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Two-dimensional (2D) materials are showing promising potential in the energy storage applica-
tions such as being as electrodes of metal-ion batteries. Here, we explore the possibility of 2D
stanene as anode material in the Na-ion battery using first-principles calculations, and particu-
larly elucidate the role of a nanomesh structure in improving the battery performance. Our results
show that the 2D stanene tends to form nanohole defects that consist of six Sn vacancies in a
hexagonal ring, and the hydrogen passivation on the edge of the nanohole can further lower the
formation energy. On the basis of this finding, we model nanohole-patterned stanene nanomesh
(SnNM) structure and evaluate its performance as an anode material in the Na-ion battery. It is
found that the nanohole defects in the 2D stanene can increase Na binding intensity and lower
Na diffusion energy barrier as low as 0.15 eV. A denser SnNM is expected to further improve
battery performance because of larger capacity, lower Na diffusion energy barrier, and resulting
faster charge-discharge rate. This work shows that a nanomesh structure in the 2D material is
beneficial to enhance the performance of metal-ion battery.

1 INTRODUCTION
Sodium-ion batteries (NIBs) have attracted increasing interests as
promising alternatives for lithium-ion batteries because of their
low cost and the earth abundance of sodium (Na).1–3 However,
the development of electrode materials, especially anode mate-
rials, for NIBs is still a challenge. This is because Na has a
larger ionic radius than Li and thus its diffusion rate is gener-
ally slow with respect to Li, which make it hard to incorporate
with the commercial anode materials such as graphite.4–6 There-
fore, it is necessary to search for safe, abundant, and robust ma-
terials for NIB anodes. As a promising class of anode materials,
two-dimensional (2D) materials have attracted wide attention be-
cause their unique layered morphology enables large-area metal-
ions adsorption and fast ion diffusion.7–9 For instance, 2D layered
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MoS2 has been explored as one anode material for NIBs, with a
maximum theoretical capacity of 146 mAh/g and a diffusion bar-
rier of 0.28 (0.68) eV for 1T (2H) phase of MoS2.10 By using
phosphorene as an anode for NIBs, Kulish et al.11 has achieved
a theoretical capacity of 865 and 433 mAh/g for the NIBs with
double- and single-side Na adsorption models, respectively. Be-
sides, several other 2D materials such as phosphorene-like SiS
and SiSe,12 Ca2N,13 and silicene14 have also been widely stud-
ied as possible anode materials for NIBs.

Atomic defects such as vacancies often exist in 2D materials,15

and these vacancy defects can form porous or nanomesh struc-
tures.16,17 One feature of porous or/and nanomesh structures is
to enhance functionalities of 2D materials in practical applica-
tions such as field-effect transistors,16,18 gas sensors or biosen-
sors,19,20 and energy storage including gas storage,21 superca-
pacitors,22 and lithium-ion batteries (LIBs).23 As for LIBs, one
advantage of porous or/and nanomesh structure is to improve
the capacity and performance of LIBs. For instance, Fan et al. re-
ported that porous graphene can not only provide more edges for
enhancing Li+ storage and thus improve the reversible capacity
to 1723 mAh/g but also reduce diffusion resistance and diffusion
distance.24 In a later experimental study, Ren et al.25 introduced
pores into 2D transition metal carbide (MXene) Ti3C2Tx using a
chemical etching method, and reported that the porous Ti3C2Tx

films have a much higher Li ion storage capability of LIBs with
respect to pristine Ti3C2Tx based films, with a high capacity 1250
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mAh/g, excellent cycling stability, and good rate performance.
On the basis of these findings, one may speculate the porous or
nanomesh structures of the 2D materials can also be effective to
improve performance of NIBs.

Recently, stanene, a single layer structure consisting of Sn
atoms in a manner like graphene, has drawn particular inter-
ests due to its exceptional electronic properties, such as quan-
tum spin Hall state,26 enhanced thermoelectricity,27 topological
superconductivity,28,29 and the near-room-quantum anomalous
Hall effect.30 Moreover, stanene can be fabricated either as a
free-standing structure31 or on a substrate,32 which further pro-
motes computational studies of strain effects on the mechanical,
electronic, and optical properties of stanene.33–35 Since stanene
shares a similar layer structure with the graphene, one may hy-
pothesize that 2D stanene can also serve as an anode material for
metal-ion batteries.36 Actually, bulk Sn metal as anode material
has been explored in a recent experiment though it suffers from
poor cycling stability.37 However, the stanene nanomesh (SnNM)
structure has not been investigated as anode material for NIBs.

In this work, by using first-principles calculations, we explored
the possibility of 2D stanene and SnNM as anode materials in the
NIBs and studied the influence of patterned nanoholes on the Na
binding energy, Na adsorption intensity, and Na diffusion energy
barrier. Our calculations indicate that a nanomesh structure in
the 2D stanene can enhance the performance of NIBs by increas-
ing Na adsorption intensity and decreasing Na diffusion energy
barrier. We organize this article as below. First, we studied the
formation of nanohole in stanene, which results from the recon-
struction of vacancies. Then, we investigated the behaviors of
Na adsorption on pristine stanene, stanene with nonohole and
SnNM. At last, we evaluated the performance of SnNM as an an-
ode material for NIBs in the aspects of open-circuit voltage, theo-
retical capacity and Na diffusion process.

2 COMPUTATIONAL DETAILS
Our first-principles calculations were performed using Vienna Ab
initio Simulation Package (VASP).38 The projected augmented
wave (PAW) potentials were used to treat the interactions be-
tween core electrons and valence electrons.39 The electron
exchange-correlation functional was described by the Perdew-
Burke-Ernzerhof (PBE) within the generalized gradient approx-
imation (GGA).40 The c-parameter of each unit cell along the
z-direction was maintained at 20 Å to eliminate the interaction
between periodic images of slabs. The plane-wave energy cutoff
was set to be 300 eV. The convergence criterion for a total en-
ergy was set as 10−5 eV. All the atomic positions and lattice struc-
tures were fully relaxed with the threshold of a maximum force of
10−2 eV/Å. The Gamma-centered k-points mesh with Monkhorst-
Pack scheme from 11×11×1 to 5×5×1 was employed,41 with a
k-point separation smaller than 0.01 Å−1 in the Brillouin zone for
all considered models. The amount of charge transfer between Na
atom and stanene nanomesh was calculated using Bader code.42

To study Na diffusion kinetics, we calculated Na diffusion en-
ergy barriers using climbing image nudged elastic band (CI-NEB)
method.43 The CI-NEB is an efficient method to determine the
minimum energy path and saddle points between a given initial

and final position.44,45 In our CI-NEB calculations, the start and
end points of the structures were fully optimized, and three in-
termediate images were linearly interpolated. The lowest energy
configuration was searched along the reaction path based on each
image. The CI-NEB calculations were performed with 10×10×1,
6×6×1 and 5×5×1 Monkhorst-Pack k-points meshes and a con-
vergence criterion of 10−2 eV/Å in force.

3 RESULTS AND DISCUSSION
3.1 Structural Reconstruction of Vacancies
Vacancy defects often exist in the two-dimensional materials such
as graphene and silicene.46,47 Here we started by studying struc-
tural reconstruction of vacancies in the monolayer stanene. The
vacancy defects are built by removing n (n = 1-6) Sn atoms from
a hexagonal ring in a 96-atom rectangular supercell. For conve-
nience, these defected structures with Sn vacancies are defined
as VSnn. For example, at n = 6, a hexagonal nanohole will be
formed. The relaxed structures are shown in Fig. 1. The calcu-
lated lattice parameters, deformation parameters, and formation
energies are shown in Table 1. For the pristine stanene, the lat-
tice constants are a0 = 32.325 Å and b0 = 28.080 Å. For stanene
with Sn vacancy defects, after structural relaxation, the lattice
constants of the supercell decrease, leading to a compressive de-
formation along the armchair and zigzag directions. To evaluate
deformation degree of stanene, we defined deformation param-
eters along armchair and zigzag directions using the equations:
∆a = (a− a0)/a0 and ∆b = (b− b0)/b0, respectively, in which a0

and b0 are the lattice constants of pristine stanene. Our results
show that VSn6 has the most uniform structure with the small-
est deformation among all the defected structures. VSn6 is also
most similar to pristine stanene, as shown from their side views
in Fig. 1a’ and 1g’. At n=1, one single Sn vacancy can cause
a distortion of stanene’s hexagonal arrangement as show in Fig.
1(b). At n>2, after relaxation, there is a significant structural re-
construction around the vacancy, forming a nanohole. For exam-
ple, VSn2 becomes an eight-member (oval-shape) hole surrounded
by two pentagons and six hexagons and VSn3 becomes a ten-
membered (heart-shape) hole surrounded by two pentagons and
seven hexagons. For these reconstructed nanoholes, we use max-
imum diameter (D) of the circle in the hole region to evaluate
the size of these holes, see the black arrow in Fig. 1(c-h). It
clearly shows that VSn6 has a larger hole size than all other de-
fected structures.

To compare relative stability of stanene with different numbers
of vacancies, we calculated the formation energies per atom using
the equation,

E f =
EVSnn −Epristine +nESn

n
(1)

where EVSnn and Epristine are the total energies of VSnn and pristine
stanene, respectively. ESn is the average energy per Sn atom of the
pristine stanene and n is the number of removed Sn atoms. The
calculated formation energies are summarized in Table 1. Our
results show that VSn1 has the largest formation energy mainly
because of a large distortion of stanene’s hexagonal reconstruc-
tion. All other defected structures from VSn2 to VSn6 have rela-
tive small formation energies. This is because they are all recon-
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Fig. 1 Schematic of fully relaxed stanene structures. (a) Pristine stanene, (b-g) stanene with n vacancies (labeled as VSnn, n = 1-6), and (h) stanene
with hydrogen passivated VSn6 defect (labeled as VH

Sn6). The corresponding side views are shown as (a’-h’). The six Sn atoms to be removed are
numbered as 1-6 shown in (a). The nanoholes formed from the reconstruction of vacancies are highlighted as red zones and the black arrows in (c-h)
show the diameter of the nanoholes.

structed to form a nanohole structure as shown in Fig. 1(c-g). It
is worth pointing out that VSn5 and VSn6 have similar structures
and thus comparable formation energies. Their difference is that
in the VSn5 some Sn atoms around the hole protrude out from the
plane, which leads to a structural distortion, see its side view in
Fig. 1f’. In general, VSn6 has the smallest deformation and lowest
formation energy, and thus can be easily formed in stanene. This
finding is well consistent with the case in the graphene in which
similar hexagonal nanoholes are formed and observed.16

It is widely known that dangling bonds of atoms on the hole
edge are chemically active,32 and the hole edge would often
be passivated by functional group such as hydrogen. For in-
stance, it has been proved that hydrogen can stabilize nanoholes
in graphene by passivating dangling bonds at the hole rim,48

and C-H bonds at graphene defects were observed experimen-
tally using muon spectroscopy.49 As a result, one might spec-
ulate that a similar passivation by hydrogen may also occur in
the defected stanene structure. To further study possible passi-
vation of VSn6 structure, we used hydrogen to passivate the Sn
atoms at the hole edge of VSn6 and calculated its formation en-
ergy. This hydrogen-passivated structure was labeled as VH

Sn6, see
Fig. 1h. Its relaxed structure is almost unchanged compared to
the pristine stanene from side views (Fig. 1a’ and 1h’). Its hole
diameter is up to 11.10 Å, much close to that of the unrelaxed

structure. Its lattice deformation is also much smaller than all
other unpassivated defected structures, see Table 1. The corre-
sponding formation energy of VH

Sn6 is calculated using the equa-
tion E f = (EVSn6−Epristine+6ESn−6µH)/6, where µH is taken from
the total energy of H2 molecule. Our calculations show that the
formation energy of VH

Sn6 significantly decreased compared to that
unpassivated VSn6 structure (0.44 versus 0.68 eV/Sn). All these
results indicate that VH

Sn6 is energetically most favorable among
all the considered structures.

3.2 Na Adsorption on Stanene
In this section, we calculated the binding energy (Eb) of Na ad-
sorbed stanene using the equation,

Eb = (Estanene +mENa−ENa@stanene)/m (2)

where Estanene is the energy of stanene, ENa is the energy of an
isolated Na atom, ENa@stanene is the total energy of Na adsorbed
stanene and m is the number of adsorbed Na atoms. Note that
the binding energy is sensitive to Na adsorption sites. In the pris-
tine stanene, there are three possible adsorption sites even for a
single Na atom adsorption: hollow (H) site above the center of a
hexagon, top (T) site of Sn atoms, bridge (B) site of Sn-Sn atoms,
see Fig. 2a. The binding energies at these sites are summarized
in Table 2. A larger binding energy at one site means that the Na
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Table 1 Geometric and energetic parameters of the relaxed pristine stanene, VSnn and VH
Sn6, including lattice constants (a and b), deformation parameter

along armchair and zigzag directions (∆a and ∆b), diameter of the hole size (D) and formation energy per removed Sn atom (E f ).

Structure a (Å) b (Å) ∆a (%) ∆b (%) D (Å) E f (eV/Sn)
pristine 32.325 28.080 0 0 - -

VSn1 32.050 27.884 -0.85 -0.70 - 1.86
VSn2 31.856 28.042 -1.45 -0.13 6.47 0.69
VSn3 31.745 27.956 -1.79 -0.44 5.92 0.74
VSn4 32.021 27.713 -0.94 -1.30 6.70 0.81
VSn5 32.048 27.986 -0.86 -0.33 9.41 0.67
VSn6 32.142 27.977 -0.57 -0.36 9.42 0.68
VH

Sn6 32.328 28.057 0.008 -0.08 11.10 0.44

atom tends to be adsorbed at this site via a strong bonding inter-
action. For the pristine stanene, H site has a maximum binding
energy of 1.82 eV, indicating that H site is the most possible one
to absorb Na ions. When Na is absorbed at H site, the bonding
distance (d) of Na with the nearest Sn atom is 3.22 Å, and the
height (h) between Na and stanene plane is 2 Å. For structure
VH

Sn6, besides the H site, T site, and B site, we also modeled edge
(E) hollow sites and center (C) site of the nanohole, see Fig. 2(b).
Note that based on the distance between the adsorption site and
the nanohole, we considered two H sites. The calculated results
show that the binding energies at H sites are quite close to that
in the pristine stanene, indicating the nanohole has little effect
on the H site. The E site of VH

Sn6 has a maximum binding energy
about 2.11 eV, and thus it is the most possible site to absorb Na
ions. When absorbed at E site, the Na ion is located in the plane
of stanene with d = 3.33 Å and h = 0 Å. These results reveal
that the hydrogenated nanohole can enhance the binding inten-
sity between Na ion and stanene, especially for the Na ions in the
nanohole.

Fig. 2 Schematic of possible Na adsorption sites on (a) pristine stanene
and (b) VH

Sn6. The adsorption sites are marked by red stars: hollow (H)
site above the center of hexagon, top (T) site of Sn atom, bridge (B) site
of Sn-Sn atoms, edge (E) hollow site, and center (C) site of nanohole.

In addition, to study the binding interaction between the Na
atom and stanene, we calculated the electron charge density dif-
ferences for pristine stanene with Na adsorbed at H site and VH

Sn6
with Na adsorbed at H site and E site (see Fig. 3). The red
and green colors represent charge accumulation and reduction,
respectively. It shows that the electrons accumulate around Sn
atoms and decrease around the Na atom, indicating a charge
transfer from Na to stanene. The charge transfer is also con-

Fig. 3 Top views of electron charge density difference for (a) pristine
stanene with Na adsorbed at H site and VH

Sn6 with Na adsorbed at (b)
H site and (c) E site. The corresponding side views are shown as (a’-
c’). The isosurface level is 0.0002 e/Bohr3. The red and green colors
represent charge accumulation and reduction, respectively.

firmed by using Bader charges analysis. Our calculations show
that there is a charge transfer of 0.763, 0.637, and 0.665 elec-
trons to stanene for pristine stanene with Na adsorbed at H site
and VH

Sn6 with Na adsorbed at H and E site, respectively.

Table 2 Binding energies Eb (eV) of pristine stanene, VH
Sn6, and SnNMs

with Na adsorbed at different sites. “to H or E” represents that Na atom
moves to H or E site after full relaxation.

Sites pristine VH
Sn6

SnNM
W=2 W=3 W=4

H 1.82 1.84(1.801 ) 1.71 1.90 1.83
T 1.63 1.83(to H) 1.53 1.68 1.72
B 1.63 1.68 1.64 1.68 1.72
E - 2.11 2.06 2.19 2.15
C - 2.12(to E) 1.07 1.20 2.14(to E)

1 This value is obtained from the hollow site far away from the
nanohole.

3.3 Na Adsorption on Stanene Nanomesh
As discussed above, VH

Sn6 has the smallest formation energy and
thus can be easily formed. Actually, such a nanohole struc-
ture has been experimentally observed in the graphene and
these nanoholes tend to be formed periodically.16,50 The two-
dimensional layer structure with patterned nanoholes is also
known as nanomesh.

Next, we explored the Na adsorption on SnNM structures.
In this work, SnNM is built by constructing periodic hexagonal
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Fig. 4 Geometric configurations of three types of stanene nanomesh (SnNM): (a) W=2, (b) W=3, and (c) W=4. W is the width of the stanene chain
along zigzag direction between the neighboring holes. The three configurations represent the nanohole density of 4.44×1013 cm−2, 2.79×1013 cm−2, and
1.97×1013 cm−2, respectively. The lattice vectors for the unit cells are indicated by the red arrow lines. The two lattice vectors are along the armchair
directions for the structures with even W=2 and 4, and along the chiral directions with a tilted angle θ = tan−1

√
3

3(W+2) deviating from the armchair
directions for the structure with an odd W=3. θ = 6.6◦ at W=3.

Fig. 5 (a) Top and (a’) side views of five possible Na adsorption sites on
the SnNM with W=2. (b) Top and (b’) side views of optimized structure of
Na fully adsorbed SnNM with W=2.

nanoholes (VH
Sn6) on stanene. Similar to the case of graphene

nanomesh, the edge of the holes has zigzag shape, see Fig. 4. W is
the width of the wall between the nearest-neighboring holes and
defined as the number of zigzag stanene chains in the wall. Here
we consider different width between two holes (W=2, 3, and 4),
which corresponds to different density of nanoholes in the SnNM.
Here, we defined the nanohole density of SnNM as the number of
nanohole per unit area on the stanene plane. As a result, the cor-
responding nanohole density is 4.44×1013 cm−2, 2.79×1013 cm−2

and 1.97×1013 cm−2, respectively. After relaxation, the size of the
SnNM supercells is nearly unchangeable compared with the pris-
tine stanene supercells, as in the case of VH

Sn6 with one single
nanohole. However, their difference is that periodic holes will
slightly affect the Sn-Sn buckling height and bond length of the
edge Sn atoms, which is larger and smaller than that of pristine
stanene, respectively. For the Sn atoms far away from the holes,
these parameters are close to those of pristine stanene.

Next, we studied the possible Na adsorption sties on the SnNM.
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Fig. 6 Binding energies as a function of Na concentration (x) in Na
adsorbed SnNM with W=2, 3, and 4. The SnNM structures corre-
spond to a nanohole density of 4.44×1013 cm−2, 2.79×1013 cm−2, and
1.97×1013 cm−2, respectively.

We modeled five possible adsorption sites: H, T, B, E, and C, as
shown in Fig. 5a, similar to the case of VH

Sn6. For all the SnNMs,
the binding energies at various adsorption sites follow the order:
E > H > B ≥ T > C, see Table 2. Interestingly, for SnNM with
W=4, after relaxation, Na moves to E site from the C site, and
similar Na movement also happens in the VH

Sn6, mainly due to the
increase of the width of neighboring holes. Na ions at E and H
site have a larger binding energy, indicating that they tends to
be adsorbed at these sites. For H site, there are two symmetrical
positions, namely above and below hollow sites. For E site, there
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is only one position locating in the middle plane of stanene, and
there are six equivalent E sites in a unit cell.

We also explored maximum adsorption concentration of Na
ions on the SnNM. By analyzing Na binding energy and symme-
try of SnNM, we modeled one possible Na adsorption scenario as
below: Na ions occupy six E sites firstly, then all the H sites and
C site (for W=4, no C site), and B sites lastly. It is noted that in a
prior study of pristine stanene, the B site was not considered, be-
cause the pristine stanene will undergo a deformation and lattice
distortion if Na atoms occupied other sites except the H sites.36

In this work, we considered B sites as the last adsorption sites
because the E site is in the middle plane of stanene and there is
sufficient space at B sites to adsorb Na ions to avoid the defor-
mation and lattice distortion. By assigning Na ions at all these
possible sites, we are able to get a maximum Na adsorption con-
centration, i.e., SnH0.33Na1.61, SnH0.1875Na1.34 and SnH0.125Na1.21

for W=2, 3 and 4, respectively. They correspond to atomic for-
mulas Sn18H6Na29, Sn32H6Na43 and Sn48H6Na58. At W=2, the
SnNM has the largest Na adsorption concentration, see its relaxed
structure in Fig. 5(b).

The binding energies as a function of Na concentration are also
calculated, as shown in Fig. 6. Our results show that the binding
energy decreases as Na concentration increases, indicating that
the absorption becomes less stable because of the enhanced repul-
sive interaction between adjacent Na ions. However, the SnNM
still maintains a quite large value ranging from 1.58 to 2.19 eV,
which is much larger than the cohesive energy of bulk Na metal of
1.25 eV/atom in our calculation (1.11 eV/atom in experiment51).
This indicates that Na atoms prefer to be adsorbed on the SnNM
instead of forming bulk Na metal even at a maximum Na concen-
tration.

3.4 Open-Circuit Voltage and Theoretical Capacity

The open-circuit voltage profile is a crucial measure of the per-
formance of an anode material. It can be estimated by mea-
suring the voltage over a range of metal atoms coverage. The
charge/discharge process of SnNM for Na batteries follow the
common half-cell reaction versus Na/Na+:

(x2− x1)Na++(x2− x1)e−+Nax1 SnNM↔ Nax2 SnNM (3)

Considering the above reaction, we calculated the average volt-
age of NaxSnNM in the concentration range of x1 ≤ x ≤ x2 using
the following equation:52

V ≈
ENax1 SnNM−ENax2 SnNM +(x2− x1)ENa

(x2− x1)e
(4)

where ENax1 SnNM and ENax2 SnNM are the energies of Nax1 SnNM,
Nax2 SnNM compounds at concentrations x1 and x2, and ENa is the
energy per atom of Na in the bcc crystal. A calculated positive
average voltage (V ) means that the Na ions prefer to be adsorbed
on the anode, while a negative value means that Na ions prefer
to form Na cluster. The calculated voltage profile V as Na concen-
tration (x) is shown in Fig. 7a. It shows that the voltage remains
positive during the whole range of coverage values, indicating
that SnNM is suitable to be the anode materials for Na-ion bat-

Fig. 7 Calculated voltage profiles and theoretical capacities. (a) Voltages
as a function of Na concentration (x) in Na adsorbed SnNM with W=2, 3,
and 4. (b) Theoretical capacities of pristine stanene and SnNM with W=2,
3, and 4.

tery. The calculated V ranges from 1.99 V to 1.29 V for W=2,
from 1.99 V to 1.26 V for W=3, from 2.01 V to 1.23 V for W=4.
The average V are 1.61, 1.63, and 1.70 V for W=2, 3, and 4,
which is comparable to those of the commercial anode materi-
als such as TiO2 with an open circuit voltage of 1.5-1.8 V.53 To
further optimize the performance of SnNM-based NIBs, some fu-
ture research efforts may include: i) to reduce the voltage of the
SnNM anode via doping engineering and surface modifications;
ii) to search for corresponding high-voltage cathodes.

We next calculated theoretical capacity C (mAh/g) at maximum
Na concentration x using the formula,7

C =
1

MSnNM
(xmax× z×F×103) (5)

where z is the valence number (z = 1 for Na), F is the Fara-
day constant (26.81 Ah/mol), and MSnNM is the atomic mass of
SnNM (119.05, 118.90, and 118.84 g/mol for W=2, 3, and 4,
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Fig. 8 Calculated Na diffusion barriers of SnNM with W=2, 3, and 4 along the six possible pathways: (a)E-E1, (b)E-E2, (c)E-E3, (d)H-H1, (e)H-H’, and
(f)H-E-H’. The corresponding top and side views of the optimized diffusion pathways in SnNM (W=2) are shown in the right panel for each case.

respectively). For pristine stanene, by assuming that one Na can
only be adsorbed at one H site (this corresponds to a maximum
Na mole concentration of 1.0), our calculated capacity is 225.8
mAh/g, which agrees well with the previous calculated value of
226 mAh/g.36 For the SnNM with W=2, 3, and 4, their maxi-
mum Na mole concentrations are 1.61, 1.34, and 1.21, and their
capacities are about 362.8, 303.0 and 272.6 mAh/g, respectively.
These values are much larger than that of the pristine stanene
(225.8 mAh/g), see Fig. 7b, indicating that the nanomesh struc-
ture can significantly improve the capacity of stanene. Moreover,
these values are also much higher than other commercial TiO2

and Ti3C2 based anode materials.54 In short, these properties
such as suitable operating voltage and increased specific capac-
ity, make SnNMs promising anode materials for NIBs.

3.5 Na Diffusion

The diffusion energy barrier of metal ions in the anode mate-
rials is a key factor determining the charge-discharge rate of a
battery.55 A lower diffusion barrier implies a faster diffusion mo-
bility and a higher charge-discharge rate in NIBs. Here we cal-
culated diffusion energy barriers along several possible diffusion

pathways using CI-NEB method. The modeled six possible diffu-
sion pathways are shown in Fig. 8, which can be divided into four
in-plane diffusion pathways and two out-of-plane diffusion path-
ways. The in-plane diffusion pathways include three ones in the
nanohole including E-E1, E-E2, and E-E3, as shown in Fig. 8(a-c),
and one out the nanohole, H-H1, as shown in Fig. 8d. The out-
of-plane diffusion pathways are H-H’ and H-E-H’ as shown in Fig.
8(e-f). Our calculations reveal the following conclusions:

i) For in-plane diffusion, the diffusion energy barrier follows
the order: H-H1 < E-E1 ≤ E-E2 < E-E3. Among all these four in-
plane diffusion pathways, H-H1 has the smallest diffusion energy
barrier about 0.15 eV for SnNM with W=2, and 0.25 eV for W=3
and 4, see Fig. 8(d). These values are comparable to the energy
barrier 0.16 eV on silicene,14 0.19 eV on Na2Ti3O7,56 and 0.28
eV on MoS2.10 These results indicate that the SnNM electrode has
a comparable charge-discharge rate with these electrodes. The
other two pathways E-E1 and E-E2 have the same energy barriers
about 0.31∼0.33 eV because the pathway E-E2 can be considered
as the combination of E-E1 and E1-E2 (equivalent to E-E1), see Fig.
8a and 8b. For the pathway E-E3, the calculated barrier is about
0.36 eV for W=2 and 3, and 0.96 eV for W=4, much larger than
the other pathways, indicating that Na ions are unlikely to diffuse
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along E-E3 at lower density of nanoholes. In short, H-H1 and E-E1

can be assumed as the major in-plane diffusion pathways.
ii) For out-of-plane diffusion H-H’, the calculated diffusion en-

ergy barrier for the three considered structures (W=2, 3, and 4)
is nearly comparable, about 0.78∼0.85 eV, see Fig. 8e. This in-
dicates that Na ions are not likely to move directly from H site
above the stanene plane to the H’ site below the stanene plane.
For the pathway H-E-H’, its diffusion barrier is about 0.48∼0.49
eV, decreased by about 40% compared to that of H-H’, indicating
that Na ions tend to penetrate stanene through the nanoholes.
However, the out-of-plane diffusion barriers are generally larger
than the in-plane diffusion barriers, thus implying that Na ions
tends to move laterally along the stanene layer.

iii) The diffusion barrier not only depends on the diffusion
pathway, but also relates to the nanohole density of SnNM. This
point can be observed in the pathway E-E3 and H-H1, as shown
in Fig. 8(c-d). For E-E3, the diffusion barrier is 0.36∼0.39 eV for
denser SnNMs (W=2 and 3), and 0.96 eV for less dense SnNM
(W=4). The significant difference of the diffusion energy bar-
rier is caused by the different pathway. For SnNM with W=2 and
W=3, the optimized pathways can bypass the C site, while for
SnNM with W=4, the pathway will go through the C site. For
H-H1, denser SnNM with W=2 has a much smaller diffusion bar-
rier, 0.15 eV. For the other four diffusion pathways, SnNMs have
similar diffusion energy barriers for all three considered SnNM.
Therefore, the nanohole density mainly has an influence on the
diffusion pathway H-H1 that is also one of the dominant path-
ways. In other words, a denser nanomesh structure can lower the
energy barrier and thus enable higher performance of NIBs.

In short, our calculations suggest that the major Na diffusion
pathways include in-plane diffusion E-E1 and H-H1 and the out-
of-plane diffusion H-E-H’. By combining these pathways, Na could
diffuse along the whole surface of SnNM with a low diffusion en-
ergy barrier. Moreover, the calculated diffusion energy barriers
are much smaller than those in the commercial anode materials
such as TiO2 with a barrier of 0.35∼0.65 eV57 and bulk silicon
with a barrier around 0.57 eV58. All these results suggest that
SnNM can be a promising candidate electrode for NIBs. In ad-
dition, it is noted many 2D materials may undergo severe sur-
face decomposition again the electrolyte during electrochemical
cycling. Accordingly, materials stability of the SnNM again the
electrolyte waits to be tested in the experiments.59

4 Conclusion
In summary, we have explored the possibility of using 2D stanene
and nanohole-patterned SnNM as anode materials for NIBs us-
ing first-principles calculations. It is found that a nanohole defect
consisting of six Sn vacancies in a hexagonal ring is energetically
more favorable than other defects with less than six Sn vacan-
cies, and moreover, the hydrogen passivation of the nanohole
can further stabilize the nanohole defect. Our calculations show
that nanohole defects in the stanene can significantly enhance Na
binding intensity and lower Na diffusion barrier to as low as 0.15
eV with respect to Na adsorption on pristine stanene. A dense
SnNM with high nanohole density can lead to a large Na adsorp-
tion concentration, theoretical capacity, and lower diffusion bar-

rier. This works provides a proof of concept that a nanomesh
structure is beneficial to enhance the performance of metal-ion
battery in which the two-dimensional material serves as an elec-
trode.
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