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Two-dimensional (2D) vanadium disulfide (VS,) can serve as a universal host for reversible inter-
calation and deintercalation of alkali and alkaline earth metal ions. However, its practical application in
rechargeable metal-ion batteries is limited by its low energy density (559 Wh g~!). Herein, the effects of O
doping and C, O codoping on the electrochemical performance of 2D VS, used as anode for magnesium-
ion batteries (MIBs) are investigated by first-principles calculations. Values of both the energy density
and specific capacity increase with increasing O-doping concentration, and those of VSO are 2.17 times
and 1.16 times higher than those of VS;, respectively. However, due to the strong bond between O and
Mg, the diffusion barrier of Mg atoms on 2D VSO is relatively high (1.02 eV). Further introduction of
C (VSO0y.75Cy.25) can reduce the diffusion barrier of Mg atoms (0.80 eV) to a level comparable to that of
VS,. Meanwhile, the values of energy density and specific capacity of VSOg75Cy s are 1.53 times and
1.17 times those of VS;. Our results suggest that O doping and C, O codoping of 2D VS, are effective
strategies to improve the overall performance of MIBs and it should be possible to generalize such doping

strategies to other rechargeable MIBs based on 2D transition metal dichalcogenides.

DOI: 10.1103/PhysRevApplied.21.024038

I. INTRODUCTION

The use of energy storage systems combined with
renewable clean energy is an effective approach to achiev-
ing global carbon neutrality in the coming decades.
Rechargeable ion batteries (RIBs), as an important energy
storage technology for mobile electronic devices, elec-
tric vehicles, and large-scale energy storage systems, have
attracted a lot of research interest. As we have witnessed,
lithium-ion batteries (LIBs), as one of the most mature
types of RIB, have been widely used. However, owing
the scarcity of lithium in the Earth’s crust and the poten-
tial safety hazards caused by dendrite precipitation, it is
not suitable for future large-scale energy storage applica-
tions [1]. The magnesium-ion battery (MIB) is considered
to be one of the most likely new-generation RIBs to replace
the LIB due to the abundance of magnesium, low cost,
high volumetric specific capacity, high safety, low dendrite
deposition, and small ion radius [2]. However, the exist-
ing MIBs are still far from achieving the goal of superior
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performance required by ever-growing energy consump-
tion. It is hard to find electrode materials that can overcome
the sluggish diffusion kinetics caused by the high charge
polarization of Mg, while having high intercalation and
deintercalation reversibility, high energy density, and good
cycle stability [3—7].

In contrast to three-dimensional (3D) materials, two-
dimensional (2D) materials, such as graphene and gra-
phyne [8,9], transition metal carbonitrides [10,11], transi-
tion metal oxides [12,13], and transition metal dichalco-
genides (TMDs) [14—18], have attracted a lot of attention
recently due to their layered structure that can facilitate ion
insertion and extraction [19], and their large specific sur-
face area that can provide electrochemically active sites for
ion storage [20—22]. Synthesis of 2D materials is currently
possible in the laboratory [23]. It is promising to develop
new 2D materials by borrowing existing technologies for
developing 3D metal sulfides, producing 2D materials at
affordable prices in the future, and using them as elec-
trode materials for ion batteries [24]. As a typical TMD,
VS, has been studied as a battery electrode material for
decades, and past research has mainly focused on the 3D
structure of metal sulfides to explore its application in the
field of batteries [25,26]. Recently, 2D VS, has been used
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as a universal electrode material for rechargeable alkali
metal ions (Lit,Na*,K¥) [27], Zn?* [28], Mg** [29],
and their hybrid batteries [30], and is a rising star [31,32].
Zhou et al. [27] prepared atomic-layer thick VS, as the
electrode material for the storage of alkali-metal ions and
it shows relatively high reversible specific capacities and
great cycling stability. He et al. [28] designed and assem-
bled aqueous Zn/VS, batteries with a high capacity of
190.3 mA h g~! and an energy density of 123 Wh kg~!

at a current density of 0.05 A g~!. Compared with con-
ventional 2D VS;, monolayer VS, has a higher ion storage
capacity. However, the application of monolayer VS; in
ion batteries is still a relatively new field with the poten-
tial of its application in ion battery electrode materials
still to be further studied and explored. Xue et al. [29]
and Xie et al. [33] have expanded the interlayer spacing
up to 10 A, meaning that VS, is already or is close to
being a monolayer, to enhance the storage of magnesium,
sodium, and potassium. Moreover, Wang et al. [34] inves-
tigated the electrochemical performance of monolayer VS,
for Li, K, Mg, and Al batteries by using first-principles
calculations, and the predicted theoretical capacities of

Li, Mg, K, and Al are 1397, 1863, 466, and 78 mA h g~!,
respectively. Both Yang et al. [17] and Wang et al. [34]
reported that monolayer VS, has superior electrochemi-
cal performance compared to bilayer and bulk VS, when
used as electrodes. In contrast to 3D materials, the experi-
mental capacities of Li- and K-ion batteries based on VS,
nanosheets have exceeded 1050 and 400 mA h g~! [27],
which are very close to their theoretical capacity of mono-
layer VS,. Recently, monolayer VS, has been success-
fully prepared experimentally by CVD and solution phase
methods [35]. By integrating current techniques for syn-
thesizing monolayer VS, with the ongoing advancements
in material synthesis methods, it is anticipated that the pro-
duction of monolayer VS, will become more economically
viable in the near future. Although the electrochemical per-
formance of monolayer VS, as an electrode material for
MIBs is suitable, its energy density (559 Wh g~!) is still
relatively small. Therefore, it is necessary to study how
to further improve the theoretical capacity and capability
density of monolayer VS,.

An important strategy for the design and functionaliza-
tion of novel materials is elemental doping, which can
essentially alter the properties of the material, including
electronic (electrochemical) [36-38], optical [39,40], and
magnetic [41,42] properties. Recently, investigations on
the improvement of RIBs through the single-atom dop-
ing or multiheteroatom doping of electrode materials have
been reported [43—45]. For instance, Zhang et al. [43]
partially replaced Se with S in SnSe to enhance its elec-
trochemical and thermoelectric performance, and obtained
a series of dual functional SnSe,_,S, (x=0, 0.1, 0.2, 0.3,
0.4, and 0.5) electrode materials. Shi et al. [44] prepared
MoSy.74Se; 26/N-doped carbon anodes by introducing S

in MoSe,, and its performance was significantly better
than MoS;/NC and MoSe,;/NC in Na™ batteries. Jian
et al. [46] established a method for tuning the O-doping
concentration in CVD-grown 2D MoS,. Shi et al. [47]
prepared C-doped titanium nitride films (TiN/C) with-
out a binder as electrodes for supercapacitors using the
magnetron cosputtering technique. The TiN film electrode
with approximately 5.33 at. % doped C exhibited remark-
able capacitance performance, achieving a maximum areal
capacitance of 45.81 mFecm™~2. These doping methods can
serve as valuable references for doping with O and O, C
in VS,. However, to our knowledge, elemental doping to
improve the electrochemical performance of 2D VS, as an
electrode has rarely been reported [48,49]. Tomar et al.
[48] investigated the catalytic activity of pure and non-
metallic (carbon, nitrogen, and phosphorus) functionalized
2D vanadium dichalcogenides (VS,, VSe,;, and VTe,).
Of all the pristine monolayers, the pristine VS, mono-
layer is the most active HER (hydrogen evolution reaction)
and OER (oxygen evolution reaction) catalyst, while for
the functionalized case, the C-doped VS, monolayer has
the best HER performance. Woo et al. [49] reported a
method to obtain 2D transition metal dichloride matrices
with better catalytic performance than that of carbon-based
cathodes by F- and N-doping on H-VS,.

In this paper, in order to further improve the theoretical
specific capacity and energy density of monolayer VS, for
MIBs while maintaining its basic structure and good cycle
stability, we investigated the electrochemical performance
after partially replacing S with O, which has a smaller
atomic weight. The electrochemical performance of a
series of VS,_, O, (x =0, 0.25, 0.5, 0.75, and 1) was inves-
tigated by calculating the electronic structure, open-circuit
voltage (OCV), theoretical capacity, energy density, and
migration energy barrier of magnesium ions. We found that
both specific capacity (up to 2165 mA h g~!) and energy
density (up to 1212 Wh g~') increased with increasing
O-doping concentration. Unfortunately, the migration bar-
rier (up to 1.02 eV) of Mg atoms also increased due to
the strong bond between O and Mg. To reduce the migra-
tion barrier of Mg, we further introduced carbon (C),
which has a similar atomic mass but lower electronegativ-
ity compared to O, into the 2D VSO system. We found
that C and O codoping can increase the specific capac-
ity (2187 vs 1863 mA h g~!) and energy density (853 vs
559 Wh g~!) of VS, while maintaining its average OCV
(0.39 vs 0.30 V), conductivity, and low Mg atom migration
barrier (0.803 vs 0.497 eV). Our results demonstrate that
C, O codoping is a very effective strategy to improve the
overall performance of 2D VS,-based MIBs, which will
promote the widespread application of MIBs.

II. COMPUTATIONAL METHODS

All calculations based on first-principles calculations
were performed in the framework of density-functional
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theory (DFT), as implemented in the Vienna ab initio sim-
ulation package (VASP) [50,51]. The exchange-correlation
energy was considered using the Perdew-Burke-Ernzerhof
generalization within the framework of generalized gradi-
ent approximation. A plane-wave approach was employed
with a cutoff energy set to 520 eV. Additionally, spin polar-
ization and van der Waals correction (DFT-D3) [52] were
taken into consideration in the calculations. A 2 x 2 x 1
supercell with a vacuum separation larger than 20 A
was used to simulate the adsorption and diffusion of
Mg cations on VS,0,C; (x +y +z=2) monolayers, and
a 4x4x1 K point was gridded in the Brillouin zone
using the Monkhorst-Pack method. The conjugate gra-
dient method was used for geometric optimization. The
self-consistent calculations and electronic structure prop-
erties calculations were performed using a 7x7x1 K
grid. The climbing-image nudged elastic band method [53]
was employed to calculate the Mg cation diffusion barriers
on the VS,0,C. monolayers with five or seven images.
Ab initio molecular dynamics (AIMD) simulations were
performed using VASP at a temperature of 300 K under
an NVT system controlled by a Hoover thermostat [54].
The entire simulation time was 5 ps with a time step
of 1 fs.

(a)
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II1. RESULTS AND DISCUSSION

A. Structure of VS, 0, C; monolayers

As shown in Fig. 1(a), pristine VS, has a graphene-
like honeycomb lattice with a layer of S atoms at the
top and bottom, and a layer of V atoms in the middle,
forming a sandwich structure with a S-V-S spatial arrange-
ment. Since there are two coordination numbers of the V
atom with respect to the S atom, there are two phases of
VS,. In the H phase the V atom occupies the center of
the trigonal prism formed by the S atoms, while in the
T phase the V atom occupies the center of the octahe-
dron formed by the S atoms. The H and the T phases are
periodic 2D hexagonal lattices in both x and y directions.
The H-phase VS, is more stable than the T phase, and
monolayer H-phase VS, has been successfully prepared
[55,56], so this paper focuses on the H-phase monolayer
VS,. It was important to find the most stable doping con-
figuration, so we first tested several possible configurations
for VS,_,O, (x=0.25, 0.5, 0.75, and 1). According to
the symmetry of VS,, all the irreducible symmetry sites
were selected for initial testing. In particular, as shown in
Fig. S1 (in the Supplemental Material [57]), VS;50¢.5 and
VS,750025 have three and two possible configurations,

FIG. 1. Top and side views of the
structure of VS,0,C;, and possible
adsorption sites of Mg atoms on the
monolayer VS,0,C.. (V, S, O, and C
atoms are marked with purple, green,
pink, and brown colors, respectively).
The adsorption positions on the top and
bottom surfaces are indicated by “top”
and “bottom,” respectively. For exam-
Q ple, 1-top, 2-top, and 3-top are the
top sites on S, in the hollow, and on
V of the top surface, respectively. (a),
@ (b), (¢), (d), (e), and (f) correspond to
VS8, V81750025, VS1500.5, VS1.2500.75,
VSO, and VSO 75Cq.s, respectively.

0
ol
¢ ©O
V80,.75C0.25
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which we named VS;5005-a, VS;5005-8, VS;15005-y
and VS;75002s5-0, VS1750025-8, respectively. We first

calculated the formation energy of the VS,_,O,, which is
defined as

Er = (Evs,_.0, — Evs, + nius — nuo)/n. (1)

Evs, .o, and Evysg, are the total energies of VS, after and
before O doping, respectively. us and po are the chemical
potentials of the O and S atom with reference to O, and
S crystals respectively. n is the doping number of O. For-
mation energies of all VS,_,0O, are summarized in Table
S1 and all have negative values. The formation energies
of VS, 500 5-a and VS; 500 5-8, are very close (—1.21 and
—1.18 eV), while VS, 350¢75- (—1.22 V) is more stable
than VS 350¢75-8 (—1.07 eV). Unfortunately, VS, 50y s-
B deforms greatly after adsorption of Mg atoms. Its « angle
(i.e., the angle between the axis perpendicular to the VS,
plane and the axis in VS, plane) decreases from 90° to
86.43°, which does not meet the requirements of long-term
cycle stability for battery electrodes. Therefore, the most
stable configurations of both VS;sOgs and VS| 350¢.7s
have O atoms substitute S on the same side, which should
be the same for VSO.

The migration barrier of Mg on VSO is relatively high
(as we will see in later results), and in order to reduce the
migration barrier of Mg, we further introduce C doping.
The formation energies for a C atom substituting an M
(M =0 or S) atom were obtained through Eq. (2) and are
summarized in Table S2.

Ef = (Etotat — Evso + nuc — nua)/n, (2

where FEi and Evso are the total energies of VSO
before and after C doping, respectively. uc and py, are the
chemical potentials of the C atom and M (M =0 or S)
monomers, respectively. n is the doping number of C. The
formation energies (Table S2) of C substituting S and O
are —2.44 and —2.39 eV, respectively, indicating that C
can substitute both O and S and is thermodynamically sta-
ble. The substitution of O by C significantly reduces the
diffusion energy of Mg. In contrast, the substitution of S
does not reduce the diffusion energy of Mg. Therefore, we
only consider the case where C is substituted for O. When
further increasing the C-doping concentration from 0.25 to
0.5, there are also two possible doping configurations, that
iS, VSO(),5C0_5-OI and VSOO.5C()_5—,3 [FigS. Sl(f) and Sl(g)]
The formation energies of VSOys5Cys-a and VSO 5Cy s-
B are —2.01 and —1.92 eV, respectively, indicating that
the VSO 5Co5-a configuration is more stable. We further
checked their thermodynamic stability using AIMD simu-
lations. As shown in Fig. S2, minor fluctuations caused by
vibrations of the atoms have no effect on the changes in the
stable phases of the doped VS,0,C.. However, since the
electronegativity of C is less than that O, the adsorption

energy of the Mg atom on VSO 5Cys-« is smaller than
that on VSOy.75Co25, which will result in a lower OCV
for VSO 5Cy5. Because a lower OCV is not conducive
to increasing the energy density of the electrode, it makes
no sense to continue to increase the doping concentration
of C.

As depicted in Figs. 1(b)—1(f), the most stable structures
of the doped monolayer VS,0,C; are similar to that of
the pristine monolayer VS;; the bond lengths, thicknesses
of the VS,0,C; layers with and without Mg adsorption,
and their variation are summarized Table S3 [57—59]. The
pristine VS, has a=b=3.17 A and a layer thickness of
5.085 A, consistent with the previous results [56,60]. Over-
all, the thickness of VS,0,C. gradually decreases as the
O-doping concentration increases. When Mg is present, the
variation in the thickness of the VS, 0, C; layers is less than
5%, which is considered stable.

B. Mg adsorption on VS, 0, C; monolayers

In order to find the most stable adsorption site for Mg
atoms on the VS,0,C. monolayers, it is necessary to
calculate the adsorption energy. The expression for the
adsorption energy E,q is given by

Eag = Evs,0,c.Mg, — Evs,0,c. — nEwmg, 3)

where Evs,o,c. and Evs,o,c.Mmg, are the total energies
of VS,0,C. supercell before and after Mg-atom adsorp-
tion, respectively; Ey, is the energy of each Mg atom
[9] in the crystal of the hexagonal Bravais lattice; and
n is the number of adsorbed Mg atoms, where n=1.
Here, we only discuss cases of adsorption on the sur-
face, as the insertion of Mg atoms into monolayer VS,
is difficult and will lead to the breaking of the V—M
bonds, causing instability [34]. Figure 1 shows all pos-
sible initial adsorption sites that we tested. Three, ten,
eight, eight, six, and ten initial adsorption sites were cal-
culated for VSz, VSl.7500_25, VS1.500.5, VS]_2500.75, VSO,
and VSO 75Cy s, respectively. The adsorption energies of
all sites of the six structures after structural optimization
are summarized in Table S4. The most stable adsorption
site of pristine VS, is the 3-top site [Fig. 2(a)], which
is consistent with the previous results [17,34]. The most
stable adsorption sites on the top surfaces of VS;750¢ .25
[Flg 2(b)], VS]_500_5 [Flg 2(0)], VS]_2500.75 [Flg 2((1)],
VSO [Fig. 2(e)], and VSOg75Cy2s [Fig. 2(f)] are all the
central site (5-top) with adsorption energies of —1.40,
—1.77, —1.71, —=2.19, and —1.02 eV, respectively, imply-
ing an exothermic spontaneous process. The most stable
adsorption sites on the bottom surfaces of VS;750y.s,
Vsl‘500‘5, Vsl'2500'75, VSO, and VSOO.75C0.25 are all the
V top site 3-bottom with adsorption energies of —0.82,
—0.63, —0.16, —0.33, and 0.30 eV, respectively (Fig. S3).
The positive adsorption energy indicates that a single Mg
atom is not readily adsorbed on the bottom surface of
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FIG. 2. The most stable adsorption sites on the top surfaces of VS, (a), VS, 750925 (b), VS| 500.5 (c), VS1250¢.75 (d), VSO (e), and

VS0.75Co.25 ().

VS0y75Co25. This is because the electronegativity of C
(3.15) is less than that of S (3.44) [61], i.e., the elec-
tron gaining ability of S> C. As will shown below [in
Fig. 8(d)], when C is introduced, the negatively charged
region (green) around C on the top surface and the posi-
tively charged region (pink) in the middle shrinks, while
the negatively charged region (green) around S on the bot-
tom surface grows and a positively charged region (pink)
on the bottom surface appears. Therefore, an electrostatic
Coulomb repulsion is generated between this positively
charged region and the Mg atoms, resulting in unstable
adsorption of Mg atoms. However, when there is already a
Mg atom adsorbed on the top surface at the same time, the
C obtains electrons from both the Mg atom and the V atom
on the top surface, and the positively charged region (pink)
in the middle decreases, as shown in Figs. 9(f) and 9(g). In
order to keep the system electrically neutral, the positively
charged region (pink) around the bottom surface S disap-
pears, and the electrostatic attraction with the Mg atom is
restored, so the Mg atom adsorption on the bottom sur-
face becomes stable again. As shown in Table S4, with the
increase of O-doping concentration, the adsorption energy
of Mg atoms increases; that is, the adsorption becomes
more stable. When 0.25 of O in VSO is replaced by C, the
adsorption energy of Mg decreases due to the electronega-
tivity of C being less than that of O, resulting in a weaker
binding between Mg and C atoms. However, the adsorp-
tion energy of Mg atoms on the surface of VSOg75Cy s
(—1.02 eV) is still greater than that of the pristine VS,
(—0.87 eV); that is, the codoping of C and O is conduc-
tive to the adsorption of Mg atoms. Strong adsorption can
effectively reduce the nucleation overpotential, but this in

turn results in higher diffusion energy. The higher desorp-
tion resistance and slower Mg migration rate due to strong
adsorption severely reduce the multiplicity performance of
the battery. In contrast, a weak adsorption is conducive to
the diffusion of ions and accelerates the migration of Mg,
but it also reduces the voltage as well as the adsorption
stability of Mg, which is not conducive to the deposition
of Mg. Therefore, the adsorption of Mg on the electrode
surface should not be too strong or too weak. Interestingly,
the adsorption energies of all VS,0,C. monolayers are
moderate, indicating a well-balanced relationship between
diffusion and deposition and/or exfoliation.

C. Theoretical capacity and working potential

OCV and specific capacity are two key performance
metrics for RIB electrodes. In order to investigate the effect
of elemental doping on energy density, it is also necessary
to explore the influence of the doping effect on OCV and
specific capacity. Charging and discharging are mutually
reversible reactions, and the half-reaction of a rechargeable
battery is expressed as follows:

VS,0,C. + nMg>" + 2ne” <> VS,0,C-Mg,.  (4)

The OCV V of the electrode can be determined by the total
energy difference before and after Mg atom adsorption.
The Gibbs free energy at room temperature is approxi-
mately equal to the change in internal energy because both
PAVand TAS are small and can be neglected [34], thus V'
is expressed as,

V= (Evs,o,c. +nEmg — Evs,0,c.Mmg,)/2ne,  (5)
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where Evs,o,c. and Evs,o,c.mg, are the total energy before
and after Mg atom adsorption, respectively; Eyg is the
energy of each Mg atom in the crystal of hexagonal Bra-
vais lattice; » is the number of Mg atoms adsorbed; and 2
is the number of charges carried by Mg atoms.

To obtain the voltage profile we explored the maxi-
mum adsorption number of Mg atoms. The most stable
adsorption site for the first layer of Mg on both the top
and bottom surfaces of VS, is the 3-top site [Fig. 3(a)]
with an adsorption energy of —0.394 eV per Mg atom,
which is consistent with previously reported results [34].
The most stable adsorption sites for the first layer of Mg
on the top and bottom surfaces of VS; 75005 are the 2-
top (5-top) and 1-bottom sites, respectively [Fig. 3(b)],
and the adsorption energy is —0.438 eV per Mg atom.
When a full layer is absorbed, we no longer strictly dis-
tinguish between 2-top and 5-top and denote them as 2-top
(5-top). The most stable adsorption sites of the first layer
of Mg on the top of VS;5005 [Fig. 3(c)], VS12500.75
[Fig. 3(d)], VSO [Fig. 3(e)], and VSO 75Co25 [Fig. 3(H)]
are all the 2-top (5-top) sites, while for the bottom sur-
faces of each of them are the 3-bottom, 3-bottom, 2-bottom
(5-bottom), and 2-bottom (5-bottom) sites with adsorption
energies of —0.495, —0.481, —0.566, and —0.590 eV per
Mg atom, respectively [Fig. S4(a)]. When the second Mg
layers are adsorbed on the top and bottom surface, there
are three possible adsorption sites, namely the 1-top, 2-
top (5-top), and 3-top sites. The most stable adsorption
sites for VS,, VS1.750025, VS1500.5,VS12500 75, VSO, and
VS0y75Cp2s are all 1-top sites on the top surfaces, but
the most stable adsorption sites on their bottom surfaces
are 1-bottom, 3-bottom, 2-bottom (5-bottom), 2-bottom (5-
bottom), 1-bottom, and 1-bottom, with adsorption energies
—0.226, —0.184, —0.2, —0.163, —0.219, and —0.263 eV
per Mg atom, respectively [Fig. S4(b)]. Therefore, all four
structures can adsorb up to four layers of Mg, which is
consistent with the maximum adsorption of Mg on pristine
VS, in a previous report [34].

Based on the adsorption energies of Mg atoms on
VS,0,C. [Fig. 4(a)], OCV curves corresponding to
the four structures were plotted according to Eq. (5)

(d) (e) )
020 000 00O
XKL WP SR
b %) Q v @ %
'R 1 - R Y o
© 0 O © 0 O o 0 O
VS,1250475 VSO VSO0, 15Co.s

Structure of the maximum adsorption of Mg atoms on VS,0,C.: VS, (a), VS;7500.25 (b), VS15005 (c), VSi2500.75 (d),

[Fig. 4(b)]. Compared to the pristine VS,, the OCV curves
of the doped VS,0,C; all moved upward, indicating that
the OCV can be improved through O doping and C,O
codoping. Specifically, the OCV increases with increas-
ing O-doping concentration. When C partially replaces O,
the OCV curve decreases significantly, but it is still higher
than that of pristine VS;. This is the result of a decrease
in adsorption energies caused by replacing the more elec-
tronegative O with the less electronegative C. The average
voltages are shown in Fig. 4(c), and it can be seen that the
average voltages of the doped VS0, C. are higher than
that of the pristine VS,. All of the calculated materials
exhibit lower voltages, rendering them more suitable for
use as anodes. Compared to magnesium, which is widely
used as an anode in magnesium-ion batteries, the advan-
tage of VS, lies in its ability to serve as a direct anode
without the necessity of a protective layer. This inherent
characteristic simplifies the battery design and manufac-
turing process, potentially leading to more efficient and
cost-effective energy storage solutions.

The theoretical specific capacity is determined by the
combination of the relative molecular mass of the host
material, the maximum adsorption of the adsorbed ions,
and the number of charges they carry when fully ionized,
which is expressed as follows:

C = 2nF [Mys,o,c., (6)

where Mys, o,c, is the relative molecular mass, £ is the
Faraday constant (26 801 mA h /mol), 2 is the valence of
Mg atom at complete ionization, and #z is the maximum
adsorption amount of Mg atoms. Figure 4(d) summarizes
the theoretical capacities of VS,, VS;750025, VS;5005,
VS1250075, VSO, and VSO, 75Co s of 1863, 1930, 2003,
2081, 2165, and 2187 mA h g~~!, respectively. The the-
oretical capacity of VS,0,C. increases with increasing
O-doping concentration. Among them, VSO; 75Cg s has
the largest theoretical capacity, which is 17.39% higher
than that of the pristine VS;. This is because lighter O and
C atoms are used to substitute heavier S atoms, reducing
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the relative molecular mass of the host material, thereby
increasing its theoretical capacity.

Energy density is determined by the OCV and the
theoretical capacity, and is evaluated by the following
formula:

E=CV, (7)
where C is the theoretical capacity and V' is the average
OCV. The energy densities of VS;, VS; 750025, VS1.500:,
VS12500.75, VSO, and VSOy.75Cy o5 were calculated to be
559, 672, 780, 821, 1212, and 853 Wh g~ !, respectively
in Fig. 4(e). The energy densities of VS,0,C; increase
with increasing O-doping concentration. Compared with
the pristine VS;, the energy density of VSO is more than
doubled. Unfortunately, the energy density of VSOg.75Co 25

after further introduction of C decreases compared to VSO,
but is still 1.53 times higher than that of VS,.

D. Mg atom diffusion Kinetics on a VS0, C;
monolayer

The diffusion barrier is one of the factors affecting
the diffusion rate of metal ions, and it is also an impor-
tant parameter determining the charge and/or discharge
rate of RIBs. Figures 5 and S5 summarize all possible
highly symmetric paths and their corresponding barriers
for Mg migration on VS,0,C. surfaces. All paths on the
same surface are associated, i.c., they start at the same
initial location and arrive at an agreed final state loca-
tion. The top and bottom surfaces of VS, are symmetrical
and only one surface needs to be considered. Taking the
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The possible diffusion paths and their corresponding barriers on the top surface for VS, (a),(g), VSo1.750025 (b),(h),

V81500.5(),(1), VS1.2500.75 (d),(), VSO (e),(k), and VSOq75Co 25 (£),(1), respectively.

top surface as an instance, there are three diffusion paths
[Fig. 5(a)] and their corresponding diffusion barriers are
shown in Fig. 5(g). The lowest path is path 1 and its bar-
rier is 0.497 eV, which is the same as the reported value
[34]. The diffusions on the top and bottom surfaces of the
doped VS,0,C. need to be discussed separately due to
their asymmetry. There are four, two, two, three, and three
possible diffusion paths on the top surface of VS| 750025
[Figs. 5(b) and 5(h)], VS;50¢5 [Figs. 5(c) and 5(i)],
VS]_2500_75 [Flgs S(d) and 5(])], VSO [FlgS 5(6) and S(k)],
and VSOg75Coas [Figs. 5(f) and 5(1)], respectively. The
lowest energy path for all of them is path 1, and the
corresponding diffusion barriers are 1.185 (VS;750¢.25),
1.260 (VS;50¢5), 0.970 (VS;25007s5), 1.016 (VSO),
and 0.803 eV (VSOg75Cy2s5). For the bottom surface,

VS,1.7500.25 [Figs. S4(a) and S4(f)], VS, 505 [Figs. S4(b)
and S4(g)], VS1250¢75 [Figs. S4(c) and S4(h)], VSO
[Figs. S4(d) and S4(i)], and VSO .75Co25 [Figs. S4(e) and
S4(j)] all have two possible diffusion paths with mini-
mum diffusion barriers of 0.515 (path 5), 1.26 (path 3),
0.97 (path 3), 0.292 (path 4), and 0.317 eV (path 4), respec-
tively. The relatively large diffusion barrier on the VSO top
surface is unfavorable to the migration of Mg cations. It
has been reported that the surface exposed to C can effec-
tively reduce the diffusion energy of Na ions on the surface
of TiC; [62,63]. Moreover, the relative atomic mass of C
is less than that of O, which is conducive to the theoreti-
cal capacity of MIBs; therefore, we further introduced C
in VSO in an attempt to reduce the diffusion energy of
the Mg cation. As we expected, when C was introduced to
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partially substitute O in VSO, the diffusion barrier on the
top surface dropped from 1.016 to 0.803 eV with the bar-
rier on the bottom surface remained consistent (0.292 vs
0.317 eV), demonstrating the kinetic of rapid Mg on the

surface of VSQOg75Co25. Moreover, a comparison of the
impact of C on ions’ diffusion energy with other dopants
is summarized in Fig. S6 in the Supplemental Material
[57,64—71]. We can see that C is in the middle position.
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C))

VSZ VS].7500.25

FIG. 8.

VSO VS0,.75Cy.25

(a),(b) The charge density difference isosurface for VS, before and after an O substitution of a S, respectively. (c),(d)

The charge density difference for VSO before and after a C substitution of an O, respectively. Green and pink are electron-rich and
electron-deficient regions, respectively. The isosurface level is set to 0.0025 e/A3.

Although some elements have lower migration energy bar-
riers than C, their atomic masses are much heavier, which
is not conducive to increasing specific capacity.

A comprehensive comparison of these VS.0,C.,
including diffusion barrier (we inverted the diffusion
energy in the radar diagram as the larger the overall area,
the better performance), energy density, capacity, average
OCYV, and so on, are summarized in Fig. 6. Both OCV

(@ (b) ()

VSO

VS00.75C0.25

(d)

and theoretical capacity increase with increasing O-doping
concentration. Incorporation of diffusion energy suggests
that increasing the O-doping concentration further is detri-
mental to the diffusion of Mg on the VS, surface, instead
sacrificing the excellent multiplicative properties. Lower
diffusion energy can be obtained by the introduction of C
doping. Therefore, VSO (light blue area) has an intrin-
sically high energy density and OCV, and VSOg75Cy2s

FIG. 9. Charge density isosurface
configurations for Mg adsorbed on
VS,0,C.; monolayer: (a) on VS,,
(b) on VSL7500,25, (C) on VS],5OO.5,
(d) on VSi250¢75, (¢) on VSO,
(f) on VSOg75Co2s, and (g) on
VS0y.75Cp2s5 both at the 5-top and
5-bottom sites. Green and pink are
electron-rich and electron-deficient
regions, respectively. The isosurface
level is set to 0.0025 e/A3.

VS 00.7 5C0.25
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FIG. 10. Electron localization function isosurfaces (0.8) of the (110) slice of VS,0,C. monolayers without and with four Mg
adsorption layers: (a),(g) VSz, (b),(h) VS;75002s, (¢),() VS1500s5, (d),G) VS12500.75, (€),(k) VSO, and (f),(1) VSO.7500.5,

respectively.

(light red area) performs better in terms of theoretical
capacity and rate performance. Both of them have more
significant electrochemical performance than VS,.

E. Electronic properties of VS, O, C; monolayers

To investigate the impact of elemental doping on the
conductivity of VS, substrates and the effect after Mg atom
adsorption on the electronic properties of VS.0,C., we
calculated their projected density of states (PDOS) and
projected band structures, and the results are shown in
Figs. 7, S7, and S8. From the results, we can see that as
the concentration of O doping increases, the d orbitals of
V move towards lower energy compared with the Fermi
level. When C is incorporated into VSO, the d orbitals
of V move towards higher energies compared with the
Fermi level. Compared with the pristine VS,, the DOS of
the doped VS,0,C; increases at the Fermi level; that is,
the doping improves the electronic conductivity of VS,.
Interestingly, as the concentration of O doping increases
the number of electrons occupying the Fermi energy level
increases and all six structures exhibit metallicity, and
the metallicity of these materials is not changed by the

adsorption of Mg atoms. These results indicate that all of
them have excellent electronic properties.

Greater insight into the element doping and Mg atom
adsorption process were obtained by evaluating the charge
density difference Ap using the following equation:

Ap = pap — p4 — PB- 3

Here, 4 and B are the two fragments that make up 4B.
As showing in Figs. 8(a) and 8(b), when the S atom was
replaced by the O atom, both the electron-rich region
(green) and the electron-deficient region (pink) became
larger. That is, the number of transferred charges increased
because the electronegativity of O is larger than that of S,
which enhances the adsorption of Mg atoms. In Figs. 8(c)
and 8(d), when the O atom was replaced by the C atom,
both the electron-rich region (green) and the electron-
deficient region (pink) became smaller. Meanwhile the
number of transferred charges decreased, which weakened
the adsorption of Mg atoms since the electronegativity
of C is less than O. This helps us understand the trend
of the adsorption energy of Mg atoms on the VS,0,C.
monolayers.
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The adsorption process was further investigated by com-
paring the charge density isosurfaces of VS0, C, before
and after Mg atom adsorption. Figure 9 shows the charge
density isosurface configurations for adsorbing Mg atoms
at the most stable adsorption sites on the top surfaces
of the VS,0, C. monolayers (other stable adsorption sites
are included in Fig. S9). When electrons are transferred
from Mg atoms to VS, O, C;, there are electron-rich regions
(pink) between VS,0,C. and Mg atoms, while there
are obvious electron-deficient regions (green) around Mg
atoms. The transfer of electrons proves that Mg atoms are
bonded to VS, 0, C. by ionic bonds. We further quantified
the number of electrons transferred for the six structures
at all stable adsorption sites by Bader charge analysis
(see Table S5). The number of electrons transferred from
the Mg atom to VS, (3-top) site is 1.451 e~. The num-
ber of electrons transferred from Mg atom to VS, 7505,
VS15005, VS1250075, VSO, and VSOg75Cqy 05 at the 5-
top siteis 1.56 ¢7, 1.60 e7, 1.30 e7, 1.61 ¢7,and 1.54 ¢™,
respectively, and the numbers of electrons transferred at all
other sites are less. Interestingly, the number of electrons
transferred is more than 1 for all these structures, indicating
that all of them are suitable as anodes for MIBs with double
electron transfer of Mg during charge and discharge.

To further check the stability of the six structures
before and after adsorption of four layers of Mg atoms,
the electron localization function (ELF) calculations were
performed, as shown in Fig. 10, based on a jelliumlike
homogeneous electron gas and with ELF values renor-
malized in the range of 0 to 0.8. The ELFs of the (110)
section of the VS,0, C. monolayers without Mg adsorp-
tion reveal that the V—M (M =S, O, and C) bonds are
ionic, indicating the presence of a high density of local-
ized electrons between V and M. This suggests that the
structure remains stable after doping. However, in the ELF
analysis of VS,0, C. monolayers with four Mg layers, it is
observed that the valence electrons of Mg atoms are suf-
ficiently ionized to form a negative electron cloud within
the cation layers. This electron cloud prevents repulsion
between Mg atoms within the cation layers, consequently
enhancing the adsorption stability. Meanwhile, the ionic
character of the Mg—M (M =S, O, and C) bonds is also
demonstrated by the presence of a high density of local-
ized electrons between Mg and M, which also results in
the stable adsorption of four layers of Mg.

IV. CONCLUSION

In this paper, the electrochemical performances of O-
doped and C, O-codoped modified monolayer VS, as
anodes for rechargeable MIBs were investigated using
first-principles calculations. OCV, specific capacity, and
energy density all increased with the increase of O-
doping concentration. However, the diffusion barrier of
Mg atoms also increased, leading to a decrease in

the rate performance of MIBs. To reduce the diffu-
sion barrier of Mg atoms, C-doping was introduced on
VSO. Compared to VSO, VSOy75Co25 has significantly
improved conductivity and a low Mg atom diffusion bar-
rier (0.80 vs 1.02 eV). The theoretical capacities of VSO
and VSO 75Cg2s are up to 2165 and 2187 mA h g,
respectively. Our results demonstrate that O doping and
C, O codoping are very effective strategies to improve the
overall performance of MIBs based on 2D VS,, which
will promote the wide application of MIBs. Additionally,
it should be possible to generalize the codoping strategy
to other 2D TMDs. Combined with the multiatom codop-
ing strategy, optimizing the type, proportion, and position
of the dopants is expected to maximize the advantages of
elemental doping.
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