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Theoretical Investigation of 2D Layered Materials as
Protective Films for Lithium and Sodium Metal Anodes

Hongzhen Tian, Zhi Wei Seh, Kai Yan, Zhongheng Fu, Peng Tang, Yingying Lu,
Ruifeng Zhang, Dominik Legut, Yi Cui,* and Qianfan Zhang*

Rechargeable batteries based on lithium (sodium) metal anodes have been
attracting increasing attention due to their high capacity and energy density,
but the implementation of lithium (sodium) metal anode still faces many
challenges, such as low Coulombic efficiency and dendrites growth. Lay-

ered materials have been used experimentally as protective films (PFs) to
address these issues. In this work, the authors explore using first-principles
computations the key factors that determine the properties and feasibility

of various 2D layered PFs, including the defect pattern, crystalline structure,
bond length, and metal proximity effect, and perform the simulations on both
aspects of Li* (Na*) ion diffusion property and mechanical stability. It is found
that the introduction of defect, the increase in bond length, and the proximity
effect by metal can accelerate the transfer of Li* (Na*) ion and improve the
ionic conductivity, but all of them make negative influences on the stiffness
of materials against the suppression of dendrite growth and weaken both
critical strains and critical stress. The results provide new insight into the
interaction mechanism between Lit (Na*) ions and PF materials at the atomic
level and shed light onto exploring a variety of layered PF materials in metal

anode battery systems.

1. Introduction

Rechargeable batteries with high capacity and long cycle life
are of great demand for emerging applications including elec-
tric vehicles, grid storage, and advanced portable devices.l')
Recent efforts in this field have been focused on rechargeable

batteries based on Li (Na) metal as the
anode material, such as Li (Na)-S and Li
(Na)-O, batteries.l’"1% The specific capaci-
ties of lithium and sodium metal can be
up to 3860 and 1166 mA h g}, respec-
tively, much higher than that of the
graphite (372 mA h g!) in the traditional
Li-ion batteries (LIB) and also higher than
that of zinc, lead, and cadmium.1112
Therefore, Li (Na) metal can be viewed as
a promising anode material candidate for
the next-generation secondary batteries.
Unfortunately, commercialization of the
secondary Li (Na) metal battery still faces
many challenges, including the volumetric
change of Li (Na) metal during charging
and the complex physical and chemical
reactions at the interface between Li (Na)
metal and electrolyte, resulting in low
Coulombic efficiency and growth of den-
drites.>7181 As a result, it is critical to
search for the suitable protective films
(PFs) with high ionic conductivity and
excellent mechanical performance, in
order to improve the electrochemical properties and suppress
dendrite formation.

Many strategies have been carried out to modify the nanoscale
interphase between Li (Na) metal anode and electrolyte for
improving performance of Li (Na) metal anode. Moreover,
various kinds of external protection methods have developed
including, inorganic or organic molecules coating, all-solid-state
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electrolytes, and alkaline ion additives.'"-?2l Though these kinds
of protection schemes can greatly improve performance of metal
anodes, they can also suffer from the disadvantages such as low
ionic conductivity at room temperature, large interfacial imped-
ance, and large thickness. Recently, the novel lithium anode
structure, using ultrathin 2D layered materials (hexagonal boron
nitride (h-BN) or graphene) to cover the Cu current collector,
was designed to form the 2D layer-Li-Cu sandwich structure,?’]
which can effectively reduce interfacial reactions on the surface
of lithium metal and suppress growth of lithium dendrites. As
the stable interfacial layer, ultrathin 2D protective materials pro-
vide multiple advantages: (1) They are chemically stable against
most chemicals in electrolyte; (2) Li* (Na*) ions can diffuse
through the layers with a short diffusion path due to their nano-
even atomic-thickness; (3) Their mechanical strength is high
enough to suppress growth of lithium dendrites; (4) Their stiff-
ness is high enough to accommodate the deposition of lithium
metal during charging; (5) In Li-S (Na-S) battery, the direct
contact between the polysulfides and the lithium metal anode
is prevented, and the undesired corrosion and shuttle effect by
polysulfides can be effectively suppressed.

Due to the multifaceted requirements on the properties of
PF, it is critical to carry out comprehensive theoretical study
on both diffusion and mechanical performance for layered
materials, in order to reveal the microscopic mechanism at the
atomic level and design new types of PF materials to further
improve the performance of metal anodes. Potential applica-
tion of layered materials as energy materials has attracted broad
interest, and much effort has been focusing on the electro-
chemical and physical properties of layered materials as elec-
trode materials, including the Li storage, Li conductivity, etc.
For example, Fan et al.?*l investigated the adsorption and diffu-
sion of Li* ions on graphene with or without defect; Ford and
co-workers®! studied the adsorption and diffusion of Li* ion
on 2D silicene and defective silicene; Wan and co-workers(2°!
explored the diffusion of Li through black and blue phosphorus
sheet; several groups focused on the mechanical properties and
strain—stress dependence on layered materials.”’-33 Despite the
encouraging progress, theoretical studies of the effects of these
layered materials are lagging behind and many issues remain
unclear. First, great attention has been paid to lithium'’s inter-
calation and diffusion in electrode materials with high elec-
tronic conductivity, but people care little on the PF materials
with insulating feature, such as h-BN. Second, the majority of
research focuses on the use of layered materials as electrode
materials instead of protective films, which require different
properties, for example, the transition barrier or rate for vertical
transfer instead of in-plane diffusion should be simulated in the
case of protective films; Li* (Na*) ion instead of Li (Na) neutral
atom should be considered to simulate Li* (Na*) in electrolyte;
biaxial strain—stress dependence instead of uniaxial one should
be investigated. Third, PFs are placed on the surface of metal,
so the proximity effect on protective film induced by metal is
very important, but this has rarely been considered in previous
works. Due to slower progress on the Na-metal-based batteries,
investigations on protective films for the Na metal anodes are
few and far behind. Therefore, a systematic study on the diffu-
sion characteristic of Li* (Na*) ion across the vertical direction
of h-BN, graphene, and other 2D materials is critically needed,
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in order to understand the mechanism at the atomic level and
further optimize the performance of the protective film.

In the present work, we investigate the practicability of the
typical 2D layered materials (h-BN, graphene, silicene, ger-
manene, stanene, phosphorene, SnS, and SnSe) as protecting
films for lithium metal anodes from aspects of both the diffu-
sion and mechanical properties by first-principles calculations
and focus on their relationship with the crystalline structures,
defect feature, and metal’s proximity effect. We will show that
a different crystalline structure can induce different Li* (Na*)
ion diffusion and stiffness features, and the existence of defect
and metal interface can improve the diffusion properties of Li*
(Na*) ion but impair the mechanical properties at the same
time. Using the electronic structure computation and analysis
scheme, we will explore the electronic origin of theoretical and
experimental results of protective films and describe the inter-
action picture on this material system.

2. Method and Modeling

The first-principles calculations are performed based on den-
sity functional theory as implemented in the Vienna ab initio
simulation package code.}*3¢] We use projector augmented
wave potential, while choose the generalized gradient approxi-
mation with the parametrization of Perdew—Burke-Ernzerhof
to treat with the exchange correlation interaction.”) The kinetic
energy cutoff for plane wave expansion is set at 550 eV, which
is enough for the 2D layered materials we select. A vacuum of
20 A is used along the direction perpendicular to the layer to
avoid slab's interaction with their periodic images. A Monk-
horst-Pack mesh of 5 x 5 x 1 is used for integration in recip-
rocal space. The calculations were performed with a 5 x 3 x 1
supercell for graphene or h-BN, 4 x 3 x 1 supercell for silicene,
germanene, or stanene, 4 X 4 x 1 supercell for phosphorene,
SnSe, or SnS. To obtain the optimized structures, the forces on
all atoms were minimized to be smaller than 0.01 eV A" In
order to achieve the properties closely related to the protective
function, both the diffusion and mechanical properties will be
investigated. From the aspect of diffusion properties, the diffu-
sion barriers and diffusion rates will be simulated, while from
the aspect of mechanical properties, the Young’s modulus, crit-
ical strain, and critical stress are extracted to evaluate the hard-
ness or stiffness of the materials.

The PF materials we choose are single-layered hexagonal BN
(h-BN), graphene, phosphorene, silicene, germanene, stanene,
SnS, and SnSe. These materials are widely used in electrochem-
ical applications, especially in the battery material system.[38-40]
h-BN and graphene, as we have mentioned above, have already
been applied as the PF material in the experiment and proved
as good PF candidates.?’] Furthermore, these kinds of materials
can also serve as the models of ultrathin layered materials with
different structures: h-BN and graphene represent planar sp?
materials; silicene, germanene, and stanene represent buckling
sp?-sp® hybrid materials; phosphorene, SnS, and SnSe repre-
sent puckered sp® materials. Beyond the pristine materials,
the PF with various defect patterns, which have been shown to
play an important role in metal ion's diffusion,?*2>*!l is investi-
gated. For h-BN, the sheets with single B vacancy (SBV), single
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N vacancy (SNV), and double B-N vacancy (BNV) are calculated,
while for graphene, the sheets with single vacancy (SV), double
vacancy (DV), and Stone-Thrower—Wales (STW) defect are cal-
culated. The defect concentration we used is in the range of
=10' cm™2, which is consistent with that in experiment.l?}! For
PF of Na anode, defective silicene, or phosphorene serves as
the PF model. Here, we illustrate the crystalline structure of the
materials in this study and different defect patterns as shown
in Figure S1 (Supporting Information), and meanwhile, we list
the bond length for different kinds of materials as shown in
Table S1 (Supporting Information).

3. Results and Discussion

3.1. Diffusion and Properties

First, diffusion properties of Li* ion transferring through these
PFs were explored, and the transfer barriers of single Li* ion
passing perpendicularly through various 2D layered materials
are computed by the climbing-image nudged elastic band
(CI-NEB) method.*?l The CI-NEB is an improved algorithm
of the traditional NEB method, which is more efficient on
achieving the minimum energy path with linear interpolation
of the diffusion coordinates (the diffusion coordination is the
coordination involving cooperative motion of all atoms simul-
taneously, including both the Li* ion and the atoms in layered
materials). To test the correction of the CI-NEB method, the
diffusion barrier for proton-graphene system is calculated first,
and the diffusion barrier we achieved is consistent with the pre-
vious study,?! as shown in Figure S2 (Supporting Information).
Then, the barriers for Li* ion penetrating through various PF
materials are computed, and the energy profiles of Li* ion
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diffusion as a function of diffusion coordinate are exhibited
in Figure la—d, while in Table S2 (Supporting Information),
we show the calculated diffusion rate for Li* ion transferring
through these materials at room temperature (300 K) on the
basis of barrier values. Furthermore, in order to explore the
temperature effect, we calculate and show the relation between
diffusion rate and temperature for various h-BN and graphene
materials in Figure S3 (Supporting Information). For pris-
tine h-BN and graphene, the barriers are as high as 6.75 and
7.92 eV, respectively, indicating that it is very hard for Li* ion
to diffuse through them. After introducing defect, the situa-
tion is fundamentally different. For h-BN, the sheet with SNV,
SBV, and BNV defect can lead to much lower barriers of 2.84,
1.54, and 0.75 eV, respectively. The graphene sheets with SV,
DV, and STW defect can lower the barriers to 3.60, 1.31, and
2.98 eV, respectively. The diffusion rates for Li* are in the range
of 1078-10752 cm? s7!, more than 83 orders higher than pris-
tine h-BN and graphene. This is also the reason why the defec-
tive h-BN and graphene can result in good performance as PFs.
For h-BN, the SBV defect can induce faster Li* diffusion than
SNV defect because of a much lower barrier, while the BNV
can lead to the fastest diffusion among them. Compared with
defective h-BN or graphene, the barrier magnitudes of pristine
phosphorene (2.37 eV), silicene (1.39 eV), germanene (0.71 eV),
stanene (0.17 eV), SnS (0.91 eV), and SnSe (0.86 eV) suggest
that the Li* ion can diffuse through their interstitial sites with
relatively higher permeability. The barrier values for defective
graphene and silicene are similar to the ones from the pre-
vious report, 242541l but the result for phosphorene differs, 2!
probably because we adopt larger supercell for barrier simula-
tions, which is also proved by previous work.*] To guarantee
that the size of the surface supercell we use is large enough, we
calculated the relation between the diffusion barriers and the
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Figure 1. Potential-energy curves of Li* ion diffusion in the direction perpendicular to the sheet of a) h-BN and defective h-BN, b) graphene and
defective graphene, c) phosphorene, defective phosphorene, SnSe, and SnS, d) silicene, germanene, and stanene. Potential-energy curves of Na* ion
diffusion in the direction perpendicular to the sheet of e) defective graphene and defective h-BN, f) phosphorene, defective phosphorene, SnSe, and
SnS, g) silicene and defective silicene, h) germanene and stanene. Schematic representations of diffusion paths are shown as the insets. Green and
orange balls represent Li* and Na* ions, respectively. AE represents the corresponding diffusion barrier.
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size of the supercell or the vacuum thickness in Figure S4a—d
(Supporting Information). In addition, the influence of defect
concentration was also studied and shown in Figure S4ef
(Supporting Information).

In general, the diffusion barrier has a strong dependence
on the size of the hollow atomic ring pattern in the 2D layered
materials, and it will decrease dramatically as the atomic bond
length increases. But beyond that, other factors can also induce
distinct barriers, which can be attributed to the electronic struc-
tures of different materials. This can be seen from the fact that
the barriers induced by h-BNs are smaller (considering the SBV
defect for single-atom vacancy) than their graphene counter-
parts with similar vacancy type. Although their structures and
atomic bond lengths are almost the same (1.44 A for h-BN and
1.42 A for graphene), the h-BN with SBV can lead to better
lithium conductivity compared to defective graphene (up to
~24 orders of magnitude higher diffusion rate), which has been
confirmed by experimental results.?’l It suggests that charge
density distribution around the vacancy plays a very impor-
tant role. We plot the charge density distribution for h-BN with
SBV, SNV, and BNV defects and graphene with SV, STW and
DV defects, as shown in Figure 2a—f. It can be clearly seen that
the charge density around the vacancy is very small, which can
greatly decrease the charge transfer from the film into Li* ion,
reduce the electrostatic charge overlapping, and weaken the
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Coulombic interaction between Li* ion and 2D layered material,
resulting in lower diffusion barriers of Li* ions. This is also the
primary reason why defect can greatly accelerate the diffusion
of Li* ion. In addition, line profiles of charge density between
the center of defect hole and the neighboring atoms are quan-
titatively exhibited in Figure 2gh. It can be seen that different
defects result in different charge densities, and lower density
corresponds to lower barrier, e.g., the charge density around
the center of SBV defect (=0.01 e A™") is much lower than that
around the center of SNV defect (=0.05 e A™!) in h-BN, while
the charge density magnitude around the center of SV defect
in graphene (=0.03 e A™!) lies between them. We also plot the
charge density distribution and line profiles of charge density
for various silicenes in Figure S5 (Supporting Information).

To further investigate the electronic interaction between
Li* and PFs, Bader charges analysis was used to quantitatively
calculate the charge transfer between Li* ion and the film.
Table 1 shows the charge state for Li* ions on stable site (es)
and transition site (er) as well as the difference between them
(Ae = e — ey). It can be seen that the electron migrating to Li*
on stable position is always lower than that on the transition
point, which means the transfer from stable site to transition
site is associated with the electron capture. To further dem-
onstrate it, we extract graphene and defective graphene and
plot the difference in charge density in Figure S6 (Supporting
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Figure 2. Charge density plots of a) h-BN with SBV, b) h-BN with SNV, ¢) h-BN with BNV, d) graphene with SV, e) graphene with STW defect, and
f) graphene with DV. The red region represents charge accumulation and the blue one represents charge depletion. (g) and (h) show the line profiles
of charge density between the center of hole and the neigboring atoms for defective h-BN and defective graphene, respectively, while the corresponding
paths are marked in the charge density plot. Partial density of states for lithiated materials are shown as i) h-BN, j) graphene, k) phosphorene, and

) silicene. The zero energy (vertical dashed line) is set to the Fermi level.
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Table 1. Li* and Na* ion charges were calculated by Bader charge scheme. es represents the charge on stable site. e represents the charge on transi- |

tion site. Ae represents the charge difference between es and er (Ae = es — e7). “~” means that the value has not been calculated because the corre- G

sponding barriers are too high to overcome by Li* (Na*) ions. F
Li* Li* ion charge Na* Na* ion charge ;
[eV] [e] [eV] [e]

Barrier es er Ae Barrier er es Ae =
h-BN 6.75 +0.90 +0.58 0.32 - - - - ’
h-BN with SNV 2.84 +0.87 +0.79 0.08 - - - -
h-BN with SBV 1.54 +0.87 +0.80 0.07 3.29 +0.86 +0.73 0.13
h-BN with BNV 0.92 +0.87 +0.81 0.06 2.47 +0.87 +0.75 0.12
Pristine graphene 7.92 +0.90 +0.55 0.35 - - - -

Graphene with STW 2.98 +0.90 +0.76 0.11 - - - -

Graphene with SV 3.60 +0.89 +0.78 0.14 6.17 +0.87 +0.69 0.18
Graphene with DV 131 +0.90 +0.81 0.09 3.97 +0.88 +0.73 0.15
Phosphorene 2.37 +0.88 +0.75 0.13 2.82 +0.86 +0.77 0.09
Phosphorene with SV 1.07 +0.88 +0.81 0.07 1.68 +0.85 +0.77 0.08
SnS 0.91 +0.86 +0.82 0.04 1.82 +0.85 +0.75 0.10
SnSe 0.86 +0.86 +0.83 0.03 1.67 +0.84 +0.75 0.09
Silicene 1.39 +0.87 +0.73 0.14 3.80 +0.85 +0.65 0.20
Silicene with SV - - - - 1.46 +0.84 +0.73 0.11
Silicene with DV - - - - 0.20 +0.84 +0.75 0.09
Germanene 0.71 +0.87 +0.79 0.08 2.40 +0.84 +0.68 0.16
Stanene 0.17 +0.86 +0.82 0.04 1.02 +0.81 +0.71 0.10

Information), and it can be clearly seen that the charge trans-
fers from graphene to Li* ion. In addition, the magnitude of Ae
can almost determine the barrier height of lithium transport,
and as Ae grows, the barrier will increase, which means that the
electron capture is one of the most important mechanisms to
hinder the transport of Li* ion. On the other hand, it also indi-
cates that the crystalline structure has great influence on the
diffusion, which can be seen from the fact that puckered mate-
rials induce larger barrier compared to buckling materials with
similar bond length and similar electron migration amount,
such as phosphorene versus silicene, SnS versus germanene,
or SnSe versus stanene (see Table S1, Supporting Information,
for the values of bond length). This can be mainly attributed
to the different hybridization for buckling (sp?-sp® hybrid) and
puckered (sp?) materials. The puckered materials have smaller
bond angle due to sp? hybridization, which leads to smaller size
of the hollow rings and enhance Coulomb interaction between
Li* ion and 2D layered materials.!*!

The interface between PF and metal should also be consid-
ered. To this end, we calculate the diffusion energy evolutions
at the interface by layered materials and investigate the prox-
imity effect by metal. The study focuses on h-BN with SBV and
SNV and graphene with SV, while three kinds of Li metal sur-
faces with the Miller indexes of (100), (110), and (111) are con-
sidered. We add multiple layers of Li atoms, with the thickness
of no less than 10 A (we show in Figure S7, Supporting Infor-
mation, that such Li metal slab is thick enough), on one side of
three kinds of defective PFs to build the interface model (the
lattice mismatches with Li metal are no more than =1.5% and
1.0% for h-BN and graphene, respectively). We first calculated

Adv. Energy Mater. 2017, 1602528

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the formation energy for various junctions, which are sum-
marized in Table S3 (Supporting Information). All of the for-
mation energies are positive, which means these junctions
are energetically stable, and strong interaction exists between
PFs and metal. The energy profiles and corresponding barrier
magnitudes are shown in Figure 3, while the conformations of
PF-metal junctions and Li* ion transfer pathways are exhibited
in Figure S8 (Supporting Information). After introducing the
metal layers, the barriers for three kinds of PFs change into
0.75-0.89, 2.38-2.56, and 1.78-1.91 eV, respectively, and the
diffusion path lengths also obviously change. That means the
participation of metal surface can dramatically lower the diffu-
sion barrier, which can greatly accelerate the diffusion of ions
and improve the ion conductivity at the interface of the metal
anodes. In Figure S9a—c (Supporting Information), we use
the simplified interface model (adsorb one layer of Li atoms
instead of adding multiple layers of Li atoms on the side of
the 2D layered materials) to study the proximity effect on more
kinds of PFs. The results for graphene with SV, phosphorene,
and silicene reduce to 1.98, 1.32, and 1.26 eV, respectively, con-
firming again that the interface of the metal can lead to the
reduction of barrier.

Such proximity effect can be mainly attributed to the reduc-
tion in bond strength and the increase in bond length in 2D
layered materials induced by Li metal. Figure 2i-1 shows the
partial density of states (PDOS) for typical atoms in PFs (lithi-
ated h-BN, graphene, silicene, and phosphorene) and Li atom.
The strong overlapping between s orbital of Li adatom and the
p orbital of the 2D layered materials’ atoms indicates that the
chemical bonds can be formed between the lithiated PF and Li

wileyonlinelibrary.com

(5 of 10) 1602528



-
™}
o
g
-l
md
=
4

1602528 (6 of 10)

ADVANCED
ENERGY
MATERIALS

ADVANCED
SCIENCE NEWS

www.advenergymat.de

www.advancedsciencenews.com

(a) 2.0 +—hBNSBV) (b) —+— h-BN(SNV) (c) 4 —=— graphene
~—&— h-BN(SBV)-Li<100>| 3 —&— h-BN(SNV)-Li<100>| —e»— graphene(SV)-Li<100>|
—&— h-BN(SBV)-Li<110>| i —&— h-BN(SNV)-Li<110> —o— graphene(SV)-Li<110>|
154 —4— h-BN(SBV)-Li<111>| —4— h-BN(SNV)-Li<111> 3l —a— graphene(SV)-Li<111>|
¥ 10} g Bl
= = =
= = =
2 21l ¢
Z osf g 31l
& & &
ok
o.o L 1 1 1 1 1 1 1 1 1 1 1 1 1 0 L
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Diffusion coordinate (A) Diffusion coordinate(A) Diffusion coordinate ( A)
Energy banier (eV) Energy barier (eV) Energy bamier (V)
h-BN(SBV) 154 h-BN(SNV) 284 graphene(SV) 360
h-BN(SBV)-Li<100> 034 h-BN(SNV)-Li<100> 245 graphene(SV)-Li<100> 187
h-BN(SBV)-Li<110> 075 h-BN(SNV)-Li<110> 238 graphene(SV)-Li<110> 179
h-BN(SBV)-Li<111> 089 h-BN(SNV)-Li<111> 256 graphene(SV)-Li<111> 191

Figure 3. Comparisons on Li* ion diffusion through lithiated and unlithiated materials of a) h-BN with SBV, b) h-BN with SNV, and c) graphene with
SV. Here, for each lithiated PF, Li metal surface with the Miller indexes of (100), (110), and (111) is considered. The energy barriers are listed in the

corresponding below table.

metal and the binding interaction leads to the charge transfer
between different materials and confirms again that there
are remarkable interactions between 2D PFs and metal. As a
result, the PDOS around Fermi-level increase and the electron
fills the antibonding states with high energy, and according to
the pseudo-gap theory,*¥! the increase of electron density state
around Fermi-level and the filling of antibonding state will
weaken the bond strength inside PF. Therefore, the bond length
will increase, and at the same time, the energy cost caused by
the change of bond length or bond direction can be reduced
by the softness of bond. All of these factors, originated from
the electronic interaction between metal and PF, can decrease
the barrier during Li* transfer. It can be also noticed that dif-
ferent Li surfaces can induce different barriers, and generally
speaking, (110) surface can lead to the lowest one. This can
be probably attributed to two aspects: first, different Li metal
surface can induce different chemical potential on the Li* ion,
which leads to different energy profile; second, (110) surface
can provide the most Li atoms neighboring to the PFs (0.08,
0.11, and 0.08 atom A2 for (100), (110}, and (111), respectively),
and according to analysis above, the softening effect can be the
most remarkable one.

The transfer barriers of Na* ion through various 2D layered
materials are also computed using similar scheme. Compared
to Li* ion, the transfer barrier of Na* ion is significantly higher,
mainly because the diameter of Na* ion (2.04 A) is much
bigger than that of Li* ion (1.52 A), although their properties
are quite similar (both are monovalent in nature). It can be
seen from Figure le,g that it is much harder for Na* ion to dif-
fuse through the sheet of graphene with SV and DV defects,
h-BN with SBV defect, and pristine silicene compared with Li*
transfer case, and the diffusion coefficients are =53, 45, 29, and
41 order lower, respectively. That is probably the reason that
although h-BN or carbon materials can be used as the PFs for
Li anode, their application in Na anodes has rarely been inves-
tigated. In contrast, the barrier magnitudes for pristine phos-
phorene (2.82 eV), phosphorene with SV (1.68 eV), silicene with
SV (1.46 eV), and DV (0.20 eV), germanene (2.40 eV), SnSe
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(1.67 eV), and stanene (1.02 eV) indicate that Na* ion can dif-
fuse through them with relatively high efficiency, as shown in
Figure 1f-h. Particularly, the barrier of Na* ion through silicene
with DV is only 0.20 eV and the corresponding diffusion coef-
ficient can reach as high as 8.50 x 107 cm? S™1. Therefore, it
suggests that the PFs for Na metal anode should be prepared
by materials with larger bond lengths or hollow atomic ring
size, such as phosphorus or silicon with defects, germanium,
and tin. According to the Bader charge analysis for Na* cases
(as shown in Table 1), Na* can induce larger amount of elec-
tron transfer from the surrounding atoms compared with Li*
(the difference is in the region of =0.06-0.12). Such enhance-
ment on electron transfer is also an important reason that the
transfer barrier for Na* is much higher.

To realize the protective function on metal anodes in Li-S
battery, it is necessary to prevent large amounts of polysulfides
from diffusing through the sheet. Here, we also calculate
the diffusion barriers of S~ ion passing through the sheet of
silicene, germanene, and stanene. As shown in Figure S10
(Supporting Information), the diffusion barrier values for
silicene, germanene, and stanene can reach up to 4.91, 3.42,
and 2.18 eV, respectively, and the situated barrier for other 2D
materials we choose should be higher because of smaller hole
size. Compared with Li* ion, the diffusion coefficient of S is
almost =33 orders lower. Considering the sulfur materials are
mainly in the state of long-chain polysulfides such as S,*~ to
S¢?~ instead of S~ ion in electrolyte system, the process of poly-
sulfide diffusion will be much more difficult. Therefore, the
2D materials we choose can efficiently prevent polysulfide or
much bigger molecules in electrolyte from diffusing through
the sheet while allow Li* ion to pass through easily.

3.2. Mechanical Stability
As a stable interfacial layer to protect Li (Na) metal anode, not

only good diffusion properties but also excellent mechanical
stability is required for 2D PFs. First, we calculate the Young’s
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Table 2. The calculated Young’s moduli and critical strains for the 2D
layered materials with and without defect. The values in parentheses
represent the calculated Young's moduli for the corresponding lithiated
materials.

Young's moduli [GPa] Critical strains

Zigzag Armchair Zigzag Armchair
(%] (9]
h-BN 831.4 (721.7)  829.7 (721.3) 20 20
h-BN with SBV 578.1 568.8 11 11
h-BN with SNV 767.6 766.8 12 12
h-BN with BNV 708.6 774.5 6 6
Pristine graphene 984.5 (843.4)  995.2 (841.8) 22 22
Graphene with SV 656.7 658.7 12 12
Graphene with DV 913.6 946.9 10 10
Graphene with STW 940.1 962.2 13 12
Phosphorene 166.0 (149.2) 37.1 (36.6) 15 21
Phosphorene with SV 164.6 35.4 10 10
SnS 42.1 18.9 13 9
SnSe 47.5 243 13 9
Silicene 178.9 (137.8) 177.6 (133.9) 16 16
Silicene with SV 145.8 162.3 13 15
Silicene with DV 163.1 170.4 6 13
Germanene 90.9 (39.2) 92.7 (90.0) 20 20
Stanene 62.2 (61.5) 62.2 (61.4) 21 21

modulus, in order to investigate the in-plane elastic stiffness.
The values of Young’s modulus are listed in Table 2. It indicates
that all the materials we studied possess much higher Young’s
moduli than that of Li metal (=4.9 GPa), and also higher than
or comparable with common inorganic components in native
solid electrolyte interphase (SEI) (e.g., =68 GPa for Li,CO; and
~65 GPa for LiF).”’l The values of Young’s modulus for gra-
phene and h-BN are as high as =1.0 TPa. As the bond length
grows, the value of Young's modulus decreases dramatically,
which can be attributed to the weakened bond formed by atoms
with large radius. Unlike the isotropic Young’s moduli of planar
and buckling materials, puckered phosphorene, SnS, and SnSe
exhibit anisotropic properties due to the anisotropic structure,
and the modulus for zigzag direction is significantly higher
than that in armchair direction. The lower Young’s modulus in
armchair direction can be attributed to the smaller alteration of
the in-plane atomic crystalline structure under the same ten-
sile stress and the tensile strain in the armchair direction is pri-
marily induced by the stretching of the pucker. The calculated
Young’s moduli for h-BN, graphene, phosphorene silicene, and
germanene in this study are consistent with those in previous
work,[27:2832] suggesting the validity of the results we achieved
and the method we adopted.

Furthermore, it can be also seen from Table 2 that the intro-
duction of defects can reduce the Young's moduli of 2D layered
materials, while different types of defect can lead to different
modulus. For h-BN, the Young’s modulus for SBV defect
is much smaller than that for SNV defect. For graphene, the
Young's moduli for DV and STW defects are significantly larger
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than that of SV, which can be attributed to the reconstruction
of crystal structure or reformatting chemical bonds of dangling
bonds. The situations for defective phosphorene and defective
silicene are similar to graphene and h-BN, which is due to the
structure reconstruction. Hence introducing defect in phos-
phorene (defect concentration 5 x 10'* cm™2) or silicene (defect
concentration 4 X 1013 cm~2) does not cause a large decrease of
the Young’s modulus, which is favorable for use in lithium bat-
teries, especially as the PFs for the metal anode.*’]

Stiffness of 2D layered materials can be evaluated by critical
strain (the strain at which ideal strength reaches). Equivalent
tensile strains were simultaneously applied in the zigzag and
armchair direction to investigate the critical biaxial strain. Such
ideal strength sets up the upper limit of the material in reality
and can also be applied to many materials in experiments, espe-
cially in the 2D materials.3?*3] It has been commonly believed
that the force is mainly loaded by the in-plane stretching in 2D
layered materials, so such modeling can simulate the limit of
atomic bonds extension inside the materials and is applicable
in studying various kinds of deformations in a micrometer or
larger scale.?>3948] The applied strain is defined as g=2"%

Qo
where a and a, are the lattice constants of strained and stable
materials, respectively. Considering the 2D nature of the simu-
lated material systems, the value of stress force achieved from
simulations should be rescaled by Z/d, (Z is the cell length in
the vacuum space direction and d, is the effective thickness
of the systems),?? in order to avoid the force being artificially
averaged over the entire simulation cell including vacuum
space and get the reasonable stress. Here, the strain—stress
relations of these materials under equibiaxial loading were
calculated and presented in Figure 4, and the value of critical
strain is listed in Table 2. For the materials free from defect, the
critical strains are in the region of 9%-22%. h-BN, graphene,
germanene, and stanene possess relatively large critical strains
among them (20%-22%), which indicates both strong and weak
bonds can own good deformation tolerations. The results for
graphene,* silicene,% or germanenel®! also agree well with
the previous work. Compared with flat and buckling materials,
puckered phosphorene, SnS, and SnSe show strong anisotropic
properties. And all of them possess relatively low critical strain
(considering the weaker direction), which means this series of
materials is weak against the great external tensile. With the
presence of defect, the situation can be quite different, and both
the critical strain and the critical loading force will dramatically
decrease, especially for h-BN and graphene (drop to 6%-12%).
Therefore, the existence of defects can significantly impair the
mechanical properties of these materials and should be avoided
in PFs.

The proximity effect by Li (Na) metal also has a great effect
on the mechanical performance of layered materials because
of the interactions between the PFs and the metals. The study
concentrates on both the Young’s modulus and strain—stress
relation. Due to distinct mechanical properties between PF
and Li (Na) metal, the PF-metal junction model is not quite
reasonable for the mechanical computation, instead, we put
the Li (Na) adatom on one side of PF, with the hollow cov-
erage of 33.33%, to imitate the effect by Li (Na) metal (the
lithiated conformations are exhibited in Figure S11, Supporting
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Figure 4. The strain—stress relations for a) h-BN and defective h-BN, b) graphene and defective graphene, c) phosphorene, defective phosphorene,

SnSe, and SnS, and d) silicene, defective silicene, germanene, and stanene.

Information). The simulated Young’s moduli for lithiated mate-
rials are listed in Table 2. Compared with the pristine layered
materials, the in-plane stiffness of lithiated layered materials
decreases by 1%-8%, demonstrating elastic softening of PF. In
addition, we also estimate the moduli of PF neighboring with
metal in Supporting Information (see Table S4, Supporting
Information), which can further demonstrate this point. The
strain-stress relations of lithiated and sodiated materials are
shown in Figure 5. It can be clearly seen that for all the mate-
rials we choose, the participation of Li (Na) atoms can induce
decrease in both critical strain and critical stress, which means
that at the interface of Li or Na metal, the mechanical perfor-
mance will become poor compared with the pristine materials.
Relatively speaking, the h-BN and phosphorene experience
sharp decrease of stiffness, while silicene experiences a min-
imal change of critical strain. In Figure S12 (Supporting Infor-
mation), we show our simulation result on the dependence of
strain—stress relation on Li concentration. It can be clearly seen
that as the concentration of Li increases, the critical strain and
critical stress decrease accordingly, and the mechanical perfor-
mance grows poorer.

According to the analysis mentioned above, the participation
of metal atoms and the interaction between PFs and metals can
induce the charge transfer from metal atoms into PFs and cause
the reduction in bond strength and the increase in bond length.
Such bond softness is also the reason why lithiated (sodiated)
PF possesses smaller Young’'s modulus and endures less force
or strain compared with pristine ones. For silicene, germanene,
and stanene, not only the bond length but also the buckling
height will dramatically change. As shown in Figure S13a—c
(Supporting Information), the value of buckling height sharply
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drops as the strain grows, in contrast to the gradual change in
pristine PF materials, which means the buckling ring trend to
become relatively flat under strains. In addition, we show the
snapshots (side view) of the pristine and lithiated silicene at dif-
ferent applied tensile stress in Figure S13d (Supporting Infor-
mation). The different variation tendency of buckling heights
for pristine and lithiated system can be seen obviously. This
strain mechanism does not exist in pristine PF materials but is
induced by the participation of Li (Na) atoms. Such difference
can also be seen from the fact that the stress—strain evolutions
for lithiated (sodiated) silicene follow different tendency com-
pared with their pristine counterparts when the strain is larger
than =7%, as shown in Figure 5d-f. For lithiated silicene, the
buckling height even drops to zero, which can provide a large
tolerance for the horizontal extension of lattice. And this is the
reason that the lithiated (sodiated) silicene can bear a similar
strain with pristine material.

4, Discussion

Based on the simulation results above, it can be clearly seen
that many factors can influence the protective effect of PF,
including the defect pattern, crystalline structure, bond length
and bond angle (or the ring size) and the metal proximity
effect. According to the computation results, the introduction
of defect, the increase of bond length and proximity effect
have positive effects on the conductivity of Li* (Na*) ion, which
can induce lower diffusion barrier and higher diffusion rate.
Conversely, all of them can have negative influence on hard-
ness or stiffness of the materials, which is unfavorable for the
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Figure 5. The comparison of strain—stress relations for a) h-BN, lithiated and sodiated h-BN, b) graphene, lithiated and sodiated graphene,
c) phosphorene, lithiated and sodiated phosphorene, d) silicene, lithiated and sodiated silicene, e) germanene, lithiated and sodiated germanene, and

f) stanene, lithiated and sodiated stanene.

suppression of lithium dendrites. Such a restriction makes it
difficult to optimize both the diffusion and mechanical proper-
ties concurrently. Therefore, a balance should be struck between
the considerations of ion conductivity and the stiffness against
the lithium dendrites. From the comparison between different
PF materials, it is suggested that the materials with puckering
structure, such as phosphorene, SnS, and SnSe, are not good
for the Li* (Na*) diffusion, and even worse for the strain proper-
ties, which means that they are not suitable to be used as the
PF materials on the metal surface.

According to our theoretical analysis, the studied effects can
be mainly attributed to the electronic interaction and redistri-
bution inside this material system. For example, the electron
capturing is the essential parameter to determine the barrier
height; the low electronic density around defect can lead to
smaller resistance to Li* (Na*) ion; the charge migration from
metal into PF results in the filling of antibonding state and sof-
tens the covalent bind strength of PF, which is the origination
of metal's proximity effect. Different kinds of PF materials pos-
sess different electronic structure features or bond characteris-
tics. And as a result, distinct Li* (Na*) diffusion behavior and
distinct mechanical properties can be obtained.

Despite the similarity in electronic structure between the ele-
ments of Li and Na, the PF for Li anode, such as defective h-BN
or graphene, may not be suitable for Na anode because the
radius of Na* is much larger than that of Li*, and the diffusion
in these materials is much harder (the barriers we calculated
are larger than 3 eV for two kinds of defective materials), which
could lead to poor ionic conductivity. Therefore, searching for
materials with longer bond length or larger ring size is nec-
essary, at the cost of mechanical strength and the probability
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of corrosion by molecule or polysulfides from the electrolyte
system. According to our simulation, silicene or Si materials
are potentially promising PF for Na metal anode, with relatively
high Na diffusion rate and stiffness stronger than common SEI
films.

5. Conclusion

In summary, we investigated the practicability of h-BN, gra-
phene, silicene, germanene, stanene, phosphorene, SnS, and
SnSe as PFs for lithium or sodium anode by first-principles cal-
culations. Our theoretical calculations indicate that the defect
pattern, crystalline structure, bond length and bond angle
(or the ring size), and metal proximity effect play the key role
on the protective effect of PF from aspects of both the diffu-
sion properties and mechanical performance, and all these
effects can be mainly attributed to the electronic interaction or
redistribution inside the material system. Introducing defect,
increasing the size of hollow ring and the proximity effect can
improve the conductivity of Li* (Na*) ion, but all of them can
have negative influence on hardness or stiffness of the materials
against the suppression of lithium (sodium) dendrite growth.
Therefore, it is important to strike a compromise between the
considerations of ion conductivity and the stiffness against the
lithium dendrites during the search for 2D-layered-structured
materials as protective films. Our results not only provide new
insight into the interaction mechanism between Li* (Na*) ion
and PF materials at the atomic level but also pave the way for
the application of a variety of novel layered materials in metal
anode battery systems.
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Supporting Information is available from the Wiley Online Library or
from the author.
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