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Insight into Janus V,COS as anode material of high-performance alkali metal ion battery:

Diffusion barrier, recyclability, specific capacity, and open-circuit voltage
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Transition metal carbides, nitrides, and carbonitrides, known as MXenes, exhibit exceptional conductivity,
stability, and large specific surface area, rendering them promising candidates for anode materials in rechargeable
batteries. Herein, we investigate the electrochemical characteristics of the Janus MXene V,COS monolayer,
as an anode material of alkali metal ion batteries by using first-principles calculations. The phonon band
structure and ab initio molecular dynamics simulations confirm the stability of the Janus V,COS monolayer.
The mechanical and electrical properties of the Janus V,COS monolayer are explored and proved to have
good mechanical stability and electrical conductivity. The surface of the Janus V,COS monolayer demonstrates
the facile adsorption of alkali metal ions and low diffusion barriers. As an anode material, the recyclability
of the Janus V,COS has been verified in the ion intercalation/deintercalation processes. Furthermore, the
theoretical specific capacities and the open-circuit voltages of the Janus V,COS monolayer are calculated to
be 165.54 mA h/g and 2.62 V for Li, 662.18 mA h/g and 0.76 V for Na, and 294.43 mA h/g and 0.4 V for K,
respectively. It presents that the Janus V,COS monolayer is a potential anode material of sodium-ion batteries
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and potassium-ion batteries.
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I. INTRODUCTION

The environmental pollution and the great depletion of
traditional fossil fuel sources have produced the urgent need
to develop high-efficiency energy storage technology for im-
plementing practice applications of renewable energy sources
[1]. Due their the high-power, high-energy density, and
long cycle life, as a mainstream alkali metal ion battery,
the lithium-ion battery (LIB) has gained widespread use in
portable devices, smart electronics, and electric vehicles [2].
However, the rare lithium resources lead to a high produc-
tion cost of LIBs, which limits the availability of LIBs [3].
In the alkali metal family, lithium, sodium, and potassium
have almost the same electronic structure and similar chem-
ical properties. However, abundant sodium and potassium
resources offer the advantages of low cost, driving the ex-
ploration of sodium-ion batteries(SIBs) and potassium-ion
batteries (PIBs) [4-6].

On the other hand, electrode material is a key component
of a battery, and its electrochemical properties significantly
determine the battery performance. At present, as a commer-
cial anode material, graphite is widely used in LIBs, owing
to its good cyclic durability, low cost, and high Coulom-
bic efficiency, but the drawback is the low specific capacity
(372 mA h/g) [7]. For SIBs and PIBs, some researches have
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presented that graphite is not a suitable anode material due to
the less favorable electrochemical property, more significant
volume variation (240%-250% for the Na ion and 61% for
the K ion), and lower Coulombic efficiency (90% for the Na
ion and 54% for the K ion) [8,9]. Consequently, it is necessary
to search for a high-quality anode material suitable to SIBs
and PIBs.

In recent years, two-dimensional (2D) materials have be-
come a promising anode material, whose large specific surface
area provides more electrochemically active sites as well as
fast ion diffusion compared to their bulk counterparts [10—14].
Particularly, transition metal carbides, nitrides, and carboni-
trides (MXenes) have attracted more attention in the field
of energy storage due to their high electronic conductivity,
low diffusion barrier, and enhanced charge storage capacity
[15-18]. The chemical formula of MXenes is represented by
M,11X,T,, where M denotes an early transition metal atom
(Ti, Zr, Hf, V, etc.), X is a carbon and/or nitrogen atom, 7 de-
notes the surface termination (such as O, F, OH), and n can be
1, 2, or 3 [19,20]. As a classical MXene, bare/functionalized
V,C has been widely studied for its excellent characteristics
as an anode material, including a low open-circuit voltage
(OCV), and a high theoretical specific capacity. Nyamdelger
et al. [21] found that the diffusion barrier (0.03 eV) of a Li
ion on the V,C surface is an order of magnitude smaller than
those (0.4-0.5 eV) of the graphene and graphite. Li ef al. [22]
indicated that the adsorption strengths of Li and Na ions on
the surface of V,CS, are weaker than that of the surface of
V,CO,. Wang et al. [23] concluded that both V,CO, and
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V,CS,; exhibit desirable properties as anode materials of PIBs,
including a low diffusion barrier, a low OCV, and a high theo-
retical specific capacity. Thus, the bare/functionalized V,C is
suggested as a potential electrode material suitable to alkali-
metal ion batteries.

Additionally, 2D Janus materials, featuring functionaliza-
tion on both sides with different atoms, have sparked interest
because of their unique structure and physical properties
[24-27]. In particular, the inherent mirror asymmetry of
2D Janus materials leads to intrinsic dipole moment, mak-
ing them more suitable for applications in alkali metal ion
batteries [28]. Siriwardane and Hu [29] found that Janus
Ti,CSSe exhibits a higher specific capacity (230.45 mA h/g)
and a lower diffusion barrier (0.191 eV), compared to M,CS,
(M =Zr, Hf, V, Nb, Ta, Mo, and W). Ozcan and Biel
[30] discovered the ScoCX (X = N,, ON, O,) have differ-
ent electronic and electrochemical properties, e.g., Sc;CO;
exhibits semiconductor properties and Sc,CN, and Sc,CON
demonstrate metallic behavior. As the anode materials of
SIBs, Sc,CON displays a lower diffusion barrier and a
lower OCV than those of Sc,CO, and Sc,CN,. Despite the
progress made, there remains a scarcity of research regarding
Janus MXenes as anode materials of alkali metal ion batter-
ies, necessitating further exploration of their electrochemical
performance.

In this paper, based on the favorable electrochemical prop-
erty of O- or S-terminated MXenes [31], we construct a Janus
V,COS monolayer as an anode material for alkali metal ion
batteries. Here, we first discuss the possibility of experimental
preparation of the Janus V,COS monolayer. The assumed
synthesis process is as follows: In the beginning, V,AIC
is etched in hydrofluoric acid solution to produce V,CT;
(T =-0, -OH, and -F groups) [32]. Then, V,CT, is
transformed into V,CO, through a sulfidation/alkalinization
treatment [33,34]. Finally, V,CO, undergoes a localized sul-
furization treatment to obtain a Janus V,COS monolayer
[35]. Here, through first-principles calculations, the electro-
chemical characteristic of the Janus V,COS monolayer is
evaluated by exploring the diffusion barrier, recyclability,
theoretical specific capacity, and OCV during the inter-
calation/deintercalation processes of alkali-metal ions. The
calculation results show that the Janus V,COS monolayer
can stably adsorb Li, Na, and K ions, and exhibits a low
diffusion barrier and a good recyclability. In addition, the
calculations of the specific capacity and OCV present that
the Janus V,COS monolayer is unsuitable to be the anode
material of LIBs but favorable to be that of SIBs and PIBs.

II. COMPUTED METHODS

All calculations are performed by using Quantum Atom-
istix ToolKit (QATK?2021) simulation tools based on density
functional theory (DFT) [36]. The electron wave function is
expanded by double zeta polarized basis and the density mesh
cut-off energy is set to be 75 hartree. The generalized gradient
approximation with the Perdew-Burke-Ernzerhof functional
is employed to describe the exchange-correlation interactions
[37]. Usually, the results calculated by the DFT-D3 method
[38] are very close to experimental values [39,40], although
the dipole-dipole corrections are limited in precision. Hence,

the DFT-D3 method is chosen in this work for the balance of
computational cost and accuracy. A vacuum layer of 30 A is
introduced to avoid unwanted interactions due to the use of
periodic boundary conditions. The sampling meshes of Bril-
louin zones for the unit cell and the 3 x3 supercell of V,COS
are setas 15x15x1 and 4x4x 1 by using the Monkhorst-Pack
method [41], respectively. During the structure relaxation of
V,COS, the positions of atoms in the unit cell and the su-
percell are optimized until the force on each atom converges
to less than 0.001 and 0.01 eV/A, respectively. The effect
of spin-orbit coupling (SOC) on the structure and electronic
properties of V,COS are tested, and the relevant data are listed
in Table S1 in the Supplemental Material [42]. The results
show that the influence of SOC is almost negligible, there-
fore the SOC effect is not considered in this work. Ab initio
molecular dynamics (AIMD) simulations with a Nosé-Hoover
heat bath method are employed to examine the stability of
Janus V,COS at 300 K for 3 ps [43]. The climbing-image
nudged elastic band method is adopted to obtain the diffusion
barriers and the minimum diffusion paths for alkali metal ions
[44]. The finite displacement method is used to calculate the
phonq}n band structure and the atomic displacement is set as
0.01 A.

III. RESULTS AND DISCUSSION

A. Structure and stability of Janus V,COS monolayer

The constructed Janus V,COS monolayer consists of a
V,C skeleton, an O-terminated surface and a S-terminated
surface, as shown in Fig. 1. According to the dual-surface
property and the hexagonal crystal symmetry, the Janus
V,COS monolayer is divided into the four configurations,
namely, face centered cubic (fcc), hexagonal close packed
(hcp), hybrid face centered cubic and hexagonal close packed
(fcc+hep), and hybrid hexagonal close packed and face cen-
tered cubic (hcp+fcc) configurations. In the fcc configuration,
O and S atoms are respectively aligned with a V atom, while
in the hcp configuration, O and S atoms are aligned with the
C atom. In the fcc+hep configuration, O atoms are placed
on top of V atoms, while S atoms are positioned beneath C
atoms. Conversely, in the hcp+fcc configuration, O atoms are
situated on top of C atoms and S atoms are located below the
V atoms. Due to the asymmetrical structure, the Janus V,COS
monolayer has the space group P3ml (No. 156), diverging
from other MXenes with the space group P3m1 (No. 164).
The optimized lattice constants of the four configurations of
Janus V,COS monolayers are 2.93, 2.90, 2.92, and 2.91 A,
respectively, which are close to the values of V,CO, (2.90 A)
and V,CS; (3.06 A) [23].

First, we calculate the phonon band structures at 0 K to
assess the stability of the Janus V,COS monolayers. As shown
in Fig. 2, the phonon band structures of the Janus V,COS
monolayer have 15 phonon modes, in which 3 lower fre-
quency modes belong to the acoustic modes and the remaining
12 modes are optical modes. There are some imaginary fre-
quencies in Figs. 2(a) and 2(c), which indicates that the Janus
V,COS monolayers with the fcc or fcc+hep configuration are
unstable at 0 K. Conversely, there are no imaginary frequen-
cies in Figs. 2(b) and 2(d), which confirms that the Janus
V,COS monolayers with the hcp or hep+fcec configuration are
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FIG. 1. Side views of Janus V,COS unit cell with four configurations: fcc, hep, fcc+hep, and hep+fec.

dynamically stable. Furthermore, considering the temperature
dependence of phonons [45,46], the phonon band structures of
the fcc and fce+hep configuration at 300 K are also calculated
and presented in Fig. S1 in the Supplemental Material [42].
The results show that they are still unstable at 300 K due to the
existence of imaginary frequencies. In addition, AIMD simu-
lations are used to examine the thermal stability of the Janus
V,COS monolayers with the hep or hep+fee configuration at
300 K. As shown in Fig. S2 in the Supplemental Material
[42], the Janus V,COS monolayers with the hcp or hep+fcc
configuration exhibit a small fluctuation of total energy and no
significant structural collapse during the AIMD simulations
for 3 ps, which suggests they are thermodynamically stable at
room temperature.

To obtain the most stable configuration of Janus V,COS
monolayer, we investigate the energy change during the fol-
lowing reaction: V,C + Spyix + Ogas — V2COS, representing

the oxygenation and sulfurization of the unterminated V,C
skeleton. The formation energy (Ey) of the Janus V,COS
monolayer are calculated by the following equation:

ey

where Evy,cos and Evy,c denote the total energies of Janus
V,COS and V,C, respectively, and Ep represents a half of the
total energy of O, in the gas phase, and Eg corresponds to the
total energy of S in its bulk material. For the hcp and hep+fce
configurations, the calculated E; is —8.24 and —8.42 eV,
respectively. As well known, a negative E; indicates an
exothermic reaction, meaning that the Janus V,COS is sta-
ble against decomposition into S bulk, O, in the gas phase,
and unterminated V,C monolayer. Consequently, the Janus
V,COS monolayer with the hcp+fcc configuration is further
studied in subsequent works due to its lower E; and greater
stability.

Ef = Ev,cos — Ev,c — Eo — Es,
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FIG. 2. Phonon band structure of the Janus V,COS monolayer with (a) fcc, (b) hep, (c) fec+hep, and (d) hep+fee configurations.
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FIG. 3. (a) Young’s modulus, (b) Poisson’s ratio, (c) band structure, and (d) projected density of states of the Janus V,COS monolayer.

B. Mechanical and electronic properties of Janus
V,COS monolayer

First, the strain-stress method is used to calculate the
elastic constant of the Janus V,COS monolayer, as de-
scribed in Note 1 of the Supplemental Material [42].
The calculated elastic constants are C;; = Cy, = 97.82 GPa,
Cip = 27.75 GPa, and Cgs = 35.04 GPa. Apparently, they

J

satisfy the Born mechanical stability criteria (C;; > 0, Cjp >
0, and C; > |C12]) [47], proving the mechanical stability of
the Janus V,COS monolayer.

Second, the orientation-dependent Young’s modulus Y (6)
and Poisson’s ratio v(6) are used to evaluate the deformation
feature of the Janus V,COS monolayer. The formulations of
Y (0) and v(#) follow as [48]

C1Cp — C?
Y () = =1 : )
C115in*(0) + Cypcos*(0) + [% — 2C12]cos2(9)sin2(0)
(C” +Cpp — %ﬁﬁ_cﬁ)cosz(@)sinz(e) + Cpa(sin*(0) + cos*(0))
v() = (3

where 6 denotes the angle between the strain direction
and the x axis. As shown in Figs. 3(a) and 3(b), the Young’s
modulus Y (6) and the Poisson’s ratio v(f) of the Janus
V,COS monolayer are independent of 6 and exhibit isotropic
properties. Moreover, the Young’s modulus (88.5 GPa) of
the Janus V,COS monolayer is higher than that of other 2D
materials, such as C3Al (61.61 GPa) and C;N, (68.13 GPa)
[49,50], which ensures greater strength and stiffness. The
Poisson’s ratio of 0.29 is lower than that of other Janus MX-
enes, such as Ti;CSO (0.318) and Sc,CON (0.338) [29,30].
A low Poisson’s ratio signifies a small stress and deformation
stemming from transverse expansion during the intercala-
tion/deintercalation process of alkali metal ions, which is a

C1Co—

Cuisin®(®) + Cracos(®) + [ “EE = 2C1; [eos2(0)sin2(0)

(

desired result to enhance the stability and lifespan of the bat-
tery.

As is well known, the electrical conductivity is a critical
factor for the electrochemical performance of anode mate-
rials. We calculate the band structure and projected density
of states (PDOS) of the Janus V,COS monolayer to analyze
its electronic properties. As shown in Figs. 3(c) and 3(d), the
Janus V,COS monolayer displays metallic properties, and the
density of states dominated by the 3d orbitals of the V atom
crosses the Fermi energy level, which is similar with the cases
of V,C, V,CO,, and V,CS, [51]. It demonstrates the Janus
V,COS monolayer has good electrical conductivity to be an
anode material.
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FIG. 4. (a) Side view, (b) top view, and (c) bottom view of the six possible kinds of adsorption sites (site I, site I, site III, site IV, site V,

and site VI).

C. Adsorption characteristics of single alkali metal ion

The adsorption characteristic of an alkali metal ion is par-
ticularly important for selecting an anode material. A 3x3x 1
V,COS supercell is constructed to study the adsorption of
a single Li/Na/K ion on the surface of Janus V,COS mono-
layer. As shown in Fig. 4, there are six possible adsorption
sites (sites [-VI) on the O- and S-terminated surfaces of the
V,COS supercell. In Figs. 4(a) and 4(b), site I and site II
align with the lower-layer and the upper-layer V atoms, re-
spectively, and site IIT aligns with the O atom. In Figs. 4(a) and
4(c), sites IV and V align with the C and V atoms, respectively,
and site VI is right under a S atom. To evaluate the adsorption
stability of an alkali metal ion, the adsorption energy (E,q) of
the adsorption site is calculated by the following equation:

Ewa = Ev,cosa — Ev,cso — Ea - (A = Li/Na/K), (4)
where Evy,csoa is the total energy of the V,COS supercell
adsorbed by an alkali metal ion, Ev,cso denotes the total
energies of the Janus V,COS supercell, and E4 represents the
total energy of an atom in the body-centered-cubic structure
of bulk Li/Na/K. It is worth pointing out that E4 in Eq. (4)
should be calculated by the Perdew-Burke-Ernzerhof method
without considering DFT-D3 correction because the DFT-D3
method often leads to unphysical results [52].

According to Eq. (4), a negative adsorption energy rep-
resents an exothermic reaction and an attractive interaction
between an alkali-metal ion and the Janus V,COS supercell.
For the above six sites, the calculated adsorption energies are
listed in Table I. From Table I, it can be observed that for
all the alkali metal ions, the adsorption energy of site II is
consistently lower than that of sites I and III. Therefore, we
can deduce that the alkali metal ions are always preferentially
adsorbed on site II located at the O-terminated surface of the
V,COS supercell. Similarly, the alkali metal ions prefer to
adsorb at site V on the S-terminated surface of the V,COS
supercell.

TABLE I. Adsorption energy of single Li/Na/K ion.

Site | Site II Site III ~ Site IV Site V Site VI

Li —3.69eV —3.79eV —2.63eV —1.52¢eV —1.71eV —0.52eV
Na —343eV —3.59eV —258¢eV —1.41eV —1.42eV —0.8eV
K —-3.62eV —3.71eV —1.58eV —1.64eV —1.65eV —1.41eV

Furthermore, the electron density difference (EDD) is cal-
culated to demonstrate the adsorption behavior of alkali-metal
ions at sites IT and V. The EDD is defined as the variation of
electron density before and after the alkali-metal ion adsorbed
on the O- and S-terminated surfaces and presented as follows:

Ap = pv,cosa — pv,cos — pa (A = Li/Na/K), (5)
where py,cosa, Pv,cos, and p4 denote the electron densities of
the V,COS supercell adsorbed Li/Na/K ion, pristine V,COS
supercell, and Li/Na/K atom, respectively. As shown in Fig. 5,
the azure region indicates the electron depletion and the purple
region illustrates the electron accumulation. It can be noticed
from Fig. 5 that the electrons transfer from an alkali metal ion
to the O- or S-terminated surfaces of Janus V,COS monolayer
and mainly gather between the adsorbed alkali metal ions and
its adjacent O or S atoms.

Moreover, the Mulliken population analyses are calculated
to quantitatively gain insight into the electrons transfer be-
havior [53,54]. The amounts of electron transfer are shown
in Fig. 5. It can be found that the alkali metal ions always
transfer more electrons to O-terminated surfaces while less
electrons to S-terminated surfaces, which can be attributed
to the fact that the O atom has fewer electron shells and
a stronger capability of attracting electrons. The magnitudes
of electrons transferred from Na and K ions to the Janus
V,COS monolayer are almost equal, that is, 0.68e and 0.67e
for the S-terminated surface, and 0.94e¢ and 0.95¢ for the
O-terminated surface. However, the magnitude of electrons
transferred from the Li ion to the Janus V,COS monolayer is
notably small compared with that of the Na and K ions. This
small electron transfer can be attributed to the strong attraction
between the nuclei of the Li atom and its valence electrons,
making it difficult for the electrons to escape.

To review the conductivity of the Janus V,COS monolayer
adsorbed Li/Na/K ion, the PDOS are calculated and shown in
Fig. S3 in the Supplemental Material [42]. It can be explicitly
seen that the Janus V,COS monolayer adsorbed alkali metal
ion still exhibits a metallic nature. Comparing with the density
of states of the pristine Janus V,COS monolayer [Fig. 3(d)],
the Janus V,COS monolayer with the Li/Na/K ion exhibits a
higher density of states at the Fermi energy level, which en-
sures an excellent electrical conductivity. Therefore, in terms
of the adsorption stability and conductivity, the V,COS mono-
layer can serve as a prospective anode material of alkali-metal
ion batteries.
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FIG. 5. Charge density difference of the most stable adsorption site on the O- and S-terminated surfaces of the Janus V,COS supercell:
site II for the (a) Li, (b) Na, and (c) K ion; site V for the (d) Li, (¢) Na, and (f) K ion. (Isovalue = 0.001e/ A,

D. Alkali-metal ionic diffusion characteristic

The charge/discharge rate of an alkali metal ion battery
correlates closely with the diffusion velocity of the ion on the
surface of the anode material, while a low diffusion barrier
indicates a fast diffusion velocity of the ion [55]. Given the
presence of two distinct surfaces of Janus V,COS monolayer,
we compute the diffusion barrier of a single Li/Na/K ion on
the O- and S-terminated surfaces, respectively.

Based on the structure symmetry of the Janus V,COS
monolayer, there are two possible paths for the migration of
an alkali metal ion on each surface. As depicted in Fig. 6,
path 1 (A — A’) involves the direct migration of an alkali
metal ion from a stable adsorption site (site II or site V) to an
adjacent stable adsorption site (site II or site V), while path 2
(A — B — A’) denotes the alkali metal ion transfers first from
a stable adsorption site (site II or site V) to an adjacent sub-
stable adsorption site (site I or site IV), and then to another
stable adsorption site (site II or site V). Along the above-
described migration paths, the diffusion energy profiles of
a Li/Na/K ion on the O- and S-terminated surfaces are calcu-
lated and shown in Fig. 7, respectively. It is clearly observed
that, for all the alkali metal ions on the O- and S-terminated
surfaces, path 2 consistently exhibits a lower diffusion barrier.
Among the three alkali metal ions, the K ion has the smallest

Path 1: A —— A’ 3
(s Path2: A —B— A’y

diffusion barrier, while the Li ion has the largest diffusion
barrier. However, the diffusion barrier for all the alkali metal
ions is lower than that of a commercial graphite-based LIB
(0.48 eV) [56]. Apparently, the diffusion barriers of the
Li/Na/K ion on the surface of the Janus V,COS monolayer
are comparable to that of the ions on the surface of V,CO,
monolayer and V,CS, monolayer [20,21,57].

A diffusion coefficient is another significant index to eval-
uate the charge/discharge rate of an alkali metal ion battery.
Based on the transition state theory, the diffusion coefficient
can be computed by the following equation [58]:

D= dza)/exp<kET) (6)

where d represents the diffusion distance,  is the attempt
frequency, E, denotes the diffusion barrier, and kg and T
are the Boltzmann’s constant and the absolute temperature,
respectively. At room temperature, e taken as 10'* Hz [59],
the diffusion coefficients of the Li, Na, and K ions on the
O-terminated surface of the Janus V,COS monolayer are cal-
culated to be 1.17x107%,3.72x 1076, and 3.78 x 107> cm?/s,
respectively, while on the S-terminated surface, the diffu-
sion coefficients of the Li, Na, and K ions are 7.8x 1078,
8.2x1073, and 1.23x 1073 cm?/s. Obviously, the K ion has

FIG. 6. Diffusion paths for Li/Na/K ions adsorbed on the O- and S-terminated surfaces of the Janus V,COS monolayer.
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FIG. 7. Diffusion barrier of a single alkali metal ion on the surface of the Janus V,COS monolayer.

the largest diffusion coefficient, that is, K ions have the fastest
diffusion velocity on the surface of the Janus V,COS mono-
layer.

E. Multilayer adsorption of alkali metal ions

Investigating the multilayer adsorption behavior of alkali-
metal ions offers a comprehensive understanding of the charge
storage mechanism and capacity limitation in a rechargeable
battery. In the beginning, the alkali metal ions are adsorbed at
site IT one by one because site II is the most stable site. When
all 9 site II on the O-terminated surface of 3x3x1 V,COS
supercell are filled, the first adsorption layer is formed. Then
the E,q4 of the adsorption sites are tested to determine the most
stable adsorption site of the second adsorption layers. When
the most stable adsorption sites are filled by the ions, the sec-
ond adsorption layer with the lowest energy state is formed.
Repeating the above process, the subsequent adsorption layers
are formed in turn (see Note 2, Table S2, and Fig. S4 in the
Supplemental Material [42]).

At the same time, the ability of multilayer adsorption of
alkali metal ions is evaluated by the average adsorption energy
of each layer. The average adsorption energy is calculated by
following equation [60]:

E, — (EVZCOSAX — Ev,cosa, , — nEA) (A = Li/Na/K),
n

@)
where Evy,cosa, denotes the total energy of the V,COS su-
percell with x adsorbed ions, n is the number of ions in the
outermost adsorption layer, and E,4 is the same as the defi-
nition in Eq. (4). For a multilayer adsorption configuration,
E,, dependent on the number of adsorbed ions is shown in

Fig. 8(a). It can be noticed that the E,, changes to positive
when the number of Li, Na, and K ions is larger than 27, 54,
and 15, respectively. This means the number of adsorbable
ions reaches maximum because a positive E,, presents an
unstable adsorption.

Further, we calculate the electron location function (ELF)
of the V,COS supercell with multilayer adsorption ions to
analyze the adsorption behavior of alkali metal ions. As
shown in Fig. 8(b), for the adsorption configuration of the Li
ion, there exists a continuous negative electron cloud (NEC)
outside the Li ion on the O-terminated surface, but the elec-
trons around the Li ions on the S-terminated surface exhibit
significant localization and lack a continuous NEC. For the
adsorption configuration of the Na ion, all the neighboring
adsorption layers are surrounded by a NEC. The NEC serves
as an additional cohesive force for the adsorbed alkali metal
ions, effectively screening the Coulomb repulsive forces be-
tween the alkali-metal ions and enhancing the adsorption
stability of the ions [61]. Hence, the lack of NEC makes it
hard for the Li ion to be adsorbed on the S-terminated surface.
In contrast, a multilayer of Na ions can be stably adsorbed
on both surfaces of the Janus V,COS monolayer due to the
uniform NEC. The formation of a NEC can be attributed to
the overlapping of valence electrons of alkali metal ions with
the increase of adsorbed ions. For the adsorption configuration
of the K ion, there is a higher concentration NEC covereing
the adsorbed K ion layer due to its larger radius and the
overlapping of more valence electrons. Even more signifi-
cantly, there is a higher ELF value between adjacent K ions
adsorbed on the S-terminated surface, which indicates that
K ions are too close, resulting in a strong repulsion between
them.
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FIG. 8. (a) Average adsorption energy (E,,) dependent on the number of Li/Na/K ions; (b) the electron location function of the Janus
V,COS monolayer with 27 Li ions, 54 Na ions, and 15 K ions, respectively.

F. Recyclability and dipole moment

In fact, the deformation of anode materials is a common
phenomenon during the ion intercalation process. The defor-
mation restorability determines the cycle life of the alkali
metal ion battery. In the intercalation process of ions, the
anode material deforms due to volume expansion. Here, the
ratio of volume expansion 7 is defined as the ratio of volume
increment AV and origin volume Vj:
AV V=W
Vo Vo
where V] is the volume after expansion. For the Janus V,COS
monolayer, Fig. 9(a) shows the ratio of volume expansion
with the intercalation number of alkali metal ions. It is found
that the expansion deformation gradually increases with the
intercalation number of alkali metal ions. When nine alkali
metal ions are intercalated, the ratio of volume expansion of
the Janus V,COS monolayer is 8.3%, 6.9%, and 9.4% for the
Li, Na, and K ions, respectively. They are lower than that of
most of 2D materials, such as SnS; (11.7%) [62] and MoS,
(15%-20%) [63]. However, from Fig. 9(a), when the numbers
of Li ions and Na ions exceeds 9 and 36, respectively, the
volume of the Janus V,COS monolayer rapidly expands to
cause a large structure change, and an increased 1 beyond
30%. According to Zhang’s suggestion, it is better that the

n= ; ®)

a
(@,
401
: °
o
2307 / —=—Li
% ——Na
204 ——K
£ —
o ./
> 10+ o
-
0 , : : ’

0 10 20 3l0 40 50 60
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volume deformation of the electrode material should be lower
than 25% to ensure a long cycle life of the alkali metal ion
battery [64]. Hence, it can result in the intercalation number
of Li, Na, and K ions being respectively lower than 9, 36, and
15, to make a small volume expansion of the Janus V,COS
anode material.

To assess the reversibility of recharge/discharge cycles,
the deformation restorability of Janus V,COS is tested using
AIMD simulations with an NVTcanonical ensemble. First, the
intercalated alkali metal ions causing the structure change are
removed. Subsequently, the AIMD simulation is performed
for the deformed Janus V,COS monolayer and shown in
Fig. S5 in the Supplemental Material [42]. It is found that
the Janus V,COS monolayer recovers its initial structure at
300 K after AIMD simulations for 3 ps, suggesting a good
recyclability of the Janus V,COS monolayer as an anode
material.

On the other hand, the intrinsic dipole moment is an im-
portant characteristic of the asymmetric structure of the Janus
V,COS monolayer with the uneven distribution of electrons.
Due to the stronger electronegativity of O atoms, the O atoms
attract more electrons from the neighboring V atoms, while
the S atoms get relatively fewer electrons from the neigh-
boring V atoms, which results in an intrinsic dipole moment
of 2.9 De pointing from the S-terminated surface to the

(b)
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FIG. 9. (a) Volume expansion and (b) dipole moment of the Janus V,COS monolayer dependent on the number of Li/Na/K ions.
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TABLE II. Specific capacity of 2D anode materials for Li, Na,
and K ions.

Materials Li (mAh/g) Na(mAh/g) K (mA h/g)
Graphite 372 [7] 111.7 [8] 273 [9]
MoS, 680 [10] 530 [11] 100 [12]
V,CO, 367.4 [22] 367.4 [22] 489.9 [23]
V,CS, 301.1 [22] 301.1 [22] 200.2 [23]
V,CSe, [66] 394.12 394.12
Cr,CO, [67] 330.9 276.3

WSSe [68] 477.8 371.5.42 156.0
MoSSe 776.5 [69] 510 [70] 203 [70]
V,COS (this work) 165.54 662.18 294.43

O-terminated surface. The total dipole moments of the Janus
V,COS monolayer with alkali metal ions are calculated and
shown in Fig. 9(b). Obviously, the total dipole moment is
intensively dependent on the number of adsorbed alkali metal
ions, especially in the case of less adsorbed ions. With in-
creasing the adsorbed ions, there is no significant change of
the total dipole moment due to the slight effect of the more
adsorbed Na ions on the electron distribution.

G. Specific capacity and open-circuit voltage

Now, we investigate the specific capacity and the open-
circuit voltage (OCV) of the Janus V,COS monolayer as an
anode material for evaluating the essential characteristic of
an alkali metal ion battery. The specific capacity of the Janus
V,COS monolayer is calculated by the following equation
[65]:

Xmax*Z * F
Cy=——
M M

where z is the number of valence electrons of the alkali-
metal ion (z = 1 for Li, Na, and K), xp.c is the maximum
number of adsorbed alkali metal ions ensuring the re-
cyclability of the electrode (here, xn.x =9, 36, and 15
for Li, Na, and K ions, respectively), F is the Fara-
day constant (F = 26810 mAh/mol), and M represents
the molar mass of the anode material. In terms of the
3x3x1 Janus V,COS supercell, M = 1457.55 g/mol, Cy =
165.54, 662.18, and 275.91 mA h/g for Li, Na, and K ions,
respectively. Obviously, the specific capacity of the Janus
V,COS monolayer is the highest for the Na ion. As summa-
rized in Table II, the specific capacity of the Janus V,COS
monolayer for the Li ion is smaller than that of most of the 2D
materials; for the Na ion, the specific capacity of the Janus
V,COS monolayer is the largest; for the K ion, the specific
capacity is larger than that of MoS, and V,CS,, but smaller
than that of V,CO, and V,CSe;.

In the charge-discharge process of an alkali metal ion
battery, the chemical reactions of ion intercalation and dein-
tercalation are presented as the following equation:

; €)

har;
V,COS +xe” +xA* = V,COSA, (A =Li,Na,K),
discharge
(10)

where x denotes the number of alkali metal ions adsorbed on
the Janus V,COS supercell. As shown in Eq. (10), the alkali
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FIG. 10. Open-circuit voltage of the Janus V,COS monolayer
dependent on the number of Li/Na/K ions.

metal ions and electrons intercalate into Janus V,COS during
charge, and the alkali metal ions deintercalate from the anode
material during discharge. Based on the above process, the
OCYV can be calculated as the following equation [71,72]:
E —FE — xE
V,COSA, V,C0S — XE4 an

OCV ~ — ,
xe

where Evy,cosa, and Evy,cos are total energies of the Janus
V,COS monolayer with and without alkali metal ions, re-
spectively, and x denotes the number of alkali metal ions and
E4 represents the total energy of an alkali metal atom in the
bulk material. The open-circuit voltages of the Janus V,COS
monolayer for different numbers of adsorbed Li/Na/K ions
are calculated and plotted in Fig. 10. As shown in Fig. 10,
the OCVs gradually decrease with an increasing number of
adsorbed alkali metal ions. When the number of adsorbed Li,
Na, and K ions reaches maximum, i.e., 9, 36, and 15, their
OCVs are 2.62, 0.76, and 0.4 V, respectively. In general, the
reference OCV of anode material is set to be in range of 0-1
V for effectively avoiding the formation of dendrite during
the charging/discharging process [73]. As an obvious result,
the higher OCV for the Li ion (2.62 V) makes the Janus
V,COS monolayer not suitable as an anode material for LIB.
However, the lower OCV for the Na ion (0.76 V) and the K
ion (0.4 V) can provide a high operating voltage for SIBs and
PIBs [74]. It demonstrates that the Janus V,COS monolayer
as an anode material is suitable for a high-capacity SIB and a
high-voltage PIB. In addition, it is worth mentioning that as
an anode material for SIBs and PIBs, Janus V,COS should be
loaded on carbon cloth or metal foil [75,76] to enhance the
stability and conductivity of the entire electrode.

IV. CONCLUSION

In summary, we construct a Janus V,COS monolayer and
confirm its stability by the analysis of the phonon band
structure, AIMD simulation, and formation energy. The me-
chanical property and electrical conductivity of the Janus
V,COS monolayer are systematically investigated to evaluate
its potential as an anode material of alkali metal ion batteries.
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The calculation of adsorption energy shows that alkali metal
ions can be stably adsorbed on the surface of the Janus V,COS
monolayer. Compared to the S-terminated surface of the Janus
V,COS monolayer, alkali metal ions are more stably adsorbed
on the O-terminated surfaces. The Li/Na/K ion on the sur-
face of the Janus V,COS monolayer demonstrates a lower
diffusion barrier than other 2D materials. Lastly, we find that
the Janus V,COS monolayer exhibits a good recyclability, a
larger specific capacity for Na ions, and a low OCV for K
ions. It presents that the Janus V,COS monolayer has great
potential to be an anode material of SIBs and PIBs.
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