithium during the lithium plating process, the lithium atom will not be
atom on these two surfaces were calculated as shown in Figure deposited on the h-BN. The migration of lithium on h-BN is as
2b. In both cases, the adsorbed lithium atom tends to directly shown in Figure 3b, where lithium will first migrate from the
reach to the other most stable adsorption site with an energy stable hollow site to the nearest N atom, and then migrate to
barrier of 0.090 and 0.046 eV respectively. the other nearest hollow site. The migration energy barrier of
3.2. Lithium Adsorption and Diffusion on h-BN lithium on h-BN is calculated to be 0.10 eV.

Monolayer. The optimized structure of h-BN shows a 3.3. Interfaces of Lithium Metal and h-BN. Two
hexagonal lattice with a B—N bond length of 1.45 A, which interfaces Li{001}/h-BN and Li{110}/h-BN were built to
is in good agreement with experiments.”> Four adsorption sites study the interaction between h-BN and lithium metal. A 3 X 4
(above the N atom, above the B atom, bridge site and hollow supercell of Li{001} surface and a 4 X 3 supercell of h-BN were
site) were chosen to study the lithium adsorption behavior on used to construct the Li{001}/h-BN interface, and a 3 X 2
h-BN as shown in Figure 3a. After geometrical optimization, supercell of Li{110} surface and a 4 X 2 supercell of h-BN were
lithium atom will move to either the hollow site or the top of N used to construct the Li{110}/h-BN interface. The lattice
atom, with an adsorption energy of —0.56 eV and —0.46 eV, parameters for the considered supercells and interfaces after
respectively. It can be found that the adsorption of lithium on geometrical optimization are listed in Table 1. The lattice
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mismatches for the interfaces along both x and y directions are
below 6% as shown in Table 2. It can be found that after
geometrical optimization, the lattice parameters of h-BN are
almost unchanged, while the lithium metal surfaces fit
themselves to the lattice of h-BN, which is in accordance
with the higher Young’s modulus of h-BN.

After geometrical optimization, the structure of the
considered two interfaces are shown in Figure 4. It can be
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Figure 4. Geometries of Li{001}/h-BN interfaces.

found that for both cases, the interlayer spacing between h-BN
and lithium metal surfaces are larger than 4.0 A, which are large
enough to accommodate another layer of lithium atoms
intercalated. The calculated interface formation energy E¢ and
interfacial energy o for the two interfaces are listed in Table 2,
all of which are negative, indicating that the formation of such
interfaces are thermodynamically preferable. The interactions
between h-BN and lithium metal are quite weak, falling into the
range of typical van der Waals interactions. For the Li{110}/h-
BN interface, the large difference between E; and ¢ is caused by
the large strain energy originated from the structural
deformation of the Li{110} surface to fit the lattice parameters
of h-BN.

We then investigated the electronic structure of the Li/h-BN
interfaces. Two atomic layers of h-BN were taken into
consideration to study the influence of lithium metal toward
the density of states (DOS) of h-BN. The optimized geometry
of Li{001}/2h-BN and Li{110}/2h-BN are shown in the inset
of Figure S. The distances between the two atomic layers of h-
BN are 3.16 and 3.11 A for the Li{001}/2h-BN and Li{110}/
2h-BN cases respectively, which are similar to that in bulk A-
BN. The distances between the first atomic layer of h-BN and

lithium metal surfaces are close to the single atomic layer
covered cases. From the DOS map, for both two interfaces, the
covered two h-BN atomic layers exhibit an insulating property.
However, for the first atomic layer of covered h-BN, small
fluctuations on the right side of Fermi level can be observed
which is induced by the interaction with lithium metal, while
for the second atomic layer, the small fluctuations disappeared,
and a wide bandgap of 4.3 eV close to that of the pristine #-BN
was observed. According to Liu et al,'® the electron tunneling
energy barrier from lithium metal across the covered interfacial
layer can be estimated by the difference between the bottom of
the conduction band and the Fermi level. Thus, for Li{001}/
2h-BN, the electron tunneling energy barrier is about 1.33 €V,
and for Li{110}/2h-BN, the electron tunneling energy barrier is
about 1.65 eV. In both cases, the covered two atomic layers of
h-BN can effectively block the electrons from transport to the
electrolyte. This good insulating property ensures that lithium
ions will plating under the cover of h-BN layers instead of
above the h-BN, and also prevent the decomposition of
electrolyte.

3.4. Lithium Adsorption between the Interfaces of
Lithium Metal and h-BN. Eight symmetrically different
adsorption sites were chosen to study the lithium adsorption at
the interfaces of Li/h-BN as shown in Figure 6. It can be found
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Figure 6. Adsorption sites of lithium atom at the Li/h-BN interfaces
(al1),(b1) before and (a2),(b2) after geometrical optimization.

that after geometrical optimization, the adsorbed lithium atom
tends to migrate to the nearest hollow site or the N site under
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Figure 5. DOS of (a) Li{001}/h-BN and (b) Li{110}/h-BN interfaces with two atomic layers of h-BN covered.
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Table 3. Adsorption Energies of Lithium Atom at Different Adsorption Sites of the Interfaces and the Corresponding Height

Variance of the Atoms in h-BN

Li{001}/h-BN Interface

site Al A2 A3 A4 AS A6 A7 A8
E, (eV) -2.18 —2.04 -2.10 217 —2.11 —2.12 -2.16 —2.13
WBN (A) 0.027 0.056 0.033 0.039 0.034 0.038 0.036 0.072
Li{110}/h-BN Interface
site Bl B2 B3 B4 BS B6 B7 B8
Eo (eV) 229 -2.29 —229 229 221 228 -2.19 -228
WBN (A) 0.018 0.017 0.018 0.017 0.014 0.018 0.016 0.018

the h-BN, which is similar to that on pristine h-BN. The
calculated adsorption energies are listed in Table 3. For both of
the two considered interfaces, the adsorption energies of
lithium at the interfaces are much larger than those on pristine
lithium surfaces or h-BN, indicating that compared with bare
lithium metal or A-BN, lithium atoms will prefer to intercalate
under the cover of h-BN. The larger adsorption energies ensure
that during the lithium plating process, lithium will keep being
deposited at the interlayer spacing between h-BN and lithium
metal. For Li{001}/h-BN, the differences of adsorption
energies among different adsorption sites are smaller than
0.14 eV, and for Li{110}/h-BN, the differences are smaller than
0.10 eV. After adsorbed with a lithium atom at the interface, the
h-BN can well preserve its structure and maintain a flat
geometry, which can be validated by the analysis on the height
variance of the atoms of h-BN after lithium adsorption as
shown in Table 3. The small height variance reflects the high
stiffness of h-BN, which can help preserve the structure of h-BN
and suppress dendrite growth during the lithium plating
process.

We then analyzed the relationship between the adsorption
energy of lithium atoms at the interface and its relative position
toward the lithium metal surface and h-BN. For each
adsorption site at the interface, we added the lithium atom
adsorption energies on the exact same site of bare lithium
surface and h-BN, and compared the obtained results with the
calculated interfacial adsorption energies as shown in Figure 7,
where some data degenerated into one point. It is found that
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o
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Eads{Li001}+Ea4s{BN} (eV)

Figure 7. Correlation between the adsorption energy of lithium atom
at Li/h-BN interfaces and the sum of its adsorption energies on bare
lithium metal surface and h-BN at the same adsorption site.
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the adsorption energy of lithium atom at the interfaces can be
estimated by the following equation:

E,q(interface) = E 4 (Ligs) + Eq(h — BNyg) +6, 6>0

©)

where E,g(Liy) is the adsorption energy of lithium on the
lithium metal surface at the same adsorption site, E,4(h-BNg,)
is the adsorption energy of lithium on h-BN at the same
adsorption site, and ¢ is a small positive correction value. Thus,
though only eight symmetrically different adsorption sites were
considered in our calculations, the adsorption energy of lithium
atom on other possible adsorption sites can be predicted, and
our conclusion that the lithium adsorption energies at the
interface are higher than those on bare lithium metal or h-BN is
also expected to be valid for other possible adsorption sites.
After the adsorption sites being fully occupied by lithium
atoms, the newly adsorbed lithium atoms will become a new
surface layer of lithium metal, and the space between the new
lithium metal surface and h-BN can provide new adsorption
sites.

Figure 8 plotted the charge transfer after lithium atom
adsorbed at the interfaces on Al and B1 sites, which provided
the largest adsorption energies. In both cases, nitrogen atoms
lose their electrons toward the undercover adsorbed lithium
atom and the lithium metal surfaces. The strong charge transfer
contributed to the enhanced adsorption energies, which help to

Li{001}/h-BN
© Lithium atom
@ Boronatom (@ Nitrogen atom

Li{110}/h-BN

Figure 8. (al),(bl) Top and (a2),(b2) side view of charge transfer
after lithium atom adsorbed at the interfaces of Li/h-BN, where the
blue area means charge deficient and the yellow area means charge
sufficient. The iso-surface plotted is 0.001lel/bohr?.
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Figure 9. Lithium diffusion at the interfaces of (al),(a2) Li{001}/h-BN and (b1),(b2) Li{110}/h-BN.

anchor the lithium atom at the interfaces instead of directly
expose to the electrolyte, thus protecting the lithium from
corrosion and maintaining the high Columbic efficiency. The
high stiffness of h-BN can also effectively prevent the lithium
atom from forming clusters which will induce strong structural
deformation of h-BN, therefore suppressing lithium dendrite
growth.

3.5. Lithium lon Transport at the Li/h-BN Interfaces. In
addition to the adsorption energy, the dendrite growth process
is also affected by the metal ion diffusion capability at the metal
surfaces, where the lower diffusion energy barrier could
facilitate the even distribution of adsorbed metal atoms and
mitigate the dendrite growth phenomenon.** We studied the
lithium diffusion property of lithium atom at the interfaces via
NEB method by putting images between the stable adsorption
sites calculated in section 3.4 as shown in Figure 9a, and the
corresponding diffusion energy barriers are plotted in Figure
9b. For the Li{001}/h-BN interface, the diffusion energy
barriers are lower than 0.21 eV, and for the Li{110}/h-BN
interface, the diffusion energy barriers are lower than 0.15 eV.
These values are comparable with the sum of lithium migration
energy barriers on pristine h-BN and corresponding lithium
metal surfaces. The low lithium migration energy barriers
together with the high stiffness of h-BN will synergistically
promote the uniform distribution of lithium under the h-BN
cover during the plating process and induce a layer-by-layer
growth mechanism of the undercover lithium metal, eventually
leading to a flat surface of the lithium metal anode.

4. CONCLUSIONS

In this article, we systematically studied the working
mechanism of h-BN as the interfacial layer for lithium metal
anode via first-principle calculations. It is found that the
interaction between h-BN and lithium metal is a weak van der
Waals force, and two atomic layers of h-BN can provide energy
barriers large enough to prevent electron tunneling, which
effectively prohibited the decomposition of electrolyte. The
adsorption energies of lithium atom at the interfaces are much
larger than those on pristine lithium metal surfaces or h-BN,
ensuring that lithium metal will prefer to be deposited under

1992

the cover of h-BN, thus reducing the chance of direct contact
between lithium metal and electrolyte and contributing to a
high Columbic efficiency. The combined high stiffness of h-BN
and low lithium migration energy barriers at the Li/h-BN
interfaces can synergistically facilitate a uniform distribution of
lithium under h-BN during the lithium plating process,
therefore effectively suppressing lithium dendrite growth. Our
research confirms that employing insulating 2D materials as the
interfacial layer of lithium metal anode is a promising strategy
to address the lithium dendrite problem, and further shed light

on the design of lithium metal anode.
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