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Abstract

While lithium battery electrodes are constantly being improved in terms of their
performance, discovering new materials with alternative energy carriers such as Mg is
important to lower the cost of production and to enhance the energy density. MXenes
are a type of highly investigated materials with promising energy applications due to
their excellent electronic conductivity and good mechanical and dynamical stability.
Previous experimental studies showed Janus MoSSe nanosheets provide promising per-
formance for battery electrodes. However, it is not fully understood how MXenes with
different surface terminations affect the electrochemical properties and the diffusion
barriers of ions. Here we address this problem by studying TioCSO and TiaCSSe Janus
MXenes for Li and Mg electrodes. Our density functional theory-based, first-principles
calculations indicate that both monolayers are thermodynamically, mechanically, and
dynamically stable. We calculated that the average voltages for Li and Mg adsorbed
TiaCST (T = O, Se) MXenes are approximately 0.95 and 0.2 V, respectively. The

maximum voltage for TioCSTLi, is about 2 V, and that for TioCSTMg, is around
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0.45 V. The Mg adsorbed TisCSO monolayer exhibits the highest gravimetric capacity
(524.54 mAh/g) compared to that of other Janus MXenes considered in this paper.
For TipCSSeLi,, we obtained a higher capacity (230.45 mAh/g) and a lower diffusion

barrier (0.191 eV) than that of most of the Li adsorbed S-functionalized MXenes.
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Introduction

Modern portable devices and electric vehicles are increasingly demanding high-performance,
high-energy density storage materials with fast rechargeable capabilities. So far, lithium-
ion batteries (LIBs) have been the fundamental energy source of those devices due to the
high energy-density and power-density. However, the lack of Li sources, high production
cost, and safety issues are significant drawbacks of LIBs. To address these issues, a vast
amount of research has been carried out to find alternative energy carriers for rechargeable
batteries. 2 Among various types of ions, Mg ions attracted enormous attention due to their
bivalency which offers high energy-density. The cost of production of energy storage can also
be reduced by utilizing Mg because of its high abundance.?

The two-dimensional (2D) materials have become very popular as reliable electrode ma-
terials for energy storage. Their large specific surface areas offer a higher number of electro-
chemically active sites to store ions compared to that of bulk counterparts. This allows 2D
electrodes to have enhanced capacities. Due to the reduced distance between those active
sites in the nanosheets, fast charging and discharging rates can be achieved®” while good
power densities can be also be obtained. MXene is a large family of 2D materials with a
general chemical formula of M,,,1X,, T, where M is an early transition metal atom, X rep-

resents C or/and N atom, and T indicates the surface termination.®” The most common



surface terminations reported for MXenes are O, OH, F, and S. It is found that O and S
terminated MXenes have better electrochemical properties for battery applications relative
to the OH and F functionalized MXenes. The main advantage of M,,.1X,,S, MXenes over
M,,;+1X,,0, monolayers is that the former has lower diffusion barriers than the latter. 1% It
is reported that TisCSy monolayers exhibit significantly higher gravimetric capacity for Mg
compared to that of Ti,CO, nanosheets.”

Recently, Janus materials, where the two surfaces functionalized with two different chem-
ical species, were studied for varies applications.®21% In these new materials, the out-plane-
symmetry is broken due to the two distinct surfaces. In 2017, Janus MoSSe was successfully
synthesized by Zhang et al.” by substituting the top Se layer of MoSe, with S atoms. It
was theoretically suggested that MoSSe has small diffusion barrier (0.24 €V) and high ca-
pacity (776.5 mAh/g) for Li-ions."®® Later, MoSSe, TiSSe and VSSe Janus materials were
investigated for Na and K electrodes.®® The tunable electronic, magnetic and mechanical
properties of Janus MXnese structures were also reported in previous research <1412

We find that Janus MXene structures have not been studied for battery electrodes so far.
In order to introduce Janus structures for energy applications, we selected Ti;C nanosheet.
Due to the light-weight of this MXene, we can expect a good gravimetric capacity from a
functionalized Ti,C monolayer. Li and Mg were selected as the energy carrier of the elec-
trodes. We first investigated the stability of Ti;C functionalized with S and O, and also
S and Se. Our calculations show that bare Ti;CST (T = O, Se) MXenes are thermody-
namically, mechanically, and kinetically stable. Li adsorbed Ti,CST monolayers exhibit
capacities larger than that of MyCSyLi, MXenes with M= Zr, Hf, V, Nb, Ta, Cr, Mo, and
W. Tip,CSOLi, provides the capacities greater than that of MyNS;Li, where M=Ti and V.
The voltage profiles of Li adsorbed Ti,CST MXenes provide the average voltages around 1
V, and maximum voltages about 2 V. The average voltages of Ti,CSTMg, electrodes are
less than 0.3 V, while maximum voltages are around 0.45 V. The lowest diffusion barrier was

obtained for Ti,CSSeLig 625, which is around 0.191 eV. Moreover, our ab initio molecular



dynamic simulations evidence that MXenes with two Li/Mg ion layers are stable at 400 K

temperature.

Computational Methods

The density functional theory (DFT) calculations were carried out based on the Vienna ab
initio simulation package (VASP).?"%¥ The projected augmented wave (PAW) pseudopo-
tentials with 500 eV plane-wave cutoff energy were considered for the electron-ion interac-
tions.?#2% The exchange-correlation functional was treated by using the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) method.“®*" The energy
convergence criterion and the force convergence criteria were set as 1075 eV and 1072 eV/ A,
respectively. The I'-centered Monkhorst-Pack k-meshes were used for the Brillouin zone
integration of the unit cells. We employed PHONOPY code“® to assist our phonon disper-
sion calculations. We performed ab initio molecular dynamic (MD) simulations at 400 K
temperature to see the stability of Ti;CSTA, (A = Li, Mg) MXenes. 4 x 4 x 1 supercell
structures of TioCST monolayers were considered for both phonon and ab initio MD com-
putations. The climbing image nudged elastic band (CI-NEB) method was used to calculate
the diffusion barrier using VASP transition state tools.** The calculations in this paper
did not consider the van der Waals (vdW) interactions. In the Supporting Information,
we compared the results with and without vdW interactions. The vdW calculations were
carried out using DFT+D3 with Becke-Jonson damping.®1* It is clear that the results do

not change considerably under vdW interactions.



Results and Discussion

Properties of bare-Ti,CST (T = O, Se) Monolayers

Ti,CST Janus MXenes have two different surface atoms. Those are S and O, or S and Se. By
considering the distinct nature of two surfaces and hexagonal crystal symmetry, we identify
that bare Ti,CSO and Ti,CSSe MXenes can have four different candidate structures. As
shown in Fig. [I] we label them as FCC, HCP, HF1 and HF2. In FCC structures, O/Se
and S atoms align with Ti atoms, while those surface atoms align with C atoms in HCP
structures. O/Se atoms are placed right above Ti atoms and S atoms reside right under C
atoms in HF1 structures. On the contrary, O/Se atoms locate on top of C atoms and S
atoms locate below Ti atoms in HF2 structures. FCC, HF1 and HF2 systems have P3ml
(156) space-group symmetry, whereas HCP has Clm1 (8). The relative total energy for each
structure is mentioned in Table [} It is clear that both monolayers have FCC ground state
structures while HCP exhibits the largest energy. This reflects that the preferable sites of
both S and O/Se atoms are located right above the Ti atoms. The top and bottom views of
the minimum energy structure are shown in Fig. 2] According to previous studies, TiaCOq
and TiyCS,; MXenes also have FCC as the minimum energy structure.®#4

The lattice constant (a) of Ti,CSO MXene is 3.106 A and that of Ti,CSSe MXene is
3.214 A. The thickness (t) of the MXenes in out-of-plane direction were calculated as the
distance between S and O/Se surfaces. The thicknesses of Ti,CSO and Ti,CSSe MXene
are 5.000 and 5.684 A, respectively. It is clear that Ti,CS, has a and ¢ values which are
almost equal to the respective values of Ti,CSSe MXene (see Table . As a consequence
of having the shortest lattice constant and thickness, TisCO5 has the lowest volume of the
functionalized TiyC materials in Table 2] This could be because of lower atomic radius of
O relative to S and Se and higher attraction between Ti and O in Ti;CO4 as proved by the
short Ti-O bond lengths and high charge transfer of Ti and O.

Bader charge transfer analysis®® was done for examining the charge transfer between



Table 1: The relative total energy per unit formula (F) of each candidate structure in eV
and the formation energy of ground state structure (Egymy) in €V /atom.

MXene Ercce Euce Eurm Enr2  Erorm

Ti,CSO 0 1.32 047 0.74 -1.57
Ti,CSSe 0 1.10  0.41 0.65 ~-1.56

atoms (see Table . C, S and O atoms of the MXenes gained electrons as indicated by the
negative charge transfer. On the contrary, Ti lost electrons since the charge transfer values
are positive. C is able to gain higher number of electrons because each C atom is surrounded
by six Ti atoms. Table [2| shows that the Ti-Se bond length is considerably greater than
the Ti-O bond length. This can be attributed to the higher charge transfer from Ti to O
compared to that from Ti to Se, and also the lower atomic radius of O relative to that
of Se. Thus, the Ti-O bonds are much stronger than the Ti-Se bonds due to the higher
electronegativity of O compared to that of Se. In contrast Ti-S and Ti-C bond lengths,
which are common to both materials, do not show much difference.

To study the thermodynamic stability of TioC MXenes functionalized with S and O, or
S and Se, we calculated the formation energy based on Eq. [} Here, E[Ti,CST] is the total
energy of Ti;CST monolayer, E[Ti;C] is the total energy of Ti,C MXene, E[S] represents
the total energy of S atom in its bulk material and E[T] is the total energy of Se (O) atom
in their bulk (gas) compounds. As shown in Table , FEfom values are negative for both
materials indicating synthesizing these materials are highly possible. We also carried out
spin polarized DFT calculations to investigate the magnetic nature of the structures. DFT
provides zero magnetic moment for each atom of the unit cells implying that the nonmagnetic

ground states are very stable.

Erom = é(E[TiQCST] — B[Ti,C] — B[S] — E[T)) (1)

The elastic constants were extracted from the DFPT calculations as shown in Table 2l

Due to the hexagonal symmetry of MXenes, C;; and Cs, are equal to each other. The
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Figure 1: The side views of candidate structures for bare Tio,CST MXenes
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Figure 2: The top and bottom views of ground-state structure (FCC) of bare Tio,CST MXenes



Table 2: The lattice constant (a), thickness (t), Ti-S, Ti-T (T = O, Se), Ti-C bond lengths,
(41 and C', elastic constants, Yong’s modulus (Y') and Poisson’s ratio (v) of TipCST MXenes.

MXene a () t(A) Ti-S(A) Ti-T (K) Ti-C C11 (GPa) (i (GPa) Y (GPa) v Aqc (e)  Agqri (e)  Ags (e)  Agr ()
Tiz CSO 3.106  5.000 2.402 2.000 2.229 433.45 137.91 389.57 0.318 -2.229 2.372 -0.980 -1.328
Tip CSSe 3.214  5.684 2.398 2.568 2.181 248.34 143.26 165.70 0.577 -2.335 2.110 -1.035 -0.851

Tip CSy 83 3.197  5.521 2.406 - 2.211 337.62 104.39 305.35 0.309 -1.843 1.739
TioCOoB46l 3 037 4431 - 1.976 2.189 627.03 196.49 565.00 0.312 -1.746 2.028

-0.814

-1.155

obtained values are C; = 433.45 GPa and C}5 = 137.91 GPa for Ti,CSO , while C;; = 248.34
GPa and (5 = 143.26 GPa for Ti;CSSe. It is clear that both materials comply with the
stability conditions of the hexagonal monolayers. Those conditions are Cy; > 0, C;;—C19 > 0
and Cy; > |C}5|.9¥%8 The positive phonons in the phonon calculations in Fig. |3 (a) and (b)
show that both monolayers are dynamically stable at 0K temperature.

Moreover, we calculated the Young’s modulus (Y') and Poisson’s ratio () based on Eq.
and 3% Y of Ti,C decreases as Y (Ti2COq)> Y (Ti2CSO) > Y (TipCSy) > Y (Ti,CSSe). This
relationship indicates that the higher bond strength of T-O than that of Ti-S and Ti-Se,
significantly affects the stiffness of the materials. Due to the smaller v values of TiyCOs,
TiyCS,, and TisCSO than that of Ti,CSSe, the resistance produced against strain by those

three monolayers are higher than that from Ti,CSSe.

(CF — Ch)

Y = ——7 2
o (2)

C(12
- 3
V=G (3)

As can be seen in Figf3| (¢c) and (d), the density of states (DOS) crosses the Fermi-level,
which is marked by zero energy line. This confirms that both monolayers are metallic. In
Ti,CSO DOS plot (see Figl3 (c)), the Ti-d orbitals significantly dominate near the Fermi-
level, while the p orbitals of the all the atoms contribute almost equally. However, the
contribution from both Ti-d and C-p states are significant for the DOS of Ti,CSSe MXenes
(see Figl3| (d)). Since considerable amount of DOS of Ti-d orbitals present near the Fermi-

level, we can expect a good metallic-character in both materials, which is important for an
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Figure 3: The projected density of states (PDOS) of (a) TioCSO and (b) TioCSSe MXenes,
and also phonon dispersion curves of (¢) TioCSO and (d) Ti,CSSe MXenes.

excellent electrode material.

Single Ion Adsorption

In order to study the effects on a single Li/Mg ion, we created 4 x 4 supercells of Ti,CST
MXenes (TigCSTLig g625). We found four different sites for introducing an ion to the systems.
Those are labeled as S1, S2, S3, and S4, as shown in Figdl Here, the sites S1 and S2 exist
on the O-layer or Se-layer, while S3 and S4 are placed on the S-layer. The Li-ions on S1 and
S4 are aligned with a C atom, and S2 and S3 are right above or under a Ti atom.

We calculated the binding energy of the Li atoms at each site based on Eq. [l Here,
E(M3CSo+4nA) is the total energy of a TioCST MXene, which adsorbs n number of A=Li/Mg
ions. E(M,CS,) indicates the total energy of bare-MXene, and E(A) is the energy of a Li/Mg

atom.
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Figure 4: The side views of the candidate structures for single ion adsorbed TioCST MXenes

It is clear from Fig[y that the binding energies of all the sites are negative, indicating
Li can be adsorbed at any of the locations. The single Li/Mg ion prefers to locate at the
S2 site of TiyCSO MXene, where S2 is at the O-surface. In TisCSSe MXene, the preferable
sites are at S-surface, i.e., S3 is for Li and S4 is for Mg.

We carried out charge transfer and bond length analysis to study the atomic properties’
effects on the binding energy. We calculated the average charge transfer of the surface atoms
(1), which form bonds with Li/Mg ions. For instance, n = O for S1 site of Ti,CSO MXene
and 1 = S for S3 site of the same material. As can be seen in Fig[5], the magnitudes of Bader
charge transfer (Ag,) of those n atoms are maximum at the sites where binding energy of Li
is minimum. The n—Li and n—Mg bond lengths are minimum at the sites which provide the
lowest binding energies. Therefore, higher Coulomb interactions exist at the sites with low
binding energies. The low binding energy of ions is preferable for electrodes since it prevents
forming bulk Li and Mg compounds. Thus, this structure-binding energy relationship shows
that ionic-interaction is one of the most important factors behind the stability of the Li/Mg

ions adsorbed on the MXenes.
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Figure 5: (a) Binding energy of Li/Mg ion, (b) average Bader charge transfer (Ag) of the
surface atoms (1) where Li/Mg ion resides, and (c¢) n-ion(A) bond length as a function of
site.

Table 3: The table contains the in-plane strain (Aa) and out-of-plane strain (At) on single
ion adsorbed and two-ion layers adsorbed MXenes as percentages, maximum voltages (Viax),
average voltage (V,yg), gravimetric capacity (Cy)

MXene Aa (%) Aa (%) At (%) At (%) Vinax (V) Vavg1(V)E| VanQ(V)ﬂ Cy (mAh/g)
single-ion  full coverage single-ion full coverage
Ti, CSOLi, -0.16 0 0.280 6.75 2.000 0.950 1.017 315.94
TioCSOMg,, -0.13 1.20 -0.16 7.24 0.429 0.193 0.154 524.54
Ti, CSSeli, 0.03 4.10 -0.67 -2.22 1.912 0.945 0.854 230.45
Ti,CSSeMg, 0.27 2.32 -0.17 -1.22 0.493 0.207 0.286 345.22
. SNV . . .. . .
1. Vayg1 was calculated by using Vayg1 = =45 expression, where V; is the positive voltages in Fig. (b)

and N is the number of positive voltage steps.

2. Vavgz was calculated by using Eq@ where 1 = 0 and 3 = Tmax

Multiple Ions Adsorption

Next, we considered the effects of multiple ions adsorption on Ti,CST MXene. The most
challenging task of this step is that finding the ground state of electrodes with different Li/Mg
ion concentrations. Most of the research on 2D material electrodes considered large supercells
to find the energies of materials with multiple ions. But there is a high possibility that one can
select the wrong Li arrangement on the supercell as the minimum energy configuration. That
can generate inaccurate voltage profiles and maximum capacities. Recently, alloy-theoretic

automated toolkit (ATAT)"? was used to search the minimum energy ion configurations

11



of the electrodes.B 3041 ATAT code generates numerous structural candidates for a given
composition by adopting an automatic cluster expansion method. Finally, the minimum
energy candidates are found with the aid of VASP.

OLiMg @Ti ©C 0/Se ©
o i &
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Figure 6: The side views of the candidate structures for TisCSTA,; (A=Li/Mg) MXenes

ATAT recognizes low energy structures between two given compositions. In our work, we
considered the unitcells of TioCST and Ti,CSTA, (A = Li/Mg) as the structures with low-
ion and high-ion concentrations. Our goal is to find TisCSTA,_o, structures with different
Li/Mg contents («) to investigate the binding energies and open-circuit voltage as a function
of ion content. We carried out the ground state search for different Li-contents until the cross-
validation score becomes less than 0.02 eV. As a result of having two distinct surfaces on
Ti,CST MXenes, we can identify four different candidate structures for Ti,CSTA, by placing
the ions at different sites, as shown in Fig.[6] Those four configurations are labeled as S1, S2,
S3, and S4. In the S1 structure, the ion on the O/Se surface is placed above the nearest Ti
atom, and the ion on the S surface is located below the C atoms. Both ions are aligned with
Ti (C) atoms for the S2 (S3) structures. In the S4 configuration, the ion on the O/Se surface
is located above C atoms, and the other ion is aligned with the nearest Ti atom. According
to our calculations S4 is the preferred structure for Ti,CSOLiy, and that for Ti,CSOMg,
and TisCSSeLi, is S3. S2 was found as the minimum configuration for Ti,CSSeMgs.

In ATAT, the formation energies (Fj,

torm) for the generated compositions are calculated

based on Eq. ol E[Ti,CSTA,|, E[Ti,CST], and E[TiyCSTA,]| are the total energy of TioCST
with 2 content of A (Li/Mg) ions, ion free TipCST, and Ti,CSTA,, respectively. In Fig[7]

the most stable compounds have the lowest formation energies. Both Ti,CSOLi, and

12



Ti,CSOMg, MXenes have minimum formation energies at * = 1. The lowest energies
for TioCSSeLii, and TisCSSeMg, MXenes are found at z = 0.72 and = = 0.66, respectively.
The lower formation energies of Li adsorbed materials than that of Mg electrodes indicate

that Ti,CSTLi, MXenes provide more stable phases compared to Ti,CSTMg, MXenes.

1
Efoom = 5(2E[TiQCSTAx] — (2 = 2)E[Ti2CST] — 2 E[TioCSTA,)) (5)

T L 0.2 T ‘ T ‘

' I
| Ti,CSOLi T r TiZCSON.ng R 1

0.1 * —

[ ] T ‘ T
7T12CSSel\./[gX

Formation Energy (eV/f.u)

0 0.5 1 1.5 2
Content (X)

Figure 7: The formation energy calculated by ATAT for TisCSTA, structures as a function
of Li/Mg ion content (). The blue lines indicate the thermodynamically stable compositions
at OK temperature.

Furthermore, we calculated the binding energy of Li/Mg ions as a function of ion content
using Eq. [] as shown in Fig. [§ It is clear that the binding energy rises when the ion content
increases. This is mainly due to the enhanced repulsion between the ions when multiple ions
are adsorbed on the monolayers. Both Li adsorbed TisCSO, and Ti;CSSe MXenes provide
lower binding energies compared to that of Mg adsorbed counterparts. Those results agree
with the formation energies calculated by cluster expansion, where the Li-based electrodes
provided lower values compared to that from the Mg-based electrodes. Thus, we can expect

the high stability of Li relative to Mg on those nanosheets.
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To study the strain (Aa) induced by Li adsorption, we calculated Aa based on the

(a—ag)x100

" . Here, ag is the lattice constant of the bare-MXene, and a is

expression Aa =
the lattice constant of Li/Mg adsorbed material. We calculated the strains of the single
ion adsorbed monolayers (TisCSTAge25) and the MXenes with double Li/Mg ion layers
(TiaCSTA,). It is clear from Table [3[that Aa is negligible for all the electrodes when a single
ion is adsorbed. All the strains are less than 0.3 % for TioCSTAg 0625 compounds. But, Aa is
considerable or negligible depending on the type of A and T atoms. Surprisingly, TioCSOLi,
has no strain found. On the contrary, Aa is around 1.2 % for Ti,CSOMg,. TiyCSSeLis
exhibits the largest Aa (4.1 %) in Table 3] Ti,CSSeMgs shows Aa & 2.3 %. Thus we can
expect very low surface expansion in Ti,CSO MXenes compared to Ti,CSSe MXenes. We
also computed the out-of-plane strain (At) by determining the thickness of the MXenes, as
shown in Table [3] Even though the in-plane strain is very low in TiCSOA, monolayers,

the out-of-plane strain is considerable. On the contrary, At values of Ti,CSSeA, MXenes is

more than three times lower than that of O-based counterparts.
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Figure 8: The binding energy of Li and Mg ions of Ti,CSTA, (A=Li/Mg) MXenes

As will be explained later, Ti,CSOLiy, TioCSOMg, and TisCSSeLiy are thermodynami-

14



cally stable. Therefore, we carried ab-initio MD simulations using VASP to investigate the
stability of those materials at high temperatures. Our MD simulations were performed based
on the isothermal-isobaric (NPT) ensemble at 400 K temperature, which is way higher than
the room temperature. The MD simulations were carried out with 4 x 4 supercells for 5 ps.
The total energy and the temperature variations in Fig. [0] suggest that those materials are
stable at 400 K. This provides the evidence that Ti,CSOLiy, TipCSSeLis and TisCSOLiy

MXenes can exist at room temperature. We did not observe any bond breaking or formation

of Li,S.
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Figure 9: The temperature and total energy variations of TioCSTA, (A=Li/Mg) MXenes in
MD simulations at 400 K.

Electrochemical Properties

We investigated the voltage profiles of the Ti,CSTA, MXenes based on the following chemical

reaction,
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(IQ — Il)AZJr + (SL’Q — Z’l)ei + rrlQCST&AI1 g TIQCSTAxQ,

where z is the valency. z = 1 and z = 2 for Li and Mg, respectively. The open-
circuit voltage for the above reaction is the Gibbs free energy (G(x)) which is defined as
G(x) = AE + PAV' — TAS. Here, AFE is the internal energy change (computing from
the DFT simulations at T= 0K), P is the pressure, AV’ is the volume change, T" indicates
the temperature and AS represents the entropy change of the system. We can neglect
PAV’" and TAS terms, since those quantities are approximately equal to 107° €V and 25
meV, respectively.?¥ As a result, voltage can be determined calculating G(z) using the total
energy (E) of Ti;CSTA,,, TiCSTA,,, and A atoms, as shown in Eq[6]

_ E(Ti,CSTA,,) — E(Ti,CSTA,,) + (v2 — 1) E(A)

Ve z2(xg — x1)e (6)

We plotted the voltage profiles for TioCSTA, MXenes as a function of x as shown in Fig. [8|
For the whole range of ion content (z = 0 - 2), the Li electrodes has much higher voltages
compared to their Mg counter parts. Table [3| provides the average (Vuy) and maximum
(Vinax) voltages of each electrode. Vj,.x of both Li electrodes are around 2 V and V,, values
lie between 0.85-1.017 V. Li adsorbed TiyCSs also provide about 2 V as V., and around 1 V
as Vayg.*? Voyg of Li adsorbed TioNS, is around 0.64 V, which is smaller than that of TixCS,
and Ti,CST MXenes.” V,y, voltages of TioCST monolayers are greater than that of MyCS,
MZXenes, where M = V, Nb, Ta, Cr, Mo and W.*¥ Mg adsorbed TiyCST electrodes exhibit 4
times smaller maximum values (=~ 0.4 - 0.5 V) relative to Li adsorbed that electrodes. V,y,
of Mg adsorbed structures are very small, which are less than 0.3 V. The previous studies
also reported that Mg adsorbed S-functionalized Ti,C MXenes have very low voltages. Mg
adsorbed Ti,CSO and TisCSSe electrodes provide approximately the same average voltage
(0.2V) as that of Ti;CSy monolayers (0.1 V).” Thus, by functionalizing single or both sides

of Ti,C MXenes with S, we can expect low voltages for Mg electrodes. Those Mg electrodes
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can be suitable as anodes to keep high voltage differences in batteries.

As illustrated by Figlg| (b), full two layers of Li can be stored on both Janus MXenes,
since the voltage is positive from 0 to 2 ion content. However, only Ti;,CSO monolayer can
adsorb two Mg layers. The maximum Mg ion content for Ti,CSSe was computed as 1.67.
To further investigate the storage properties, we determined the gravimetric capacity based

on the following equation,

Trmax X 2 X F x 103
¢, = Do XXX )

where M is the mass of TioCSTA, with maximum Li/Mg content (z = Zpax) and F
is the Faraday constant (26.81 Ah/mol). As illustrated by Table. 3| Ti,CSOMg, electrode
shows the largest C, value, which is 524.54 mAh/g. This is mainly due to the bivalency of
the Mg ion where it donates two electrons per ion. The double Mg layers adsorbed Ti,CO,
electrodes exhibit a higher capacity (570 mAh/g) than that of Ti,CSO.% Ti,CSOLA, electrode
provides a capacity around 315.94 mAh/g, which is greater than the capacity provided
by TisCS,Li, (288.6 mAh/g). It should also report that Ti,CSOLi,, Ti,CSOMg,, and
TipCSSeLi, electrodes have higher capacities than TisNS,Li, (308.28 mAh/g) and V,NS,Li,
MXenes (299.52 mAh/g).” All four electrodes reported in Table. 3| have capacities greater
than that of MyCS,Li, MXenes, where M= Zr, Hf, V, Nb, Ta, Cr, Mo and W.%¥ It has
been reported that Ti,CS, has a significantly higher capacity for Mg-ions (1871.13 mAh/g)
than that of Ti,CSO and Ti,CSSe electrodes. On the contrary, those three electrodes have

approximately equal capacities for Li-ions.”

Diffusion Barrier

Next, we calculated the diffusion barriers (Eqir) of Li/Mg adsorbed TiaCSTA gs25 MXenes
using the CI-NEB method as implemented in VASP. Since there are two different surfaces

for each MXene, we calculated Egz of both surfaces, as shown in Fig[l0] Here, red lines
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indicate the Eqg of O/Se surfaces, while blue lines represent that of S-surfaces. As explained
previously, Li/Mg ions prefer different locations on TioCST MXenes. Li ions’ preferable site
is right above a C atom for O-surfaces (i.e., S2), while it provides the minimum energy
when Li ion is adsorbed right above a Ti atom (i.e, S3). Even though the minimum energy
structures are 52 and S3 for Mg ions in TipCSO, those ions prefer S2 and S4 (S4 is a site
right above a C atom on S-surface) sites in Ti,CSO (see Fig[l1). Therefore, we used those
minimum energy sites of each surface as the initial and final locations of the ions to calculate

the energy barrier.
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Figure 10: The diffusion barrier (Eqit) of single ion adsorbed 4 x 4 super-cells of Ti,CST
MXenes. The broken red lines represent the T(O/Se)-surface and blue lines are for S-surface.

Figure 11: Diffusion paths for A (Li/Mg) on TioCSTAg gs25 MXenes. For TioCSOLig g5 and
TisCSOMgg 0625 and TisCSSeLig 25, S2 and S3 are the minimum energy sites on O- and
S-surfaces, respectively. For Tio,CSSeMg o625, 52 and S4 are the minimum energy sites.
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On Ti,CSO monolayers, there are significant differences between Egg of O-surface and
that of S-surface as illustrated by Fig[l0] This can be possibly due to the considerable
electronegativity difference between S and O. Li and Mg ions strongly interact with O ions
because of the high electronegativity of O. Instead, S and Se have similar electronegativities.
Thus, Eqg of a Li/Mg ion is almost equal on both surfaces of Ti,CSSe monolayer. Egg
found for Li on O-surface of Ti,CSO is around 0.34 ¢V and that on S-surface is 0.18 eV.
Mg shows exceptionally higher Eqg (0.71 €V) as a result of bivalency of Mg ions. Ti,CSSe
monolayer also evidences that Mg has a higher barrier by exhibiting 0.47 eV maximum Eg;g
which is twice the value found for Li-ions on the same monolayer. Egg of TioCSSeMgg o625 iS
approximately equal to that of TisCSoMgg g25.° It is reported that a single Mg ion adsorbed
4 x 4 supercells of TisCOs, and TizCs05 monolayers show Eg;g greater than 0.6 eV, which
is higher than that of Ti,CSSeMgg go5.% TioCSSeLig ggo5 provides lower Egig than that of
MyCSsLig og25 MXenes, where M = Zr, Hf, V, Nb and Ta.®® Due to the low Egg in Li

adsorbed TiyCST, we can expect higher charging and discharging rates.

Conclusion

We performed density functional theory based first-principles studies to examine how MX-
enes with different surface terminations affect the stability, electrochemical properties, and
diffusion barriers of Ti,CSO and TiyCSSe Janus MXenes for Li and Mg electrodes. We
proved that both Janus structures are thermodynamically stable when Ti,C MXenes are
functionalized with S and O/Se. The phonon calculations indicate that TioCST structures
are dynamically stable at 0 K temperature. The elastic constants of both MXenes com-
ply with the criteria for mechanical stability. The density of states plots of those Janus
structures have metallic character while the region near the Fermi level is rich with Ti-d
orbitals. This can offer good electronic conduction for the electrodes. The in-plain strain of

the two Li/Mg layers adsorbed TioCSO MXenes is very small, while the out-of-plane strain
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is around 7 %. TiCSSe monolayers with two Li/Mg layers show strains between 2 % - 4
%, whereas out-of-plane strain is less than 0.7 %. The ab initio MD calculations show that
Ti,CSOLi,y, TisCSOMgs and TipsCSSelis structures are stable at 400 K temperature. The
average voltages of Li adsorbed Janus MXenes are found as ~ 0.95 V, and those of Mg ad-
sorbed monolayers are ~ 0.2 V. The theoretical capacities of the Janus MXenes are greater
than 230 mAh/g, which are higher than the capacities of Li adsorbed MyCS,; monolayers
with M = Zr, Hf, V, Nb, Ta, Cr, Mo, and W. Ti,CSSe nanosheets show lower diffusion
barrier compared to those of Ti;CSO MXenes. TiyCSSelLig 25 exhibits the lowest diffusion
barrier (0.191 eV), which is lower than those of the 2D MyCS, electrodes, where M = Zr,
Hf, V, Nb, Ta, Mo, and W.
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