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Research on metallic chalcogen-functionalized
monolayer-puckered V,CX, (X = S, Se, and Te) as
promising Li-ion battery anode materials

*3 Xiaoxu Wang® and Shengli Zhang () *°

Chunmei Tang,
Two-dimensional MXene nanomaterials are promising anode materials for Li-ion batteries (LIBs) due to
their excellent conductivity, large surface area, and high Li capability. The chalcogen-terminated
monolayer-puckered V,CX, (X = S, Se, and Te) structures are expected to embody remarkable
properties for Li storage and diffusion in this paper. The metallic property enables the V,CX, anodes to
have a fast electron transport rate in the charge/discharge process. The phonon spectra prove their
dynamical stabilities. The adsorption energy and energy diffusion barrier of the Li atom on the V,CX,
(X =S, Se, and Te) surface both decrease with increasing atomic number of the terminated element.
The monolayer V,CSe, shows higher Li capacity (394.41 mA h g3, relatively low Eparier (0.21 €V) and a
small volume expansion ratio (6.1%) when compared with those of V,CX; (X = O, S, and Te) monolayers,
indicating that they should be the most promising LIB anodes. These excellent properties indicate that
monolayer chalcogen-terminated V,CX, (X = S, Se, and Te) structures have promising applications as

rsc.li/frontiers-materials LIB anodes.

1. Introduction

Clean energy is a perpetual topic for environment protection
with increasing air pollution brought by the burning of fossil
fuels for decades. The high energy density and excellent cycling
performance of Li-ion batteries (LIBs) enable them to become
the major power supplier for electric vehicles and portable
electronics, which extensively depend on clean energy storage
devices." The small volume expansion ratio (VER) of the anode
and low diffusion energy barrier (Eparie;) Of Li* in the anode will
promote the excellent cycling performance of LIBs, which can
retain the remarkable electrode capacity in the charge and
discharge cycle.”?

Numerous two-dimensional (2D) materials, such as gra-
phene, graphdiyne, and transition metal chalcogenides, show
promising prospects as LIB anodes.*”® Recently, MXenes, as a
new family of 2D materials,” have shown promising perfor-
mance as LIB anodes,>® attributed to their high conductivities
and large surfaces. The formula for MXene is M,,+;AX,, (n =1, 2
or 3), where M stands for the transition metal (Ti, V, Cr, etc.), A
comes from group IIIA or IVA (Al, Si, Sn, etc.) and X is C or N."°
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There are more than 20 types of MXenes that have been
synthesized experimentally and more than 50 types of MXenes
that have been predicted by computer simulations.”'! The
drive for exploring MXenes as LIB anodes is mainly attributed
to the high Li capacity and low Epapier Of the Li atom, which
result in high cycling rate.’> Importantly, most MXene struc-
tures can provide high electrical conductivity.'* For example,
the 2D MXene material Tiz;C, monolayer shows a metallic band
characteristic and has high capacity as the anode of Na- ion
batteries."* Such as in the monolayer V,Cs,'> the Fermi energy
(Eg) of the MXene materials is mainly contributed by the d
orbitals of transition metals. The monolayer Mn,C shows low
Epartier (0.05 €V) and high theoretical Li capacity (879 mA h g~ ')."
After 100 charging/discharging cycles, Nb,C;T, has increased speci-
fic Li capacity to 380 mA h g ' and exhibited excellent rate
capability.”” The Li capacity of monolayer V,NS, and monolayer
Ti,NS, can reach 299.5 mA h g~ " and 308.3 mA h g ", respectively."®

Experimentally, MXene structures are always terminated
with functional groups -F, -OH or -O on the surface in their
synthesis process.'””>*> Bare MXenes are unstable in aqueous
solution or open air.>* Recently, the -OH group can be replaced
by a =S (or $>7) group during the heat treatment as known from
the XPS analysis experiment.>* Moreover, it has been theoreti-
cally demonstrated that the substitution of -O(-F and -OH)
groups on the MXene by the -S group is indeed possible'* and
the S-terminated MXene structures show excellent performance
as LIB anodes in previous research.?* 2’
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Recent experimental and theoretical investigations have
suggested that the energy capacities of MXene structures are
strongly dependent on the functional groups.?®?® The mono-
layer V,C, as a new member of the MXenes, has been experi-
mentally synthesized,*® which is one promising anode for LIBs
and has a high theoretical Li capacity of 940 mA h ¢~ " and low
Eparrier for Li*.*° The Li capacity of the V,CO, monolayer was
theoretically 376 mA h g *,*"** while its experimental Li
capacity was 260 mA h g~ ' under the high charge/discharge
rate.’ Therefore, more research is needed to explore the mono-
layer V,C with better electrochemical performance.

The S-terminated V,C monolayer has shown excellent per-
formance as the LIB anode or when applied in Li-S batteries in
previous research.*** In the periodic table of elements, since
S, Se, Te and O are in the same column, the chalcogen-
terminated puckered V,CX, (X = S, Se, and Te) monolayers
are expected to embody remarkable performance when used as
the LIB anodes. Ti,+1C, (7 = 1, and 2) MXenes terminated with
selenium and tellurium have been synthetized experimentally
in 2020.%¢ Sulfidation can replace oxygen with sulfur element.’”
Until now, the Se- and Te-terminated V,C monolayers have not
been reported. We will systematically investigate the possibi-
lities of chalcogen-terminated monolayer-puckered V,CX,
(X =S5, Se, and Te) and explore their application as LIB anodes
in this paper. Our calculated results reveal that the monolayer
V,CSe, shows a higher Li capacity than V,CX, (X = O, S, and Te)
monolayer and the reduced Epapier for the Li' ion compared
with that of the monolayer V,CO,.

2. Computational methods

The Vienna ab initio simulation package (VASP) software, in
which the electron-ion interaction is described by the projector
augmented wave (PAW) method,*®*° is used to perform all the
first-principles calculations in this paper.’® Based on the gen-
eralized gradient approximation (GGA), the Perdew-Burke-
Ernzerhof (PBE) functional is used to treat the electron correla-
tion interaction.*"*> The cutoff energy of the plane wave is set
to be 600 eV. In order to avoid the interlayer interaction caused
by the period boundary condition, in the direction perpendi-
cular to the surface, a vacuum layer of 30 A is applied. In the
optimization process, the Brillouin zone is sampled by the
4 x 4 k-point for the 3 x 3 super cell with the convergence
criteria of 0.01 eV A™* for the force and 107° eV for the energy.
The van der Waals (vdW) interaction is taken into consideration
by using the Grimme DFT-D2 dispersion correction method.*?
The phonon spectra are calculated by using the Phonopy code**
interfaced with the VASP software. By using both the climbing
image nudged elastic band (CI-NEB) and nudged elastic band
(NEB) method,**"*¢ the diffusion of the Li* along many path-
ways on monolayer V,CX, (X = S, Se, and Te) are considered.
Additionally, the ab initio molecular dynamics (AIMD) simula-
tions are carried out to examine the thermal stability of the 3 x
3 super cell for Li atom embedded monolayer V,CX, (X =S, Se,
and Te) at 300 K. The AIMD method is based on the finite
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temperature of the local density approximation (with free
energy as a variable) and diagonal to each MD step with
effective matrix solution and effective Pulay mixed solution of
instantaneous electronic ground state. The NVT ensemble is
carried out to balance the system at 300 K for 5 ps.*”™*°

The monolayer V,C is firstly calculated to examine the
computational method used here. The calculated lattice con-
stant and the V-C bond length for the unit cell are 2.90 A and
1.99 A, respectively, which are consistent with the 2.91 A and
2.00 A in the previous research.’® Thus, the computation
method used in this paper is reliable.

3. Results and discussion

3.1 The structures and stabilities of the V,CX, monolayer

The structure of the monolayer V,CX, (X = Se and Te) is the
same as that of monolayer V,CS,, in which the S atom is
replaced by Se and Te atoms. The optimized lattice constants
of the unit cell for three monolayer structures (V,CS,, V,CSe,
and V,CTe,) are 3.05 A, 3.12 A and 3.24 A, respectively, which
are larger than those of 2.91 A*® and 2.90 A** for V,C and V,CO,
monolayers. The geometric structures of monolayer V,CX,
(X =S, Se, and Te) have up-to-down five X, V, C, V, and X layers,
and the two layers of atoms above the C layer are symmetric to
those below the C layer, as shown in Fig. 1(a). The band
structures of monolayer V,CX, (X = S, Se, and Te) plotted in
Fig. 1(b-d) reveal their metallic characteristics and the ultrafast
electrical conductivity, which are critical to the LIB anode
materials and similar to the case of monolayer Ti;C,S,.>° In
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Fig. 1 (a) Top view and side view of chalcogen-functionalized monolayer
VoCX, (X =S, Se, and Te). Electronic band structures of (b) monolayer
V,CS,, (c) monolayer V,CSe, and (d) monolayer V,CTe,. The yellow, blue
and gray balls represent chalcogen, V, and C atoms.
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order to judge whether monolayer V,C can form stable new
structure of V,CX,, the formation energy (Ef) is calculated as
follows:**

E¢(X) = 2E(X) + E(V,C) — E(V,CX,) 1)

where E(X) refers to the total energy per atom of the S8
molecule (when X = S), Se8 molecule (when X = Se) and metal
Te (when X = Te), respectively. The E(V,C) and E(V,CX,) are the
total energies of V,C and V,CX,, respectively. The calculated E¢
of monolayer V,CS, is 5.09 eV, which is in agreement with the
previous research.>® The E; are 4.80 eV and 3.25 eV for X = Se
and X = Te, respectively. The positive values mean that the
formation process of the V,CX, monolayer is exothermic and
the phase of the V,CX, monolayer is stable against the separa-
tion for all X.

In order to further check the stabilities of monolayer V,CX,
(X = S, Se, and Te), the phonon dispersion calculation is
performed. The dynamical stability of monolayer V,CX,
(X =S, Se, and Te) is obviously verified by the none imaginary
frequency in their phonon spectra as shown in Fig. 2(a—c). It
can be noticed that, in the phonon spectra of monolayer V,CS,,
three acoustic branches and twelve optical branches are
observed, which are the same as those in the previous
research.”® In the vicinity of the I' point, there is linear disper-
sion of two in-plane acoustic branches and a quadratic out-of-
plane acoustic branch, which is consistent with that of multi-
layer materials.”®>> Thus, these structures should be all dyna-
mically stable. In addition, the thermal stabilities of them are
checked by the AIMD simulation. The free energy of V,CX,
fluctuates around a constant value during 5 ps of total time at a
temperature of 300 K. The time step is 1 fs, as presented in
Fig. 2(d—f). The intact structure without any apparent distortion
indicates that monolayer V,CX, is thermally stable at room
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temperature. It should be noticed that the free energy curve of
monolayer V,CS, is consistent with that in the previous
research.*®

The mechanical properties are further calculated to check
the mechanical stability of the monolayer-puckered V,CX, (X =
S, Se, and Te). The four independent elastic constants, C;4, Cys,
C,,, and Cyy, are calculated and presented in Table 1. Clearly,
they comply within the Born criteria®* that Cy;, Cp,, Ca4, and
C11C», — C1,” should be all positive, implying that V,CX, (X =,
Se, and Te) monolayer has feasible strength to store numerous
Li atoms. According to the calculated elastic constant,”>"® the
Young’s modulus Y and Poisson’ ratio v along the x and y
directions are calculated as follows:*”

Yy = (C11Css — C12%)/Cas (2)
Yy = (C11Cas — C15°)/C1y (3)
Ve = C12/Cos (4)
vy = C12/C1q (5)

The calculated Y, and Yj are equal for these 2D monolayer
materials, which are 237.45 N m™* for V,CS,, 209.62 N m~* for
V,CSe, and 132.53 N m™~! for V,CTe,, respectively. Obviously,
the Young’s modulus Y of the V,CX, (X = S, Se, and Te)
monolayer is greater than those of some other 2D materials,
such as monolayer WS, (106.4 N m™'), indicating that
monolayer-puckered V,CX, (X = S, Se, and Te) has better
mechanical strength. The decreased Y of monolayer V,CX,
means that the flexibility will increase with the larger mass of
X. The calculated v, and v, for monolayer V,CX, (X = S, Se, and
Te) are 0.16, 0.23, and 0.45 respectively.
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Fig. 2 The calculated phonon band structures of the unit cells of the monolayers (a) VoCS,, (b) V,CSe, and (c) V,CTe,. The free energy variations of (d)
monolayer V,CS,, (e) monolayer V,CSe, and (f) monolayer V,CTe, within 5 ps during the AIMD simulation at 300 K.
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Table 1 The C11, C12, C22 and C44, Y,.Y,, v,, and v, of the monolayer
V,CX5 (X =S, Se, and Te)

View Article Online
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Table 3 The Bader charges of Li(Q), C(Qc), and V(Qy) and X (Qyx) in the
monolayer V,CX, (X = S, Se, and Te)

Ci1 i Ciz » Cya . Cus . Y, » Yy .
Nm)NmMmH)Nm)Nm)(Nm)Nm v, v

V,CS, 243.67 38.94
V,CSe, 220.84 49.78
V,CTe, 166.70 75.47

243.67 102.36 237.45 237.45 0.16 0.16
220.84 85.53 209.62 209.62 0.23 0.23
166.70 45.61 132.53 132.53 0.45 0.45

3.2 The adsorption and diffusion of the Li atom on monolayer
V,CX,

Based on the time-cost consideration, the 3 x 3 super cell of
monolayer V,CX, (X = S, Se, and Te) is used to study the Li
adsorption behavior. As shown in Fig. 5(a), there are three
different sites, that is, upon the V atom of the lower layer (site
A), upon the C atom (site B), and upon the X atom (site C). The
average adsorption energy (E,q) of the Li atom at the above
three different sites on monolayer V,CX, is defined in the
following:*°

Eaqa = Evi t Ev,cx, — Ev,cx i (6)

We take Ep; as the energy of bee-Li. If the Eyq is larger than
0 eV, the adsorption strength should be ideal. The strong
binding strength between the Li atom and monolayer V,CX,
can be reflected by the large positive E,q. Table 2 shows the Eyq
of one Li atom on the chalcogen-terminated monolayer V,C. It
is found from the E,q that site A should be the most stable.
Moreover, the calculated E,4s at site A, B and C decrease with
the increased atomic number of chalcogen elements. The Bader
charges®® are calculated to explore the adsorption properties
and are shown in Table 3. Obviously, the electron transfer
between Li and monolayer V,CX, decreases with the increased
electronic layers of chalcogen elements. The three functional
groups have little effect on the electron transfer between V and
C. It can be known from the table that the heavier chalcogen
element has less charge transfer. The difference charge densi-
ties are defined in the following:*°

Ap = p(V,CX, + Li) — p(V,CX,) — p(Li) (7)

where p(V,CX, + Li), p(V,CX,), and p(Li) represent the charge
densities of one Li-adsorbed V,CX,, pristine V,CX, and one Li
atom, respectively.

As shown in Fig. 4, the charge transfer mainly happens
between Li and chalcogen atoms. Moreover, Li on the mono-
layer V,CX, transfers more charge than that from the Li atom to
monolayer V,C (0.80 e),*° which explores the stronger adsorp-
tion strength for the Li on the monolayer V,CX, than that on
the monolayer V,C. This can be in good agreement with the

Table 2 The E,4 of single Li adsorbed on three different sites on the
monolayer V,CX, (X = S, Se, and Te)

Eqd (eV) V,CS, V,CSe, V,CTe,
A 1.48 0.94 0.27
B 1.35 0.82 0.19
C 0.66 0.16 —0.45

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

Li site Qui Qc Qv Qx
V,CS,Li A 0.892 —1.461 1.285 —0.604
B 0.901 —1.461 1.285 —0.605
C 0.927 —1.460 1.282 —0.604
V,CSe,Li A 0.888 —1.504 1.209 —0.506
B 0.898 —1.506 1.207 —0.504
C 0.921 —1.505 1.207 —0.506
V,CTe,Li A 0.882 —1.549 1.110 —0.385
B 0.889 —1.549 1.110 —0.395
C 0.911 —1.550 1.108 —0.383

larger E,4 on monolayer V,CX, than that on monolayer V,C
(0.16 eV).*® Thus, the heavier chalcogen element can obviously
increase the binding strength between Li and the V,C mono-
layer. Obviously, it is known from Table 3 that the Li atom on
site C loses most electrons. We further investigate the PDOS of
one Li atom-adsorbed monolayer V,CS,. As shown in Fig. 3. The
E¢ is at 0 eV. The apparent overlapping of the PDOS of V(d),
C(p), and X(p) indicates the strong hybridization among them.
The overlapping between the PDOS of the Li atom and mono-
layer V,CX, indicates the hybridization interaction between
them. The PDOS around E; mainly consists of V(d) orbitals,
which is the same as that of monolayer V,CO,.*" The area
between the PDOS and the energy axis is increasing with the
increased electronic layers of chalcogen elements, which is
consistent with the Bader charge analysis.®

To explore the promising properties of monolayer V,CX, as
high-rate LIB anode materials, the Ep,ier along diffusion paths
has been investigated for one Li* on the monolayer V,CX, by
both the CI-NEB and NEB methods.*® The Ep.ier is calculated
in the following:®°

Ebarrier = ETS - ESS (8)

Here, Ers and Egg are the total energies of the transitional state
(TS) and the most stable state (SS) of the Li adsorbed
membrane, respectively. We only consider the diffusion path
between two neighboring most stable A sites (A — A). The Li
atom will go past site B when travelling from site A to another
nearest site A (A > B — A) according to the CI-NEB method.
The Li atom will shift through site B when travelling from site A
to another nearest site A, which is similar to the previous
research of monolayer Ti;C,S,%® and monolayer V,CS,.** As
shown in Fig. 5(c), the calculated Ep e, values along the A — B
diffusion path for V,CS,, V,CSe, and V,CTe, monolayers are
0.23 eV, 0.21 eV and 0.19 eV via the NEB method, respectively.
We can note that the Ep,rier for the Li atom along the A — A
diffusion path is equal to that along the A —» B — A path, which
are both 0.23 eV based on the CI-NEB method and can indicate
the freedom of Li atoms diffusing on the V,CS, substrate. This
result is consistent with the previous research of monolayer
V,CS, (0.22 eV).** Clearly, with the increased electronic layers of
chalcogen elements, the Eprier is decreasing continuously. In
addition, the Epamier Of the chalcogen element-terminated V,C

Mater. Chem. Front., 2021, 5, 4672-4681 | 4675
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Fig. 3 (a) The structure of one Li-adsorbed V,CX, at site A. The calculated partial density of states of one Li-adsorbed (b) monolayer V,CS,, (c)

monolayer V,CSe, and (d) monolayer V,CTe,, where the E; is set to 0 eV.

(®)

Fig. 4 The calculated difference charge densities of one Li-adsorbed (a) monolayer V,CS,, (b) monolayer V,CSe, and (c) monolayer V,CTe,, with
isosurface 0.008 e/borh; the blue region represents electron depletion, while the yellow region represents electron accumulation.

monolayer is lower than that of monolayer V,CO, (0.30 eV). The
higher Epayrier Of the Li atom on the monolayer V,CO, compared
with that on the V,CS, monolayer is consistent with the
previous research,®® which means the faster migration of Li
on the monolayer V,CX, (X = S, Se, and Te) than that in the
corresponding path on the monolayer V,CO,.

3.3 The Li storage capability of chalcogen terminated V,CX,
(X =8, Se, and Te)

In order to compare the Li capability of monolayer V,CX,, the
E.q values of the Li atoms on each layer are calculated using the
following formula®® to analyze the effect of chalcogen element
on the Li capability:

Eqa(m) = (Bv,cx,Lign—1) * 18ELi — By cx,Lim)/18  (9)

4676 | Mater. Chem. Front., 2021, 5, 4672-4681

where Eaq(m) is the E,q of Li in the mth layer, and Ey cx i,,, iS
the total energy of monolayer V,CX, with m Li layers on both
sides. The energy per bcc-Li is calculated as 2.03 eV in this
paper. Therefore, the E,q can check the possibility of phase
separation of the composite V,CX,Liy,.*"** The positive E,q
larger than the cohesive energy of bee-Li indicates that the Li
atoms can avoid the formation of dendrites and collapse of
anode materials can be avoided. All Li atoms in the first layer
are located on the most stable site A on the monolayer V,CX,.
When putting a second layer of Li atoms in site C (i.e. beyond
the chalcogen atoms) of the substrate, the total energy of the
formed composite V,CX,Li, is the lowest for all X values. It can
be known from Table 4 that monolayer V,CS, can only adsorb
one layer of Li atoms with the E,q4 of 0.77 eV, which is consistent
with previous research.* The E.q (—0.04 eV) of the second layer

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 5 (a)Top view of three adsorption sites and the most favorable
diffusion path upon the monolayer V,CS,. (b) Energy profile of the A —
B — A path upon monolayer V,CS,. (c) Column plots of Epprier fromA — B
for V,CX, (X = S, Se, and Te).

Table 4 The E,q4 the area A, and the VER for the 3 x 3 super cell of
monolayer V,CX,(X = S, Se, and Te)

Eaq (eV) A(A) VER (%)
V,CS,Li, 0.77 9.68 11.6
V,CSe,Li, 0.39 9.83 10.5
V,CSe,Liy 0.02 9.63 6.1
V,CTe,Li, 0.07 10.01 6.3
V,CTe,Li, 0.04 9.92 4.4

Li atoms in the V,CS, substrate becomes negative. The V,CSe,
and V,CTe, monolayers can both adsorb two layers of Li atoms
with the adoptable E,q. The E,q of the first Li layer on site A on
both sides of monolayer V,CSe, is 0.39 eV, and the E,q of
second Li layer on site C is 0.02 eV. The E,q4 of first Li layer on
site A in each side of monolayer V,CTe, is 0.07 eV, and the Eyq
of second Li layer on site C is 0.04 eV. When monolayers V,CSe,
and V,CTe, adsorb more Li layers, the E,q becomes negative,
indicating that the clustering of Li atoms will happen.®! The E,q
of the second Li layer on the monolayers V,CSe, and V,CTe, is
comparable with that on monolayer Mo,C(0.01 €V),*> mono-
layer Nb,C(0.02 eV)** and monolayer MoC,(0.04 €V).®> As shown
in Table 5, according to Bader charge®® analysis, when adsorbing
second Li layer atoms, the charge transfer from one Li atom in the
second layer to monolayer V,CS,, monolayer V,CSe, and mono-
layer V,CTe, is 0.29 e, 0.78 e and 0.79 e, respectively, which is
consistent with their E,qs (—0.04 eV, 0.02 eV and 0.04 eV) of

Table 5 The Bader charges of Li(Q), C(Qc), and V(Q\) and X(Qy) for the
3 x 3 super cell of the monolayer V,CX,(X = S, Se, and Te) with 36 Li atoms
(two layers)
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second layer Li atoms and the same as that in the previous
research about zirconium carbide MXene.®® When comparing
the data shown in Tables 5 and 3, it can be found that the
charge transfer mainly happens between Li and chalcogen
atoms, while the charges of other elements in the substrate
rarely change during the lithiation process. Meanwhile, the
maximum theoretical Li capacities (mA h g~') are calculated
using the following formula:*’

C = nvF10°/M (10)

where, M is the atomic mass of monolayer V,CX,, n is the
number of adsorbed Li atoms, v is the valency of the Li atom,
and F is the Faraday constant (26.801 A h mol ").%” Obviously,
the calculated Li capacity of monolayer V,CS, (301.08 mAh g ')
is the same as that in previous research.®® The Li capacities
of monolayers V,CSe, and V,CTe, are 394.41 mA h g ' and
290.45 mA h g7, respectively. Importantly, monolayer V,CSe,
can adsorb two Li layer atoms, thus resulting in the highest
capacity, which is larger than that of graphite (372 mA h g™*)
(Table 6).®

Large VER will damage the cycle life of LIBs in practical
applications. The lattice constants of the unit cell of three
structures are 3.05 A, 3.12 A and 3.24 A after the full lattice
optimization, respectively. The VERs of the fully lithiated
monolayer V,CX,(X = S, Se, and Te) shown in Table 4 are
much lower than that of graphite (12%)% and far smaller
than those of other ultrahigh capacity anodes such as
germanium(370%),”° Si(323%)”" and Ti,(259%).”> They are also
much smaller than those of the experimental critical values for
the standards (< 25%) for most LIB anodes.”*”* Therefore, the
VER of monolayer V,CX, is rather ideal and it should be
adoptable for the LIB anodes. In addition, the VERs of three
structures are decreasing with the increased mass of chalcogen
elements.

Finally, the AIMD simulation of monolayer V,CSe,Li, in the
3 x 3 super cell is performed, as shown in Fig. 6. The free
energy fluctuates around a constant during the 5 ps total time
at 300 K with the 1 fs time step. The structure remains intact
without any apparent distortion, indicating its excellent ther-
modynamic stabilities. The Epapier, Li capacity and VER show
that monolayer V,CSe, should be more feasible for LIB anodes
than monolayer V,CS,.

The open circuit voltage (OCV) is an important quantity for
the LIB anode materials. Commonly, the OCV for anodes
should be positive and low to get a maximum capacity for the
battery cell.”> The OCV of monolayer V,CX,Li,, can be esti-
mated by the following formula:”®

Table 6 The lattice constants, area and VER of the 3 x 3 super cell of the

V,CS, V,CSe, V,CTe, monolayer V,CX,(X = S, Se, and Te)
v 1.269 1.191 1.087 3 x 3 supercell a(A) b (A) Area (A?) VER (%)
C —1.490 —1.152 —1.548
X —1.152 —0.973 —0.802 V,CS, 9.16 9.16 72.59 —
Li (1St layer) 0.337 —0.240 —0.300 V,CS,Li, 9.68 9.68 81.15 12
Li (an Iayer) 0.291 0.780 0.789 V,CS,Li, 9.55 9.55 78.98 8.8

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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(a) The OCVs of monolayer V,CX; (X = S, Se, and Te) during lithiation when all composites are fully optimized. (b) The curve of free energy within

5 ps at 300 K with time step of 1 fs of lithiated V,CSe,Liy (left) and the snapshot after 5 ps (right).

OCV = (Bv,cx,Lig, 5, * 18FL — Bv,ox,ui,)/18e (1)

The positive OCV ensures that the adsorption of Li atoms on
the anode material is feasible, which can prevent the formation
of metallic states.”” The OCVs of monolayer V,CX, plotted in
Fig. 6(a) are positive. Obviously, the OCV of V,CSe,Li, ranges
from 0.38 V to 0.02 V. Therefore, monolayer V,CSe, has
relatively low average OCV (0.2 V vs. Li/Li"), indicating that it
is suitable for serving as the anode materials."* Obviously, the
average OCV of monolayer V,CSe, of 0.2 V is comparable with
that of monolayer W,C (0.27 V).”® Thus, monolayer V,CSe, has
high Li capacity, low Epauier for the Li" ion, and small OCV
when compared with those of graphite and other anode mate-
rials and should be the most ideal LIB anode material.

3.4 Chalcogen-terminated monolayer Ti,CX, (X = S, Se, and Te)

In order to check whether the above results apply to other
MXenes, we investigated the case of monolayer Ti,CX,

<151
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S A
2104

=

Q

=]

HE

=9

Free Energy (eV)

Time (fs)

©

8+ - - - -
0 1000 2000 3000 4000 5000

(X = S, Se, and Te). The previous research’® has shown that
the phonon spectrum of monolayer Ti,CS, has no imaginary
frequency and the AIMD demonstrates the thermodynamic
stability of monolayer Ti,CS,. As shown in Fig. 7(a and b), the
phonon spectra of Ti,CSe, and Ti,CTe, monolayers also have
no imaginary frequency, indicating the dynamical stability of
the Ti,CSe, and Ti,CTe, substrates. In addition, the AIMD is
calculated to check the thermodynamic stabilities of monolayer
Ti,CSe, and monolayer Ti,CTe,. After 5 ps, the structure
remains intact without apparent distortion when the tempera-
ture is set as 300 K and the time step is set as 1 fs. The
free energy fluctuates around a constant value, as shown in
Fig. 7(c and d). Thus, monolayer Ti,CSe, and monolayer
Ti,CTe, show high thermodynamic stabilities.

We next calculate the Li storage capacity of monolayer
Ti,CX, (X = S, Se, and Te). However, monolayer Ti,CX, (X = S,
Se, and Te) can only store one Li layer on each side of the
substrate, which is different from the case of monolayer V,CX,

15 ~—/———————
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Fig. 7 The phonon spectra of the (a) monolayer Ti,CSe, and (b) monolayer Ti,CTe,. The free energy variations of (c) monolayer Ti,CSe, and

(d) monolayer Ti,CTe, within 5 ps during the AIMD simulation at 300 K.
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(X =S, Se, and Te), with the E.4s of 1.5 eV, 0.78 eV and 0.26 eV,
respectively. The corresponding Li storage capacities are
311.84 mA h g7 ', 208.83 mA h g ' and 147.68 mA h g " for
monolayer Ti,CX, (X = S, Se, and Te). Amongst all, monolayer
Ti,CSe, adsorbs only one Li layer on each side and has low Li
storage capacity when compared with that of monolayer V,CSe,.

4. Conclusion

The metallic properties of monolayer V,CX, (X = S, Se, and Te)
can ensure fast electron transport in the charge/discharge
process when used as the LIB anode. The dynamical stabilities
are verified by the phonon spectra. The thermodynamic stabi-
lities are verified by AIMD simulation. The E,q and Eparrier Of
V,CX, (X = S, Se, and Te) decrease with the increasing atomic
number of the terminated element. Monolayer V,CSe, shows
higher Li capacity (394.41 mA h g "), relatively low Eparrier
(0.21 eV) and small VER(6.1%) when compared with that of
monolayer V,CX, (X = O, S, and Te). Thus, monolayer V,CSe,
has high Li capacity, low Eparricr for the Li* ion, and small OCV
when compared with graphite and other anode materials and
should be the most ideal LIB anode material. Monolayer V,CS,
can adsorb one-layer Li atoms and then achieve the Li capacity
of 301.08 mA h g~ *, while monolayer V,CTe, can adsorb multi-
layer Li atoms and then achieve the Li capacity of 290.45 mAh g ™.
The composite V,CX,Li, shows high thermodynamic stability
during the AIMD at 300 K after 5 ps, which is consistent with its
small VER. These excellent properties indicate that monolayer
chalcogen-terminated V,C has promising applications as a
LIB anode.
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