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Due to the similarities in electrochemical and physicochemical properties of sodium and lithium,
sodium-ion batteries are an attractive substitute for lithium-ion batteries. The selection of appropriate elec-
trode materials for Na-ion batteries is an important step to achieve high stability and theoretical capacity.
Here, the effects of heteroatom doping and charge variation on the ability of the MoS, substrate to capture
Na ions are studied using first-principles calculations. The results show that the interaction between Na
ions and the MoS; substrate is enhanced by electron deficiency or substituting a S atom with a dopant
atom (X)) with fewer valence electrons (X=B, Al, Ga, In, C, Si, Ge, Sn, N, P, As, Sb). In contrast, adding
electrons to the MoS; substrate weakens its interaction with Na. We further analyze the diffusion bar-
rier, open-circuit voltage, and theoretical capacity of hypothetical Na-ion batteries using doped X -MoS;
(X'=heteroatom) as electrode materials. We find that Al- or Si-doped MoS; can serve as good electrode
materials for Na-ion batteries, with a high theoretical capacity that exceeds 700 mAh/g. This work provides
practical guidance for the development of electrode materials of Na-ion batteries using two-dimensional

materials.
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I. INTRODUCTION

Lithium-ion batteries (LIBs) are widely used in
rechargeable automobiles, portable electronics, and energy
storage due to their high power density as well as high
energy density. However, due to the limited availability
and unequal distribution of global lithium resources, the
cost of LIBs constantly increases. In the meantime, they
still have inherent technical issues, such as poor low-
temperature performance and inadequate safety protection.
Currently, interdisciplinary efforts are dedicated to devel-
oping batteries with metal ions that may offer low cost,
environmental friendliness, and a high theoretical capacity.
Among various potential candidates, sodium-ion batteries
(SIBs) have attracted considerable attention, as they have
very similar properties to Li-ion batteries but with lower
cost and better safety [1-4]. Sodium is the next-smallest
alkali metal and has a larger size than Li. A critical chal-
lenge for the development of Na-ion batteries is to find
appropriate electrode and electrolyte materials that may
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provide a large adsorption capacity, high mobility, and
strong support for Na ions. To this end, the target materials
must have an adequate grasp on Na ions, shallow barrier
for their segregation, and strong structural stability.
Recently, many two-dimensional (2D) materials without
and with modification by heteroatoms have been investi-
gated as potential electrode materials for metal-ion batter-
ies [5—16]. For example, graphene proves to be a superior
electrode material for Li-ion batteries with high theoreti-
cal capacity [5,8,17,18]. However, the ionic radius of Na
(1.06 A) is larger than that of Li (0.76 A), and the adsorp-
tion and diffusion kinetics of Na ions in graphene layers
are somewhat limited [19-21]. To improve this scenario,
Qiao et al. report that phosphorus doping in graphene may
increase the interlayer spacing, and hence, enhance the
adsorption and migration of Na ions between graphene lay-
ers [22]. They also report that the coupling between MoS,
and nitrogen-doped graphene layers considerably enhances
the adsorption capacity of Na ions [23]. Kavalsky and co-
workers investigated the adsorption of Na ions on the blue
phosphorus and found that this material had a high capacity
for hosting alkali ions and high K and Na diffusivity [24].
Several types of heteroatom- (e.g., Si- [16], Ge- [9], and C-
[12]) doped blue phosphorus are widely explored, and they

© 2022 American Physical Society


https://orcid.org/0000-0002-1281-6942
https://orcid.org/0000-0001-5520-6661
https://orcid.org/0000-0002-3015-3804
https://orcid.org/0000-0002-6156-7874
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.034061&domain=pdf&date_stamp=2022-09-22
http://dx.doi.org/10.1103/PhysRevApplied.18.034061

YUDONG PANG et al.

PHYS. REV. APPLIED 18, 034061 (2022)

are one of the top candidates for the design of battery mate-
rials. Recent studies further specify that pentagraphene as
a substrate has a much higher theoretical capacity of Na
or Li ions [25] compared with other 2D electrode materi-
als. Cheng et al. report that B-doped pentagraphene may
have an even higher theoretical capacity for Na- or Li-
ion batteries than pristine pentagraphene [14]. Barik and
Pal report that the presence of S and Mo vacancies may
improve the Na-adsorption capacity and diffusion abili-
ties of MoS, [26]. Feng et al. report that substituting Se
with P in three-dimensional CoSe, enhances its theoretical
Li capacity [27]. Ni et al. report that introducing oxygen
vacancies leads to excellent performance of TiO, as an
electrode material for Na-ion batteries [28]. From these
prior studies, it is established that doped or defect mate-
rials are more suitable electrode materials for metal-ion
batteries. In particular, this is a critical strategy to improve
the performance of sodium-ion batteries by overcoming
problems such as low capacity and poor initial Coulombic
efficiency.

Here, we investigate how to engineer 2D MoS;-based
materials as electrodes in Na-ion batteries through system-
atic density-functional theory (DFT) calculations. Among
popular 2D materials, MoS; is a van der Waals (vdW)
type layered material [29] that is explored for a varity of
applications, such as energy storage, optoelectronics, and
spintronics. However, pure MoS; is not suitable as an elec-
trode material for Na-ion batteries, as it has a large band
gap, and hence, a weak interaction with Na [30]. To find
out if heteroatoms can activate MoS;, we perform systemic
studies for the adsorption and segregation of Na on doped
MoS; monolayer (X-MoS;, X =B, Al, Ga, In, C, N, Si,
Ge, Sn, N, P, As, Sb, O, Se, Te, F, Cl, Br, I). We first
examine structural stability, ground-state electronic prop-
erties, and adsorption of Na ions of pure and N-doped
MoS; (N-MoS;) monolayer. To reveal the mechanisms,
the charged systems of pure and N-doped MoS; are studied
with electron extraction or injection. Finally, we inves-
tigate the important parameters for electrode materials,
such as diffusion barrier, theoretical capacity, and open-
circuit voltage, which primarily depend on the number of
Na atoms on the substrate. We find that electron extrac-
tion from the MoS, substrate or substitution of a S atom
of MoS, with a dopant that has fewer valence electrons
increases the interaction between Na and MoS;, resulting
in a higher adsorption energy. We predict that the Al- or
Si-MoS, systems can serve as good electrode materials for
Na-ion batteries with a high theoretical capacity and high
performance.

II. COMPUTATIONAL DETAILS

Using the Vienna ab initio simulation package [31,32]
with the projected-augmented-wave approach [33], the
first-principles calculations are performed based on the

spin-polarized DFT at the level of the generalized gradi-
ent approximation with the Perdew-Burke-Ernzerhof func-
tional [34]. The vdW interaction is included using the
DFT-D3 method [35,36]. The plane-wave cutoff is set as
500 eV, and the threshold convergence for energy is set
at 1 x 107> eV. Structural relaxation is pursued until the
maximum force is less than 0.02 eV A~!. To investigate
Na adsorption on the X-MoS, substrates (X =B, Al, Ga,
In, C, N, Si, Ge, Sn, N, P, As, Sb, O, Se, Te, F, Cl, Br,
I), a single layer of MoS, with a 4 x 4 replication in the
x-y plane and a vacuum layer of more than 15 A along the
z direction is used to mimic the substrate, as presented in
Fig. 1(a). The Brillouin zone is sampled with a 3 x 3 x 1
Monkhorst-Pack k-point mesh for geometrical optimiza-
tion and with a 5 x 5 x 1 & mesh for electronic structure
calculations [37]. The charge transfer of doped systems
is analyzed using Bader’s quantum theory of atoms in
molecules (QTAIM) [38,39]. The charge-accumulation
and -depletion regions can be visualized through charge-
density differences (CDDs = pag— pa— 0B, With pag, 0a,
and pp representing the charge densities of combined and
separated systems). Furthermore, the average adsorption
energies (E,qs) for Na on the substrate are obtained from

Eads = O\ENa + Esubstrate - EkNa + substrate)/)‘~ (1)

Here, ENa’ Esubstratea and E)LNa-l-substrate represent the
energy of a Na atom in the bulk Na metal, the energy
of the substrate, and the energy of the substrate with A
Na adatoms, respectively. According to this definition,
the greater the value of E,4, the stronger the interac-
tion between Na and the substrate. The climbing-image
nudged elastic band (CINEB) method [40], with four mir-
ror images inserted between the initial- and final-state
structures, is used to search for the diffusion barriers. The
energy and atomic force convergence threshold settings for
CINEB are the same as those for structural optimization.
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FIG. 1. (a),(b) Top and side views of N-MoS, substrate, with
different adsorption sites (red dots) for the Na atom (site 1—site 6).
(c) Bader charges of MoS,; and N-MoS,. Positive value repre-
sents gain of electrons. Numbers on the x axis show the labels
(1-16 for Mo and 1748 for S and N) of the atoms in our model.
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The open-circuit voltage (Voc) is calculated from E,qs by

Voc = Eads/e, (2)

where e is the charge of an electron. The theoretical storage
capacity (C) is calculated by

C= XF/Msubstrates (3)

where x represents the maximum number of adsorbed
Na atoms on the substrate, F is the Faraday constant
(F=26.8 Ah/mol), and M gpstrate 1S the molecular mass of
the substrate.

I11. RESULTS AND DISCUSSION

A. The geometric and electronic properties of MoS;
and N-MoS,

Since the MoS; structure of the 2H phase is more stable
than that of the 17 phase, here we choose the 2H-phase
structure as the model for research. In this work, the 2H -
phase MoS, monolayer is chosen as the template and
different heteroatoms (B, Al, Ga, In, C, N, Si, Ge, Sn, N,
P, As, Sb, O, Se, Te, F, Cl, Br, I) are used as dopants for
substituting the S atoms. Among them, N-MoS, is stud-
ied experimentally and it is found that the Mo—N bonds
are strong in N-MoS; [23]. Accordingly, we first study the
geometric and electronic properties of N-MoS, and com-
pared them with those of the pristine MoS, monolayer.
The top and side views of the optimized configuration of
N-MoS,; are presented in Figs. 1(a) and 1(b). It is found
that, in the optimized structure of N-MoS;, the N—Mo
bond length (2.04 A) is considerably shorter than the
S—Mo bond (2.41 A), signifying that there is a strong
interaction between the N and Mo. Figure 1(c) depicts
the charge-distribution comparison between the MoS, and
N-MoS; substrates. The Bader charge analysis further con-
firms the strong interaction between N and MoS,. In the
pristine MoS, monolayer, each Mo atom transfers 1 |e| and
each S atom gains 0.5 |e|. In N-MoS,, the Mo atoms near-
est to N donate more electrons (approximately 1.2 |e|) to
the N atom, and the N atom gains 0.9 |e| from its neighbors
[see Fig. 1(c)]. The larger electronegativity of N (3.04)
compared with that of S (2.58) explains this extra electron
gain and implies stronger binding between N and Mo than
that between S and Mo.

B. The adsorption of Na on MoS; and N-MoS;

Next, we investigate the adsorption of Na over the
N-MoS, substrate. The structure of the N-MoS, substrate
has low symmetry and Na ions are likely to adsorb at six
different sites [see Fig. 1(a)]. There are two different kinds
of adsorption sites. Site 1, site 3, and site 5 are located
directly above the Mo atom, while site 2, site 4, and site
6 are located in the hollow sites of MoS,. Their positions
and distances relative to dopant X can be seen from the
top view of the structure. The calculated adsorption ener-
gies and the Na-substrate average distances are listed in
Table 1, along with corresponding values for Na on pris-
tine MoS,. As expected, the absorption of Na on pure
MoS, is very weak, with an adsorption energy of only
0.13 eV. In contrast, the adsorption energies of Na over
the N-MoS,; substrate at different adsorption sites are con-
sistently high, 1.45 to 2.12 eV. The significant increase in
adsorption energy can be attributed to the change of local
chemistry of N-MoS,. As shown in Table I, stable adsorp-
tion sites for Na are around the top of Mo (sites 5 and 6)
near N, and the adsorption energy is as high as 2.12 eV.
Obviously, the ability of MoS; to host Na atoms is signif-
icantly improved by N doping. Furthermore, we find that
strong adsorption of Na correlates well with the average
distance between the Na ion and N-MoS, substrate [see
Table I]. To further explore the origin of the strong inter-
action between Na and the N-MoS; substrate, Figs. 2(ai)
and 2(aii) gives the Bader charges for Na/N-MoS; in all
possible adsorption configurations. It is clear that the Na
atom close to the doped N atom site loses more elec-
trons than those at the other adsorption sites. We may
conclude that electron transfer from Na to N is primarily
responsible for the enhanced interaction between Na and
N-MOSz.

C. The mechanism for the enhancement of Na
adsorption on N-MoS,

To further explore the adsorption properties of Na over
the N-MoS, substrate, the CDDs are presented in Figs. 2(b)
and 2(g). These results show a substantial charge reduc-
tion around the Na atom at site 5 and site 6, and charge
accumulation around the N atom nearby, in good corre-
spondence with the Bader charge analysis. Since N has
one less valence electron than S, doping N into MoS,; gen-
erates an electron-deficient system, and hence, N-MoS,

TABLE I. Adsorption energies (E,qs) and Na-substrate average distance (d,,) for Na ions at different adsorption sites over the MoS;
and N-MoS, substrates.
N-MoS, Pure
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 MoS,
Eqis (eV) 1.467 1.453 1.517 1.503 2.120 2.118 0.126
day (A) 2.73 2.75 2.73 2.73 2.23 2.23 2.76
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FIG. 2. (a) Bader charge analysis of Na atom adsorbed at different adsorption sites on the N-MoS; substrate. Numbers on the x
axis show the labels of the atoms in the model. (b)«(g) CDD analysis of Na adsorbed at different sites on the N-MoS, substrate. For
contour plots, the green region represents charge depletion, and the orange region represents charge accumulation. Isosurface value of

the CDDs is 0.002 e/A3.

may easily take the valence electron from Na. In this
section, we analyze the effect of charge deficiency on
the adsorption of Na on MoS, and N-MoS, substrates
by extracting (injecting) electrons from (into) both sys-
tems. We first extract an electron from the pristine MoS;
monolayer and observe its effect on the Na-adsorption

ability. Figure 3(a) shows the Bader charge distribution of
MoS,; before and after electron extraction. After extracting
an electron from the MoS, substrate, the Bader charges
of the S atoms are slightly reduced. Figures 3(b), 3(c),
7(a), and 7(b) (Appendix) illustrate the Bader charges and
CDDs of Na/MoS, with or without electron extraction.
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FIG. 3. (a)Bader charge analysis for electrons extracted from the pure MoS,; substrate. (b) Charge variation of Na/MoS,. (c) Charge
variation of Na/MoS, (extract e). (d) Electrons injected in the N-MoS, substrate. (e¢) Charge variation of Na/N-MoS,. (f) Charge
variation of Na/N-MoS; (inject e). Numbers on the x axis show the labels of the atoms in the model.
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FIG. 4. PDOS for Na adsorption on the MoS, and N-MoS; substrates. (a) PDOS of the MoS, system. (b) PDOS of Na adsorption
on the MoS, system. (c) PDOS of the N-MoS, substrate. (d) PDOS of Na adsorption on the N-MoS, substrate. (¢) PDOS of the
MoS,; (extract e) substrate. (f) PDOS of Na adsorption on the MoS; (extract e) substrate. (g) PDOS of the N-MoS; (inject e) substrate.

(h) PDOS of Na adsorption on the N-MoS, (inject e) substrate.

The results show that the Na atom loses additional 0.04 |e|
due to extraction of an electron from Na/MoS,. Inter-
estingly, the adsorption energy of Na becomes 2.50 eV,
around 19 times more than that on MoS, without electron
extraction. This evolution is in accordance with the expec-
tation that the electron-deficient MoS, substrate enhances
the interaction between Na and MoS,.

On the other hand, we may expect that a dopant intro-
ducing additional electrons into the system weakens Na
adsorption. To check this conjecture, we inject an elec-
tron into the N-MoS; system and observe the interaction
between Na and the N-MoS,; substrate. Figure 3(d) clearly
shows that, when an electron is injected into the N-MoS,
system, the charge distribution of the N-MoS,; (injected
e) system is slightly changed compared with that of
N-MoS;, e.g., the numbers of electrons that S and N atoms
gain slightly increase. Figures 3(e), 3(f), and 7(c)-7(f)
(Appendix) show the Bader charges and CDDs of Na on
the N-MoS, substrate with and without electron injection.
When Na is adsorbed at site 1 (site 6) on the N-MoS,
(inject e) substrate, the Bader charge analysis shows that
the Na atom loses fewer electrons to the substrate by
0.05 |e| (0.17 |e|) compared with that on N-MoS, with-
out electron injection. The adsorption energy of Na at site
6 on the N-MoS, (inject e) substrate is reduced to 0.38 eV,
approximately 6 times less than that on the N-MoS, sub-
strate (2.12 eV). The negative adsorption energy of Na
at site 1, which is far away from N, means that Na can-
not be stably adsorbed. According to the analyses above,
we may conclude that the electron-deficient MoS,-based
systems (e.g., N-MoS;) are beneficial for Na adsorption,

while dopants with excess valence electrons weaken Na
adsorption.

Figure 4(a) shows the partial density of states (PDOS)
of the pure MoS, substrate, where the Fermi level is in
the forbidden band and the band gap is about 1.7 eV.
As confirmed in Fig. 4(b), it is clear that the PDOS
peak of the Na/MoS, system is downshifted due to Na
adsorption. Because the Fermi level is in the forbidden
band, the electron transferred from Na needs to occupy
states at the conduction-band minimum, a status that is
unfavorable. In addition, we also present the PDOS for
N-MoS; in Fig. 4(c) and PDOS for Na adsorption on the
N-MoS, substrate in Fig. 4(d). In Fig. 4(c), the doped
N atom on MoS, has empty half-filled orbitals near the
Fermi level. When Na is adsorbed on the N-MoS, sub-
strate, the electron transfers from Na to the empty orbitals
near the Fermi level, which is clearly seen in Fig. 4(d). It
is noteworthy that electron transfer from Na to N-MoS, is
much easier than that to pure MoS,, resulting in a stronger
interaction between Na and N-MoS,.

To further clarify why Na is more strongly adsorbed on
N-MoS;, the PDOS of the systems with Na adsorbed on
the charged MoS, and N-MoS, substrates are analyzed. It
is noteworthy that, when an electron is extracted from the
MoS,; system, the Fermi level moves to the left, leaving
an empty state near the Fermi level, as shown in Fig. 4(e).
When the Na atom is adsorbed on the MoS, (extract e)
substrate, the electron from Na may easily fill this empty
state, as shown in Fig. 4(f). Likewise, when electrons are
injected into N-MoS,, the empty band near the Fermi level
is completely filled [see Fig. 4(g)]. The electron from Na

034061-5



YUDONG PANG et al.

PHYS. REV. APPLIED 18, 034061 (2022)

hence has to occupy the high-energy empty states in the
conduction band [see Fig. 4(h)].

D. Potential efficient MoS,-based electrode materials
for Na-ion batteries

Based on the analyses above, systems with empty states
near the Fermi level are suitable for the adsorption of
Na. This can be further confirmed by examining the
properties of MoS, with different heteroatoms (X), from
groups IIIA to VIIA (X=B, Al,Ga,In, C, Si, Ge, Sn, N,
P, As, Sb, O, Se, Te, F, Cl, Br, I). The stability of the
X-MoS$; structures is discussed in the Appendix. As shown
in Fig. 8 (Appendix), the adsorption energies of Na on the
X-MoS,; substrate with electron-deficient dopants (X =B,
Al,Ga,In, C, Si, Ge, Sn, N, P, As, Sb) are enhanced [see
Table II in the Appendix], while the adsorption energies
of Na on X-MoS, for the isoelectronic dopants (X=0,
Se, Te) are very close to that on pristine MoS,. These
results stem from the reasons discussed above, as similar
behavior can be seen from the PDOS of Na/X-MoS, in
Fig. 9 (Appendix). In contrast, it is seen that the X-MoS,
substrates with electron-rich group-VIIA dopants (X =F,
Cl, Br, and I) have a moderate adsorption strength to Na.
However, our test calculations show that the relaxed struc-
tures shown in Fig. 10 (Appendix) indicate that the strong
interaction between the dopants of F, Cl, Br, and I with
Na result in the precipitation of these dopant atoms from
the dopant sites on the MoS; substrate upon adsorption of
multiple Na ions with a concentration of Na:MoS, of 1:1.
This is extremely disadvantageous for the stability of the
structure and is not the case for MoS, doped with other
dopant atoms, as also shown in Fig. 10 (Appendix). There-
fore, electron-rich group-VIIA elements are not appropri-
ate dopants in the MoS, substrate for the development of
electrode materials for Na-ion batteries.

Generally, the diffusion barrier of Na on the substrate is
another most important parameter for the performance of
electrode materials. The diffusion properties of Na on the
heteroatom-doped X-MoS, systems are closely associated
with their rate capability, and small diffusion barriers are
obligatory for electrode materials. Based on the adsorption
sites and structural symmetry, the two most possible diffu-
sion paths (path 1, site 1 — site 2 — site 3 — site 4; path 2,
site 1 — site 4) are selected to study Na diffusion on pure
MoS; or on the clean part (the region far away from the
doped X atoms) of doped X-MoS,. Na diffusion near the
dopant is selected to study the effect of the dopant on Na
diffusion (path 3, site 4 — site 5). The calculated energy
profiles and optimized structures for Na-atom diffusion on
the N-MoS, substrate are presented in Figs. 5, 11, and 12
(Appendix). Figures 5(a) and 5(b) show the Na diffusion
routes via path 1 and path 2 on the clean part of N-MoS,
from which we find diffusion barriers of about 0.1 eV
(0.4 V) via path 1 (path 2) [see Figs. 5(c) and 5(d)], with

path 1 being kinetically more favorable. This result is simi-
lar to the diffusion of Na on the MoS, substrate, see Fig. 11
(Appendix). However, Na diffusion near the N dopant
(path 3, site 5 — site 4) is required to overcome a bar-
rier of 0.68 eV [see Fig. 12(c) in the Appendix]. Although
the N-MoS, substrate improves the adsorption strength of
Na on the substrate, it decreases the diffusion ability of
Na near the stable site near the doping site. In addition,
the diffusion of Na on the other heteroatom systems is
also studied in this work, and the computed geometries
and potential-energy profiles are summarized in Fig. 13
(Appendix) and Table III (Appendix). By comparing Na
diffusion on the N-MoS, substrate, we find that Na diffu-
sion on the X-MoS; (X=C, P, Ge, Ga, B) substrates has
similar properties to that on the N-MoS, substrate. In these
systems, the Na ions can easily diffuse to the site close to
the dopant (e.g., from site 4 to site 5) with a small dif-
fusion barrier. However, inverse diffusion away from the
doping site (from site 5 to site 4) has larger energy barri-
ers (>0.2 eV). Thus, these systems are not appropriate as
electrode materials. In contrast, the diffusion barriers of Na
from site 4 to site 5 and from site 5 to site 4 on the X-MoS,
(X = As, Si, Al) substrates are relatively close and small,
with diffusion barriers less than 0.1 eV. Obviously, if the
X-MoS, substrate makes the adsorption strength of Na at
each position on the substrate surface more even, then the
potential barriers of forward and backward diffusion of Na
on these materials are similar, which makes the insertion
and removal of Na easier. Therefore, these systems have a
superb ion-diffusion ability and would be suitable electrode
materials.

Additional important parameters for electrode materials
are the theoretical capacity and open-circuit voltage, which
primarily depend upon the amount of Na atoms adsorbed
on the substrates. The calculated step diagrams (C-V
diagram) of theoretical capacity and open-circuit voltage

@o._o._o _o.
N 7 .

0 2 4 6 8 1012 14
Diffusion Coordinates

035! (d)

—— Path2

(sReRevRsR R O

)
Energy (eV)

(=3

NN

S W

Path 1:site 1-Dsite 2-Dsite 3-Dsite 4 0.00, .+ |
Path 2: site 1-> site 4 ’0‘05"0 32 3 4 3

Diffusion Coordinates

FIG. 5. (a),(b) Top and side views of Na-diffusion paths on the
N-MoS, substrate. (c) Energy profile for Na diffusion via path 1.
(d) Energy profile for Na diffusion via path 2.

034061-6



MECHANISM OF EFFICIENT ADSORPTION...

PHYS. REV. APPLIED 18, 034061 (2022)

0.175 0.200 T — 0.14 -
0.150] - @) 017 ®)  pl— ()
—~ ~0.150 £0.10 ’
381(2)3 30.125 %0 08 —k:
Boors| 1 £0.100 .| 20.06
% 88’57(5) —— B-MoS; % 0.0751 — C-MoS, '_'; 004 — N-MoS$;
= 0. - Al-MoS; p 1 > 0.050 Si-MoS> ‘ e P-MoS;
0.025 Ga-MoS; ¢ 1 0.025 Ge-MoS; ¢ 41‘ 0.021 = As-MoS; l |
0.000 - — In-MoS, | !_ 0.000+ Sn-MoSp l _ l__ 0.00+— Sb-MoSp o2 l—-
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700

Capacity (mAh/g)

Capacity (mAh/g)

Capacity (mAh/g)

FIG. 6. Step diagrams of theoretical capacity (C) and average open-circuit voltage (Voc) of multiple Na adsorption on the X -MoS;
substrates (X = heteroatoms). (a) C-V diagram of group-IIIA-element-doped MoS;. (b) C-V diagram of group-IVA-element-doped

MoS;. (¢) C-V diagram of group-VA-element-doped MoS;.

of the Na atom adsorbed on the X-MoS, substrates are
presented in Fig. 6. Like MoS;, X-MoS; (X=0, Se, and
Te) has a weak adsorption ability for Na atoms, and thus,
they will have poor theoretical capacities. Therefore, the
MoS, substrates doped with the group-VIA element are
not further discussed. Figure 6 depicts the relationship
between theoretical capacity and open-circuit voltage for
the doped substrates of X-MoS, with dopants from groups
IITIA to VA. As seen in Fig. 6(a), for the X-MoS, sys-
tems with the group-IIIA-dopant elements (B, Al, Ga, In),
the theoretical capacity shows a good relationship with the
open-circuit voltage, i.e., with the increase in theoretical
capacity, the open-circuit voltage decreases. The In-MoS,
system shows a minimum open-circuit voltage of 0 V;
the maximum theoretical capacity is about 650 mAh/g.
However, other doped systems of X-MoS, (X =B, Al,
Ga) show a maximum theoretical capacity of more than
700 mAh/g. Similarly, with the group-IVA (C, Si, Ge, Sn)
and -VA (N, P, As, Sb) dopants, X-MoS, substrates show
similar trends to those with the group-II1A dopants. As pre-
sented in Figs. 6(b) and 6(c), compared with other elements
in the same group, the maximum theoretical capacity of
X -MoS, (X=Si, Ge) exceeds 700 mAh/g. Therefore, it
can be seen that doped systems of X -MoS, (X =B, Al, Ga,
Si, Ge) are very promising high-capacity electrode mate-
rials. Considering the previous results that the X-MoS;
(X = As, Si, Al) systems have smaller diffusion barriers,
we predict that X-MoS, (X = Al, Si) might be good can-
didates as electrode materials for SIBs with a high rate
performance and high theoretical capacity [as shown in
Fig. 14 in the Appendix].

IV. CONCLUSIONS

Based on first-principles calculations, we explore the
feasibility of developing 2D MoS, substrates as electrode
materials for Na-ion batteries. The effect of heteroatom

doping, charge variation, and the ability to adsorb Na ions
are studied systematically. It is found that the MoS,-based
systems with suitable empty states near the Fermi level
may facilitate the adsorption of Na, which can be tuned
by introducing electron-deficient dopants (e.g., group-II1A,
-IVA, and -VA elements) into MoS,.

In addition, the diffusion barrier, theoretical capac-
ity, and open-circuit voltage are examined by doping
heteroatoms (X =B, Al, Ga, In, C, Si, Ge, Sn, N, P,
As, Sb, O, Se, Te, F, Cl, Br, I) into the MoS, sub-
strate. It is found that doping can create active centers
on the MoS, substrate, and Na atoms may easily dif-
fuse to the active center. From the potential diffusion
profile of Na on X-MoS;, we find that the Si-, As-,
and Al-doped systems are highly promising electrode
materials with the lowest diffusion barrier (~0.1 eV)
compared with the other doped systems. The theoret-
ical capacity and open-circuit voltage studies indicate
that the B-, Al-, Ga-, Si-, and Ge-doped MoS; sub-
strate are highly favorable electrode materials for Na-ion
batteries. As a result, we predict that the Al- and Si-
MoS, systems can serve as electrode materials for Na-
ion batteries, with a high theoretical capacity and high
rate performance. These results provide valuable sugges-
tions for experimentalists to design more efficient Na-ion-
battery electrode materials with extremely high theoretical
capacity.
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APPENDIX: THE STABILITY OF THE X-MoS, STRUCTURES

There are many reports in the literature on the formation energy of the X-MoS,; structure and the heteroatoms used
in this work. For example, the substitution of Al [41-44], B [44,45], C [46], Si [42,43,45], Ge [47], N [44,48-51], P
[42—44,50-52], As [51], O [53], Se [54], Te [55], F [51], C1 [51,56], Br [51], and I [51] atoms for one S atom of MoS,
substrates has been studied from various aspects, and these reports also discuss their stability separately. Among the
dopant atoms considered in the present research, only four candidates (Ga, In, Sn, Sb) are not reported.

Since MoS, materials may easily generate S vacancies in the synthesis process, according to the literature [57-59],
the binding energy of the dopant atoms at the S vacancies (defined as Eying = Ex + Evac - Mos, — Ex - Mos,) in MoS; is
usually used to judge the stability of the dopant atoms. The calculated binding energies shown in Table IV indicate that
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FIG. 7. (a),(b) CDDs of Na atom adsorbed at site 1 on the MoS, and MoS, (extract e) substrates. (c),(d) CDDs of Na adsorbed at
sites 1 and 6 on the N-MoS, substrate. (e),(f) CDDs of Na adsorbed at sites 1 and 6 on the N-MoS; (inject e) substrate. For contour

plots, the green region represents charge depletion, and the orange region represents charge accumulation. Isosurface value of the
CDDs is 0.002 e/A3.
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elements and the corresponding adsorption energies of Na.
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TABLE II. The adsorption energy of Na at site 1 and site 6 on the X -MoS; substrate (X =B, Al, Ga, In, C, Si, Ge, Sn, N, P, As, Sb,
0, Se, Te, F, Cl, Br, I).

Eags (eV) Eqags (eV) Eags (€V) Eags (eV) Eqags (eV)
Element  Site 1 Site6 Ele Site 1 Site6  Ele Sitel Site6 Ele Site 1 Site6  Ele Sitel Site 6
B 1.68 1.71 C 1.06 1.42 N 1.47 2.12 (0] 0.16 0.59 F 0.63 1.21
Al 1.28 1.17 Si 1.53 1.44 P 1.84 2.06 S 0.13 0.13 Cl 0.25 0.42
Ga 1.30 1.43 Ge 1.64 1.85 As 1.84 1.92 Se 0.12 0.02 Br 0.30 0.47
In 0.73 0.80 Sn 1.07 1.10 Sb 1.61 1.63 Te 0.11 0.11 I 0.40 0.51

the binding of the dopant atoms on vac-MoS, are all exothermic, with binding energies all greater than 2 eV. While the
iodine dopant with a binding energy close to 2 eV is reported to exist stably [51], the stability of the X-MoS, structures
can be inferred.

Tables II and III Figures 7—13.
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FIG. 9. PDOS of X-MoS, (X =B, Al,Ga,In, C, Si, Ge, Sn, N, P, As, Sb, O, Se, Te, F, Cl, Br, I).
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Q)@d?

| 300

FIG. 10. Multiple Na-adsorption geometries at different sites on X-MoS, substrates (X = doped atoms). Here, a concentration of
one monolayer of Na atoms is considered, corresponding to a 1:1 ratio of Na:MoS,.
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FIG. 11. (a),(b) Top and side views of Na-diffusion path on MoS, substrate. (c) Corresponding Na diffusion over the MoS, substrate
via path 1. (d) Corresponding Na diffusion over the MoS; substrate via path 2.

TABLE III. The diffusion barrier of Na on the X -MoS, (X =B, Al, Ga, C, Si, Ge, N, P, As) substrate.

Element Diffusion barrier (eV) Element Diffusion barrier (eV) Element Diffusion barrier (eV)
B 0.18 C 0.42 N 0.68
Al 0.11 Si 0.10 P 0.21
Ga 0.23 Ge 0.20 As 0.10
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FIG. 12.
substrate via path 3.

—— Path3

0.5

site

site 4

Diffusion Coordinates

Path 3: site 5> site 4

0 1 2 3 4 5

(a),(b) Top and side views of Na-diffusion path 3 on N-MoS, substrate. (c) Corresponding Na diffusion over the N-MoS,;
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FIG. 13. Diffusion of Na on the X-MoS, (X =B, Al, Ga, C, Si, Ge, N, P, As) substrate.
TABLE IV. The binding energy of the X atom adsorbed on vac-MoS; (X = doped atoms).
Element Ebind (eV) Ele Ebind (eV) Ele Ebind (CV) Ele Ebind (CV) Ele Ebind (CV) Ele Ebind (CV)
Li 2.72 B 532 C 6.99 N 6.02 0 7.369 F 4.38
Na 2.49 Al 2.74 Si 4.01 P 443 S 6.08 Cl 3.11
Mg 1.77 Ga 2.20 Ge 3.14 As 3.84 Se 8.13 Br 2.55
In 2.74 Sn 3.44 Sb 3.36 Te 445 I 2.01
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