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Remarkable Li-ion battery (LIB) anode materials need to have long cycle life and fast charge/discharge
rate, however they are difficult to be realized in the monolayer anode materials. The monolayer B-Bi
has the stiffness of only 33.0 N/m, thus the Bi/G heterostructure is proposed to improve the electronic
and mechanical properties and to produce better LIB anode performance in this paper. The calculated
results show that Bi/G heterostructure has excellent thermodynamic, dynamical and mechanical stability.
The band gap is only 0.04 eV, which ensures remarkable electrical conductivity. In addition, the Bi/G
heterostructure has higher stiffness (369.2 N/m) than that of monolayer $-Bi and graphene. The diffusion
barrier (Epamier) Of 0.32 eV and volume expansion ratio (VER) of only 4% can ensure the rapid transport
of Li* ions in the charge/discharge cycling process and long life of the LIB. These calculated theoretical
results for describing the detail properties of Li storage and diffusion in the Bi/G heterostructure can
supply adequate conclusive evidence for the prediction of remarkable properties of Bi/G heterostructure
as an anode material for LIBs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Human progress and social development cannot be separated
from energy. The traditional energy(coal, oil, natural gas) is not
only increasingly unable to meet the energy requirement of so-
cial development, but also lead to global greenhouse effect. In or-
der to reduce greenhouse gas emissions from energy consumption
and increase energy efficiency, several approaches are being pro-
posed, including how to capture CO, more efficiently and convert
it into other value-added products [1-3]. In addition, to explore
new forms of renewable energy has become particularly urgent
[4]. For example, wind energy, solar energy, electric energy, nu-
clear energy have been widely explored and developed in mod-
ern days. Li-ion battery (LIB) has been gradually become the major
power source supplier basing on three point of advantages: firstly,
high energy density; secondly, long cycle life and no memory ef-
fect; thirdly, friendly to the environment.

As an indispensable part of LIBs, excellent anode materials need
to meet the following conditions: (1) The good thermodynamic
and kinetic stability, which can ensure them to be able to with-
stand certain stress. (2) The suitable average adsorption energy
(E,q) of Li atoms should be ensured to be larger than 1.63 eV,
which is defined as the cohesive energy of bulk Li on the exper-
iment, while the E,; should be also smaller than 3.0 eV [5-6]. (3)
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The formation of lithium dendrite will lead to battery failure and
cause hidden danger of safety [7,8]. When the average open cir-
cuit voltage (OCV) should be fall in the energy range (0-2 V) dur-
ing normal operation, then the Li dendrites formation will be well
avoided [9,10]. (4) The smaller volume expansion ratio (VER) (<
25%) can prevent the battery capacity from rapid degradation in
the process of charging/discharging cycle, so that the battery has a
longer cycle life [11,12].

In the develop history of LIB anode, graphite was used at the
earliest time and has been successfully applied in commercial ap-
plication recently. However, graphite anode has a low Li storage
capacity (372 mAh/g) and poor cycling stability [13]. Although the
Li storage capacity could be increased through alternative doping
with light elements, it is rather difficult to be controlled by the
experimental method. Later, pure metal alloy anodes appeared and
usually had large Li storage capacities (Sb: 660 mAh/g [14], Si:
3580 mAh/g [15], Bi: 3800 mAh/g [16]), but the appeared large
VER after plentiful Li atoms inserting and escaping (Sn: 260% [11],
Si: 323% [15], Bi: 215% [11]) seriously reduce the cycle life of bat-
tery. Recently, two-dimensional (2D) nanomaterials have large sur-
face area and good mechanical properties, so that they can with-
stand the stress in the process of deintercalation of Li without
large deformation, which can increase the charge/discharge cycle
life of battery, while the controllability of interlayer space can in-
crease the capacity of Li storage [17]. As early in 2016, Zhang et al.
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have proposed that 8-Bi was the most stable phase of bismuthene
[18]. Monolayer B-Bi has a narrower band gap (0.48 eV) than
that of many other 2D monolayer nanomaterials, such as mono-
layer arsenene (1.94 eV) [19], monolayer ZrS, (1.63 eV) [20], B-
antimonene (3-Sb) monolayer (1.24 eV) [21]. Most importantly, the
monolayer 2D-Bi has been researched by Muhammad et al. that it
had many advantages concluding small OCV, low diffusion energy
barrier (Ep,ier) for the Lit ion, large Li storage capacity, thus, it
will be a well LIB candidate [22].

In the actual LIB application, the practical anode material
must be bulk material or multilayer 2D material, the choice of
above material maybe due to the reason that they can effec-
tively slow down the VER to the largest level during the lithi-
ation/delithiation cycle course and effectively improve the cycle
life of LIBs to the longest [16]. Therefore, the study of multi-
layer structures as anode materials for LIBs attracts our atten-
tion. For example, it has been reported that in 2017 Su et al
have found that Bi@graphene nanocomposite was an effective an-
ode material for Na-ion battery (NIB) [23]. As well known, among
the multilayer structures, the van der Waals (vdW) heterostructure
is one concerned kind of multilayer structure made up of differ-
ent monolayers [24,25]. The heterostructure can combine the ad-
vantages of monolayer materials, while the disadvantages of ma-
terials can be eliminated. Recently, many different kinds of het-
erostructures have been proposed by researchers, such as phos-
phorene/grapheme [26], graphene/antimonene [27], graphene/WS,
[28]. On the experiment, the B-bismuthene/grapheme (Bi/G) het-
erostructure has shown good performance as the anode material of
NIB [29]. Therefore, we consider combining monolayer §-Bi with
graphene, thus obtain a Bi/G heterostructure, which can be ex-
pected to be the anode material for LIBs.

Whether the Bi/G heterostructure is suitable for LIB anode ma-
terial? Due to the excellent mechanical and electrical properties of
graphene, many researchers have started to construct heterostruc-
ture containing graphene, which can enhance the cycle life and en-
ergy storage capacity [30]. As early in 2017, F. Reis et al. have pro-
posed that monolayer bismuthene can be grown on a silicon sub-
strate [31]. Hence, in this paper, we confirm Bi/G heterostructure
has excellent thermodynamic, dynamical and mechanical stability.
The band gap is only 0.04 eV, which ensures the higher electrical
conductivity. In addition, the Bi/G heterostructure has higher stiff-
ness (369.2 N/m) than monolayer B-Bi and graphene (343.3 N/m).
The Ep,rier Of 0.32 eV and VER of 4% can ensure the rapid trans-
port of Li* ions in the charge/discharge cycle and long cycle life of
LIB. We believe that this research will accelerate the experimental
preparation and future development of LIB anode materials.

This paper use the Vienna ab initio simulation package (VASP)
software [32,33]. Device Studio [34] program provides a number
of functions for performing visualization, modeling and simulation.
And simulation using VASP software integrated in Device Studio
program. The Perdew-Burke-Ernzerhof (PBE) [35] functional basing
on polarization generalized gradient approximation(GGA) is used
[36,37]. The van der Waals interaction between layers still has an
influence on the surface adsorption [35], so we adopt the DFT-
D method proposed by Grimme to conduct dispersion correction
[38]. The kinetic cutoff energy is set to be 500 eV. A perpendicu-
lar vacuum layer of 30 A can eliminate the interlayer action. The
k-point grid is in the Brillouin zone is 5 x 5 x 1. The 10~6 eV and
0.01 eV/A are separately the total energy convergence criterion and
force convergence criterion.

The 2D monolayer B-Sb is calculated to verify the accuracy
of above described method. The Sh-Sb bond length is calculated
as 2.89 A and similar to previous 2.87 A [39]. The cohesive en-
ergy(the energy needed to isolate all the atoms inside a structure)
of —4.24 eV/atom is similar to reported —4.26 eV/atom [39]. Obvi-
ously, the calculation method in this paper should be reliable.
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For monolayer 8-Bi and graphene, the optimized in-plane lat-
tice constants are 4.20 A and 2.47 A respectively, which are very
close to previous reported 4.26 A [40] and 2.46 A [41]. Monolayer
B-Sb, B-Bi and graphene configurations are shown in Fig. S1 (Sup-
porting information) and Table S1 (Supporting information). On the
experiment, due to the existing influence of temperature and pres-
sure, when two monolayer structures are stacked up, the mismatch
problem must happen. Therefore, researchers must measure the
mismatch ratio during the construction of heterostructures [42,43].
In fact, the smaller mismatch ratio, the more favorable growth of
heterostructures. Usually the mismatch ratio should be ensured to
be less than 5% [44,45]. After trying construct many different styles
of grapheme and B-Bi, we find the smallest mismatch ratio of 1.8%
appears for the heterostructure combined by the +/3 x +/3 super-
cell of graphene and 1 x 1 supercell of monolayer 8-Bi (atomic
number ratio is 3/1), 2 x 2 supercell are performed again on the
constituted heterostructure, and the lattice constant after supercell
is finally obtained a = b = 8.53 A as shown in Fig. 1a. By calcu-
lating the energy for the Bi/G heterostructure with the interlayer
space in the range from 3 A to 4 A, it is found in Fig. 1b that when
the interlayer distance of above configurations is 3.36 A, it has the
lowest energy, which is as same as that of the optimized structure.

In the Bi/G heterostructure, compared with the original mono-
layer, the interlayer weak vdW interaction should not be negligible,
thus, in practical application, the energy under the strain should be
considered [46,47]. In the heterostructure, the strain on monolayer
B-Bi and graphene is 3.2% and —0.6% respectively. The formation
energy (Eppm) is the energy released/absorbed by two monolayers
to form a heterostructure. The stability of Bi/G heterostructure can
be determined by calculating the Egy,,, as follows [48]:

(1)

where, Egrained B-Bir Estrained graphene and EBi/G are the total energy of
strained monolayer 3-Bi, strained graphene, and Bi/G heterostruc-
ture, the supercell area is defined as A. The positive Eg,,, indi-
cates the exothermic and spontaneous formation process of het-
erostructure, which explores that the Bi/G heterostructure can be
synthesized experimentally [49]. It is calculated that the Eg,., of
Bi/G heterostructure is 22.1 meV/A2, which is larger than the inter-
layer binding energy and exfoliation energy of most materials (13-
21 meV/A2) [50], such as G/WS, (20.0 meV/A2) [28], G/Sb (18.7
meV/A2) [27] and so on, indicating Bi/G heterostructure can be
easily synthesized.

Average binding energy (E,) per C atom can be used to analyze
the stability of the graphene based heterostructure. Positive value
indicates the stability of structure and explores its exothermal syn-
thesis [51]. To further judge the stability of Bi/G heterostructure,
we calculate Ej, as follows [28]:

Eform = (Estruined B-Bi + Estrained graphene — EB[/G)/A

(2)

where, N is the number of carbon atoms. Positive E}, indicates that
the atomic binding process of heterostructure is exothermic and
spontaneous. It is calculated that the E,, of Bi/G heterostructure is
57.9 meV, which is higher than that of many other heterostruc-
tures, such as G/MoS, (23 meV) [52], G/WS, (51.8 meV) [28]. Ob-
viously, the larger value of >E;, the more stable of the structure,
hence the Bi/G heterostructure should be very stable.

As the anode material of LIBs, the dynamical stability is essen-
tial. We can prove that the Bi/G heterostructure should be dynam-
ical stable by the fact that the phonon spectrum [53] shown in
Fig. 2a has no virtual frequency. This figure combines the phonon
spectrum characteristics of grapheme [54] and monolayer S3-Bi.
Therefore, the Bi/G heterostructure is kinetically stable.

The thermodynamic stability of Bi/G heterostructure can further
be verified by the ab initio molecular dynamics (AIMD) simulation
[33]. The temperature is set as 300 K. The total simulation time

Eb = (Estrainecl B—Bi + Estrained graphene — EBi/G)/N
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Fig. 1. (a) Top view and (b) side view and interlayer distances for Bi/G heterostructure.

Fig. 2. (a) The phonon spectra, (b) variation of free energy over 25 ps during AIMD at 300 K and (c) the C, of Bi/G heterostructure.

of free energy evolution is 25 ps, and 1 fs time step in the evolu-
tion process is carried. Obviously, as shown in Fig. 2b, the image
shows that the structure of Bi/G heterostructure is still intact after
25 ps, and the energy tends to be flat, so it proves that the Bi/G
heterostructure is thermodynamic stable. Therefore, we can also
prove that a multilayer heterostructure composed of stable mono-
layer structures should be also stable, such as graphene/WS, [28],
graphene/antimonene [27].

The Cy is the heat capacity per mole constant volume of atoms,
which can further analyze the structural thermodynamic stability
[55]. The Gy, of Bi/G heterostructure is calculated as follows [56]:

hw(qv))2 exp(hw(qv)/kgT

(3)
2
o e -1

G = qu kg (

where, the Boltzmann constant (kg) and Planck constant (%) are
used. w, q, v and T are frequency, wave vector, band index and
temperature respectively. As shown in Fig. 2c, with the increase of
temperature, the value of G, gradually tends to be flat, which indi-
cates that Bi/G heterostructure has certain thermodynamic stabil-
ity and also be consistent with the AIMD calculation above, further
demonstrates its feasibility as anode material for LIBs.

Generally, during the process of Li embedding/de-embedding in
the battery, the surface of the material will be squeezed and de-
formed, which will reduce the cycling stability and service life of
LIB. It is essential that the anode material should have excellent
deformation resistance ability. Therefore, by calculating the elastic
constant (Cj;) and Young's modulus (Y) of material, we can analyze
the mechanical stability of the material and judge whether it is
suitable for the LIB anode materials [57]. As well known, to mea-
sure the elastic constant Cjj on the experiment is usually difficult,
thus the Cj value only be calculated by the theoretical method.
The thickness of the 2D material can be ignored, and the force will
keep same along the thickness direction and is parallel to the sur-
face. In the entire thin plane, three plane stress components o,
Tyz, Txz at all points are all equal to zero, leaving ox, oy and Ty
three plane stress components, hence the following 6 x 6 matrix
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for testing the elastic coefficient can be simplified as 3 x 3:

o Ch GCo Gs3 Gg GCs GCg|[ &
oy Ci G Gz Gs Gs G || &
o, G Gy Gz Gy Gs Gg || e
Ty | |Ca G Gz CGu Gs G || Yy
Tyz G Gy Gz Gag Gs G || W (4)
Tx G G2 Gz Coa Gos  Coo Lyax
Oy Ch G2 O Ex
= |0y |= Cy Cyy 0 X | &
Txy 0 0 Cas Vxy

Based on the symmetry of the geometric structure, the formula of
elastic coefficient matrix can be simplified as follows [49]:

) Ci Cp O
Gj= [ac;(;])] =|C2 G O (5)
! e=0 0 0 C44

where, C;; and C,, in the matrix respectively represent the corre-
sponding stiffness of 2D structure when the uniaxial tensile strain
is along the x and y directions [58]. C;; and C44 respectively rep-
resent the ability of structure to resist external biaxial strain and
the resistance to deformation under in-plane shear strain. In the
symmetric elastic coefficient matrix, Ci; = Cyq, Ci1 = Gy [49].
The Y can be calculated as follows [55]:

_ (Clzl _Clzl) (6)

Cn

The C;; and C;; should meet criteria (1) C;; > |Cq2] and (2)
Ci1> 0 [59,60]. It can be seen from Table 1 that the monolayer
B-Bi, graphene and Bi/G heterostructure are all mechanically sta-
ble. According to the calculated results in Table 1, they are all
mechanically stable, and the elastic constant of Bi/G heterostruc-
ture (369.2 N/m) is much greater than that of monolayer B-Bi
(33.0 N/m) and graphene (343.3 N/m). This shows that the weak
interaction between monolayer 8-Bi and graphene increases the
elastic constant of Bi/G heterostructure. To verify the correctness of
calculated results, we compare the calculated Y of monolayer S-Bi
and graphene with previous results, and find they are very close

Y
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Table 1.
The C; and Y of monolayer B-Bi, graphene, and Bi/G heterostructure.
System Cn Cy Ci Y (N/m)
B-Bi 34.7 34,7 7.7 33.0
26.3 [61]
Graphene 354.1 354.1 61.7 343.3
352.7 352.7 60.9 342.2 [62]
340 + 50 [63]
Bi/G 384.3 384.3 76.1 369.2

to previous reported values (26.3 N/m and 342.2 N/m) [61,62],
and are also within the error range of experimental value (340 +
50 N/m) [63]. The Y of Bi/G heterostructure is larger than that of
many structures, such as Ge (41.4 N/m) [64], Si (60.6 N/m) [62],
BP (23.2 N/m) [49], and Ti,C (130 N/m) [65]. Therefore, the Bi/G
heterostructure has high mechanical stability and can resist to the
deformation brought by the inserting and escaping of external nu-
merous Li atoms.

Electronic conductivity is one of the important criteria to judge
whether a material is suitable for the anode materials of LIBs. In
many reported references, the electrical conductivity of the consid-
ered material is judged mainly by the band gap of energy bands.
For example, G/MoS, has a narrower band gap and higher con-
ductivity than that of MoS, [30]. Cu,0 gradually increases elec-
tronic conductivity as the band gap narrows [66]. The semiconduc-
tor PbS with the narrow band gap is combined with CeO,, which
can further decrease the band gap and enhance electrical conduc-
tivity [67]. Band gaps of La and Pb doped SrSnO3 are narrowed and
their electrical conductivity are enhanced [68]. In order to study
the electronic properties of heterostructures, we calculate the en-
ergy bands of monolayer $-Bi, graphene and Bi/G heterostructure
and show them in Fig. S2 (Supporting information). The monolayer
B-Bi has a direct band gap of 0.48 eV, so it should be a semicon-
ductor. The graphene has a zero band gap, indicating its metallic
property, which is consistent with previous studies [69]. The band
gap of Bi/G heterostructure is only 0.04 eV, indicating that the in-
troduction of graphene can reduce the band gap of heterostructure
and effectively improve the electrical conductivity.

Based on above analysis of dynamic stability, thermodynamic
stability, mechanical stability and ideal electrical conductivity of
Bi/G heterostructure, we can preliminarily prove that Bi/G het-
erostructure has the potential to be used as anode material for LIB.

Li atoms are usually adsorbed on the surface of 2D materials,
and the strength of adsorption can be reflected by adsorption en-
ergy (E,q)- The larger E,q is, the stronger adsorption strengthen of
Li atoms on the surface will be. The ideal E.q4 should be between
1.63 eV~3.0 eV [5,6]. The E,4 of Li atom is a very important in-
dex for the anode materials of LIBs. In fact, Li atom can be lo-
cated above grapheme (Li/G/Bi), between graphene and B-Bi layer
(G/Li/Bi), and below B-Bi layer (G/Bi/Li). It is well known that the
site above the six-member ring center of graphene should be the
most stable for adsorbed atom [70], and many different possible
adsorption sites for external atom on monolayer B-Bi have also
been discussed [22]. Therefore, as shown in Fig. S3 (Supporting in-
formation), there are seven adsorption sites for the Li atom in Bi/G
heterostructure, that is, site A; is above the center of 6-Bi ring and
6-C ring, site B; is above the center of 6-C ring and above concave
Bi atom, site C; is above the center of 6-C ring and the bulge Bi
atom, site A, is below the center of 6-C ring and above the center
of the 6-Bi ring, site B, is below the center of the 6-C ring and
above the concave Bi atom, site A3 is below the center of 6-Bi ring
and 6-C ring, site B3 is below the center of 6-C ring and below
bulge Bi atom.
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The following formula is carried to calculate the E,4 for the Li
in Bi/G heterostructure [71]:

(7)

where, the energy of isolated Li is defined as Ej;, which is applied
for calculating the E,; of Li™ ion in many reported calculations
[21-22,72]. The greater positive E,q indicates that Li atom can be
adsorbed on Bi/G heterostructure more stably. The E,4 of one Li
in the Bi/G heterostructure are 1.72 eV (site A;), 1.72 eV (site B;),
1.71 eV (site C;), 2.62 eV (site Ay), 2.80 eV (site By), 2.24 eV (site
A3), and 2.17 eV (site B3), separately. Therefore, the most stable
position for Li atom should be between two monolayers, which
is caused by the interaction between layers of the heterostructure
[73], and as same as that of the Li atom on G/WS, [28] and G/Sb
[27]. The E,4 of one Li atom at site B, is larger than that on mono-
layer B-Bi (2.70 eV) [22] and graphene (1.69 eV) [74], which in-
dicates that the Bi/G heterostructure for adsorption of Li atom at
site B, has remarkable stability. The E.4s at seven sites are all in
the range of 1.63-3.0 eV [5,6], indicating the possibility of the Bi/G
heterostructure applied for suitable LIB anode material. Due to the
synergistic effect, Bi/G heterostructure can effectively enhance the
adsorption strength of Li atoms. In addition, Li atoms are more
likely to be inserted between layers of Bi/G heterostructure, rather
than on top of graphene or under monolayer 8-Bi, and the abil-
ity to insert atoms directly into layers of heterostructure has been
demonstrated experimentally [75,76].

One performance indicator of LIBs is the charge/discharge rate,
and the Ep,er Of the Lit ion will have a direct impact on it. The
Epamier for Li* ion along all possible diffusion paths in Bi/G het-
erostructure have been calculated. The nudged-elastic-band (NEB)
method is used to verify the Ep,.e Of one Lit ion between
two adjacent adsorption sites in the Bi/G heterostructure, and the
minimum-energy-paths (MEP) is used to verify the Ep,ier [77]- As
we know, the energy required for the vertical diffusion of ions
through the layers is much higher than that for the parallel dif-
fusion between layers, so we only discuss the parallel diffusion
path between layers for the Li* ion here [31]. Combined with the
structural characteristic of Bi/G heterostructure, we calculate the
Epamiers Of Lit ions along ten parallel diffusion paths, that is, Path
1: B1—>A1—>C1, Path 2: Bz—)Az—)Bz, Path 3: B3—>A3—>B3, Path 4:
A]—)A], Path 5: B]—)B], Path 6: C]—)C], Path 7: A2—>A2, Path 8:
B,—B,, Path 9: A;—As, Path 10: B3—Bs. Among them, paths 1, 4,
5, 6 are above the graphene layer, paths 2, 7, 8 are in the mid-
dle of Bi/G heterostrature, and paths 3, 9, 10 are below the B-Bi
layer. Finally three kinds of lowest parallel diffusion paths (Path
1: Bj—A;—~(, Path 2: B,—A,—B,, Path 3: B3—A3—B3) between
each layer are selected.

The Epaier Of one Lit ion diffusion in a certain path in Bi/G
heterostructure can be gotten follow the formula [78]:

Ead = ELi + Esubstrate - Etotal

(8)

here, the energy of the transitional state (Ets) and most stable state
(Ess) for one Li atom adsorbed Bi/G heterostructure are introduced.
All diffusion paths and the Ey, e for the Lit ion are shown in
Figs. 3a-c. It is clear that the Ey,e; of the Lit ion diffusion along
path 3 is the lowest (0.32 eV), while that of the Li* ion diffusion
along path 1 and path 2 are 0.38/0.37 eV and 0.41 eV, respectively.
Obviously, the minimum Ep e, Of the Lit ion in the Bi/G het-
erostructure is smaller than that of many other monolayer anode
materials, such as Ti3C,(OH), (1.02 eV) [79], InP5 (0.73 eV) [80],
SnS, (0.69 eV) [81] and so on. Therefore, Bi/G heterostructure can
ensure the fast charge/discharge rate for the anode material of LIB.

The excellent diffusion property of Li™ ion in the Bi/G het-
erostructure can be further verified by calculating the diffusion co-
efficient (D), which can be obtained by calculating the following

Eparrier = Ets — Ess
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Fig. 3. Top view and side view of three diffusion paths; E,er Of one Li atom along (a) path 1 on graphene, (b) path 2 in the interlayer of Bi/G heterostructure and (c) path

3 below the $-Bi layer.

formula [82]:

Ebarrier

T ) (9)

where, k is the Boltzman constant and T presents the temperature.
It can be calculated that the diffusion coefficient of Li* ion in the
Bi/G heterostructure is about 106/107 times faster than that for the
Li* ion in the SnS,/InP; heterostructure at 300 K [80,81].

The interaction mechanism between Li and Bi/G heterostructure
is studied by analyzing the PDOS of one Li atom adsorbed Bi/G het-
erostructure, which is shown in Fig. S4 (Supporting information).
By the Lorentzian extension of discrete energy levels, the weight
of PDOS is given by the sum of orbital population for the energy
levels. In the figure, the black dotted line at 0 eV is Fermi energy
(E¢). The PDOS of Bi/G heterostructure mainly distributes between
—14 eV and 4 eV, and that of Bi(s), Bi(p) and C(p) orbitals show
continuous distribution. It is mainly reflected that the PDOS of
Bi(s) is mainly from —13 eV to —8 eV, that of Bi(p) distribute from
—4 eV to 4 eV, and that of C(p) starts from —14 eV to 5 eV Com-
pared with the system without adsorbing a Li atom, the PDOS shift
significantly from right to left after adsorption of Li, indicating the
metallic system is formed. In the range from —4 eV to 3 eV, the or-
bital of Li(s) overlaps with that of Bi(p) obviously, which indicates
that there is a certain hybridization between them. According to
the peak height of the PDOS for Li(s) orbital in the hybridization
energy range occupied by electrons below Eg, the hybridization ef-
fect of Li atom in G/Li/Bi structure and G/Bi/Li structure are signif-
icantly greater than that of Li/G/Bi structure. Combined with the
PDOS area distribution of Li(s) orbital, it can be known that the
hybridization effect of G/Li/Bi structure is the most obvious. There-
fore, the hybridization strengthen between Li atom and Bi/G het-
erostructure is arranged in the order of G/Li/Bi > G/Bi/Li > Li/G/Bi,
which is consistent with the E,4 of Li atom at different positions
in Bi/G heterostructure.

The adsorption of multilayer Li atoms in Bi/G heterostructure is
calculated, we use the following formula to calculate the average
adsorption energy for each layer Li atoms (E,4(n)) [71]:

D ~ exp(

Eqqa () = (Epij+n-1y1i + MEL — Ei/Gn1i) /14 (10)

where, n represent the adsorbed total Li atom number, y indicates
the Li atom in the corresponding n® layer, respectively. According
to calculated E,4 for the isolated Li atom, in the Bi/G heterostruc-
ture, the first Li layer atoms should be adsorbed at the most sta-
ble B, site. When locating the second layer Li atoms, they should
be located at site A, according to the second largest E,4. However,
because the Bi/G heterostructure has the interlayer spacing of only
3.36 A, which is not big enough to accommodate the second layer
of Li atoms in the vertical interlayer space. In order to accommo-
date more layers of Li atoms as stably as possible, after the try-
ing of locating second layer Li atoms at any sites above the upper
layer and below the low layer, site B3 below the 8-Bi layer are ul-
timately most stable for the adsorbed Li atoms in the optimized
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structure, where can support comfortable space for Li atoms. The
optimized structure of four Li layers adsorbed Bi/G heterostructure
is shown in Fig. 4a. As for the third layer Li atoms, by optimizing
the structure with Li atoms at different positions above the up-
per layer and below the lower layer, many structures are seriously
destroyed, only the site C; above the graphene are stable for the
third Li layer adsorption. Then, for the fourth layer of Li atoms, the
stable adsorption site X (below the most stable adsorption site B,)
is finally selected known from many optimized structures with Li
atoms at different sites above the upper layer and below the lower
layer. The E,4(n) of first to fourth Li layer in the Bi/G heterostruc-
ture are calculated as 2.64, 2.23, 1.70, 1.86 eV respectively, which
fall in the experimental cohesive energy range of bulk Li (1.63-
3.0 eV).

The OCV is an important property of anode materials for LIBs.
Usually, a smallest OCV for anodes in LIBs can get a maximum
voltage [71,83]. The OCV of Bi/G heterostructure is calculated as
follows [10]:

(11)

where, n and e are the adsorbed Li atom number and charge of
an electron respectively. Obviously, as the number of adsorbed Li
atoms gradually increases, the value of OCV is gradually decreas-
ing, as shown in Fig. 4b. When the value of OCV decreases to 0 V,
Bi/G heterostructure reaches the maximum theoretical Li storage
capacity. When adsorbing fourth layers of Li atoms, the OCV value
is 0.08 V. Thus, introducing more Li atoms will turn the OCV value
to negative, and the lowest OCV value is 0.08 V. The correspond-
ing average OCV value is 0.32 V, which meets the requirement (0-
0.8 V) and can effectively prevent the formation of dendrite [84].
Obviously, the OCV of Bi/G heterostructure is lower than that of
many other structures, such as graphdiyne (0.64 V) [85], monolayer
MoC (0.63 V) [86] and monolayer InP3 (0.53 V) [80], which indi-
cates that Bi/G heterostructure can make the battery have higher
efficiency and become a suitable choice for LIB anode.

More 2D materials are used as anode materials for LIBs. One
reason is that the VER of pure alloy materials will be too high,
which will reduce the service life of LIBs. The VER can effectively
measure the service life of LIBs. The smaller VER means the smaller
deformation of structure in the charge/discharge process, thus im-
proving the cycle life of LIBs. The maximum VER of Bi/G het-
erostructure is only 4%, which is far lower than the 25% setted
by the experiment researchers [87] and that of the Bi alloy (215%)
[11], indicating that Bi/G heterostructure should be a very suitable
anode material for LIBs.

The maximum theoretical Li storage capacity of Bi/G het-
erostructure is calculated as follows [88]:

C = nvF10®/M¢ (12)

M. is the molar weight of Bi/G heterostructure, and v is the Li
valency. The Faraday constant F is 26.801 Ah/mol [88]. Compared
with some lightweight materials, Bi/G heterostructure has a very

OCV = (Egi; + NEpcc_1i — Epijg1nii) /ne
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Fig. 4. (a) Side view of Bi/G heterostructure with four-layer Li atoms. (b) The OCV of Bi/G-xLi (x = 1-4) and Bi/G-4n Li (n = 1-4).

heavy relative atomic mass, so the largest theoretical Li storage ca-
pacity of BiCsLi; is 218.69 mAh/g, but significantly reduces the VER
and increases the cycle life. Therefore, many monolayer metal ma-
terials have been used as anode materials for LIBs, such as GeS
(256 mAh/g) [89], InP3 (258.1 mAh/g) [80] and SnS, (293 mAh/g)
[81].

The adsorption characteristics can be further studied by calcu-
lating the electron localization function (ELF) on plane (110). Fig.
S5 (Supporting information) shows the Bi/G heterostructure with
the adsorption of one to four layers Li atoms. It can be seen from
the figure that when the first Li layer is adsorbed, the electrons
around Li atoms have a large negative electron cloud, which can
provide a good environment for the adsorption of Li atoms. After
four layers of Li atoms are adsorbed, it can be seen that the elec-
tron density in the outermost layer is very high, showing orange or
even red, which means that it can no longer continue to adsorb Li
atoms. This is consistent with previous calculated E,4(n) and OCV.

In conclusion, the 0.04 eV band gap of the Bi/G heterostructure
is much narrower than that of monolayer 8-Bi (0.48 eV), indicat-
ing that the Bi/G heterostructure has higher electrical conductiv-
ity, which can provide faster electron transport rate for the lithia-
tion/delithiation process of the battery. Compared with the mono-
layer B-Bi, the Bi/G heterostructure has higher E,4 for Li atom.
The low Ep,ier (0.32 eV) makes it possible for Li* ion to diffuse
rapidly during charge/discharge course. The stiffness of Bi/G het-
erostructure is 369.2 N/m, while the maximum VER after maxi-
mum Li atoms adsorption is only 4%, which makes the LIB more
stabler and longer cycle life. Considering that the Bi/G heterostruc-
ture has higher electronic conductivity, stronger adsorption capac-
ity of Li atom, lower Ep, ., for the Li* ion, better stability and
smaller VER, which shows that it is a very suitable anode mate-
rial for LIBs.
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