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ABSTRACT: Two-dimensional (2-D) materials are capable of handling high rates of charge in batteries since metal ions do not
need to diffuse in a 3-D lattice structure. However, graphene, which is the most well-studied 2-D material, is known to have no Li
capacity. Here, adsorption of Li, as well as Na, K, and Ca, on Ti;C,, one representative MXene, is predicted by first-principles
density functional calculations. In our study, we observed that these alkali atoms exhibit different adsorption energies depending
on the coverage. The adsorption energies of Na, K, and Ca decrease as coverage increases, while Li shows little sensitivity to
variance in coverage. This observed relationship between adsorption energies and coverage of alkali ions on Ti;C, can be
explained by their effective ionic radii. A larger effective ionic radius increases interaction between alkali atoms, thus lower
coverage is obtained. Our calculated capacities for Li, Na, K, and Ca on Ti;C, are 447.8, 351.8, 191.8, and 319.8 mAh/g,
respectively. Compared to materials currently used in high-rate Li and Na ion battery anodes, MXene shows promise in

increasing overall battery performance.
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1. INTRODUCTION

Energy storage systems have powered the world of technology.
Their applications vary from portable electronic devices and
electric vehicles, to large scale power grid systems that are
needed to manage intermittent renewable energy supplies.
Among different energy storage systems, batteries have several
advantages such as their compact size and their high
efficiency."”” More specifically, lithium-ion batteries (LIBs)
have attracted most attention since their first commercialization
by Sony in 1991, because of their high energy density and wide
voltage window. However, the development of LIBs has been
hindered by safety and cost issues,” and the currently used
materials operate close to their theoretical limit. Therefore,
batteries utilizing other metal ions are needed. In addition, with
the current growth rate of LIB use in electric vehicles and grid-
level storage systems, Li scarcity can be a future problem. Since
sodium is more abundant and cheaper than lithium, Na-ion
batteries (NIBs) can be a good candidate to replace LIBs in the
future.*> In addition to NIBs, other alkali ions such as
potassium have been found promising.’ Multivalent ions, such

-4 ACS Publications  © 2014 American Chemical Society

as aluminum, magnesium, and calcium may offer higher energy
density than monovalent Li, if two or three electrons can
transfer per ion. However, in most of the nonconventional
metal ion batteries described above, more improvements are
still needed in order for them to get to real world applications.
Most of the challenging questions involve the optimum
electrolyte for each system and finding host materials to work
as electrodes. Graphite, which is a successful anode for LIBs,
cannot be used in NIBs, because the Na—C interaction is found
to be too weak to contribute to the necessary Coulomb
interactions.”

Two-dimensional (2-D) materials are of special interest as
host materials for metal ion batteries, due to their unique
morphology, which enables fast ion diffusion and offers more
ion insertion channels with the whole surface exposed.®
Recently, a new family of 2-D early transition metal carbides
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and carbonitrides, so-called "MXenes”, was synthesized by
selective etching of A atoms from MAX phases with
hydrofluoric acid (HF) at room temperature.”'’ The MAX
phase is a large family (+60 phases) of ternary metal carbides
with composition of M,,;AX,, where M is an early transition
metal, A is one of the group A elements, X is carbon and/or
nitrogen, and n can be 1, 2, or 3.1 To date, the following
MXenes have been synthesized experimentally: TiyC,,"’ Ti,C,
(TigsNbys),C, Ta,Cs, (VsCros)3Cy Ti3CN;9 V,C, and
Nb,C." Since their discovery, MXenes have attracted great
attention and have displayed interesting properties. For
example, the conductivity of multilayered MXenes was found
comparable to that of multilayered graphene.” Theoretical
studies'*™'° regarding different properties also began soon after
the experimental discovery of MXene systems. Shein and
Ivanovskii'>'* have studied the structural features and relative
stabilities of the MXene Ti,,;C, and Ti, N, (n = 1,2,3).
Density functional theory (DFT) calculations showed that
MXenes can be semiconductors with tunable band gap that can
be controlled by changing the surface termination,"”"” but
nonterminated MXenes are metallic and are expected to have
the highest conductivity.'® Kurtoglu et al.'” have estimated the
in-plane elastic constants of MXenes, using DFT, to be more
than 500 GPa, which means that MXenes are expected to have
higher stiffness than structural steel (400 GPa).

MXenes have been found to be promising electrode materials
for LIBs*>*! and lithium ion capacitors.”* Although the capacity
of MXenes for Li is close to that of commercial graphite
electrodes in LIBs (372 mAh/g), MXenes have shown an
excellent capability to handle high cycling rates. For example, at
a cycling rate of 36 C, a reversible capacity of 110 mAh/g was
obtained for additive-free terminated Ti;C,.' Note that
graphite cannot handle such high cycling rates. This may be
attributed to the smaller diffusion barrier for Li atoms on Ti;C,.
Using DFT calculations, Shen et al.?® found that the diffusion
barrier of Li atoms on Ti;C, (0.07 €V) is smaller than that in
anatase TiO, (0.35—0.65 V) and graphite. However, studies of
electronic properties and applications of MXenes are needed to
utilize other metal ions in batteries. No experimental data for
NIBs or other metal ion batteries with MXene electrode have
been reported to date. In this work, we choose Ti;C, as the
representative and best studied MXene and report on its
performance as an electrode material for different metals (Li,
Na, K, and Ca) ion batteries using first-principles DFT
calculations.

2. METHODOLOGY

All our calculations were performed using the Vienna ab initio
simulation package (VASP)** with the projector augmented
wave (PAW)>52¢ potentials for core electrons and the Perdew—
Burke—Ernzerhof (PBE)*” form of the generalized gradient
approximation (GGA) for exchange and correlation functional.
An energy cutoff of 650 eV was used for the plane wave
expansion of valence electron wave functions. The Brillouin
zone was sampled using a Monkhorst—Pack special k-point
mesh of ['-centered 12 X 12 X 1 for the unit cell of Ti;C,. To
simulate the adsorption of single Li, Na, K, and Ca, we used a 3
X 3 X 1 supercell, corresponding to the adatom content x = 1/
9 in Ti;C,M,. Higher adatom contents up to x = 2.0 were also
investigated. To avoid interactions between simulated two-
dimensional Ti;C, monolayer sheet and the periodic images, a
vacuum space larger than 10 A was used. All structures were

relaxed with all atoms allowed to move until the force on each
atom was less than 0.05 eV/A.

To obtain the open circuit voltage (0OCV),*® we considered
the reaction

Ti,C, + xM — Ti,C,M, (1)

where x is the number of adatoms inserted in the unit cell of
Ti;C,. The electronic potential during this process can be
written in the form of Gibbs free energy

AG,
zF (2)

where z and F are the number of valence electrons during the
adatom process and the Faraday constant, respectively; AGy is
the change in Gibbs free energy during the adatom process
which is defined as

PAV; is on the order of 107> €V and the term TAS; is
comparable to 26 meV at room temperature; thus, the entropy
and pressure terms are negligible.”® AG; is then approximately
equal to the formation energy, AE; involved in the adsorption
process, which is defined as

V=

AE; = Eqyc v — (*Ey + Eqic) (4)

where Er; ¢\ is the total energy of the composite system with

x metal atoms adsorbed in the unit cell of Ti;C,, Ey; is the total
energy of a single Li, Na, or K atom in a bulk BCC structure or
Ca in a bulk FCC structure, and Er; ¢, is the total energy of an

isolated Ti;C,. The OCV is related to the formation energy by

AG,  AE
OCV=—r —
x x (%)

3. RESULTS AND DISCUSSION

3.1. Structure Models. By removing the Al atom from bulk
Ti;AIC,, monolayer Ti;C, is constructed with quintuple layers
stacked in a sequence of Ti(s)—C—Ti(c)—C—Ti(s), where
Ti(s) corresponds to the surface Ti atoms and Ti(c)
corresponds to the center Ti atoms in Ti;C,. The relaxed
structure was found to have a lattice constant a = 3.1005 A,
which is in good agreement with the experimental value 3.057
A" The structure can also be described as trilayer Ti-atomic
layers being interleaved with two C atomic layers forming an
edge-shared TiCg4 octahedral structure as shown in Figure 1.
The unit cell of Ti;C, is highlighted in a 3 X 3 X 1 supercell.

Here we only consider the adsorption on the surface of Ti;C,
MXene. It is easy to recognize the high symmetry adatom sites
A, B, and C as indicated in Figure 1 on the surface: The A site is
at the center of a hexagon composed of carbon atoms, the B site
is directly above the carbon atom, and the C site is directly
above the Ti atom. Compared to the surface adsorption, the
insertion of metal ions into the inner interstitial site is
energetically less favorable. We have performed calculations of
bulk interstitial adsorption for Li, Na, K, and Ca. The
adsorption energies are 4.40, 12.23, 15.39, and 12.21 eV,
respectively. The disruption of structure integrity was also
observed.

3.2. Adatom Adsorption. The binding of metal ions on
Ti;C, was studied by calculating the adsorption energy E4
using larger super cell with x = 1/9 in Ti;C,M,. Because E 4 =
—OCYV, the large positive OCV indicates energetically favorable
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Figure 1. Schematic diagram showing the crystal structure of a Ti;C,
monolayer with (a) top and (b) side view. The large blue balls
represent Ti atoms and small brown balls represent C atoms. The
highlighted unit cell indicates the high symmetry A, B, and C adatom
sites.

adsorption. In Table 1, we list the calculated OCVs for Li, Na,
K, and Ca adatoms on A, B, and C sites. For all atoms, the OCV

Table 1. Energetic and Structural Properties of Li, Na, K,
and Ca Adatoms on Ti;C, Monolayer®

OCV (eV) q () h (A)
A B C A B A B
Li 0.43 0.43 0.30 0.21 0.19 2.51 2.50
Na 0.74 0.74 0.72 0.40 0.38 2.84 2.82
K 1.90 1.90 1.81 0.47 0.36 3.27 3.28

Ca 143 142 133 131 1.24 272 2.70

“OCV, Bader charge (g), and adatom height (h) of energetically
favorable A, and B sites for Li, Na, K, and Ca on Ti;C,.

of A is close to that of B whereas that of C is lower. A- and B-
site OCVs are higher than that of the C site by about 100 meV.
The OCV of each site increases with the alkali atom mass,
suggesting stronger adsorption for heavier alkali elements.
However, this tread does not apply for Ca due to its different
valence ([Ar]4s®) electron configuration. In the following
discussions, we focus on the adsorption of A and B sites sine
the C sites are less energetically favored.

In addition to the OCVs, the adsorption strength of adatoms
on different sites is also reflected in the adatom height 4 which
is defined as the vertical distance between the adatom and the
topmost surface Ti atom. The adatom heights for A and B sites
are listed in Table 1. It can be seen that for A and B sites the
adatoms have very close height, consistent with the comparable
OCVs for these two sites. With the increase of element mass of
alkali adatoms, h increases for both sites excluding Ca.

To gain deeper insight into the difference in adsorption for
different metal atoms on Ti;C,, we performed the electronic
structure calculations. Figure 2 (a), (b), (c), and (d) depict the
computed total density of states (TDOS) and projected density
of states (PDOS) for the adsorption of Li, Na, K, and Ca,
respectively. There is a significant overlap at 0.70 eV below the
Fermi level between the Ti 3d orbital and the Li 2s orbital,
indicating s-d hybridization and therefore, strong binding of Li
atoms on the Ti;C, surface. Similarly for Na, K, and Ca, the s—

25 T T T T
0 f 1 n

DOS(states/eV/Cell)

2 0
Energy (eV)
(a) TigCo+Li
25 . . .
’ —— MXene Na ’N/\/\/‘
0 ; .

DOS(states/eV/Cell)

Eﬁ%argy (eV)
(b) T13C2+Na

DOS(states/eV/Cell)

2 0
Energy (eV)
(c) TigCo+K

S .2 : . ' :
> ’ i :

o

@

g

©

2

1)

] i
0 oo} . . : ——
6 -4 -2 2
Energy (eV)
(d) TigCe+Ca

Figure 2. Total DOS and PDOS of Ti 3d, C 2p, and s orbitals of (a)
Li, (b) Na, (c) K, and (d) Ca for the composite system of Ti;C,M, /o
The Fermi levels are set to zero and are indicated by the dashed lines.

d hybridizations are also observed with peaks located at 0.33,
0.285, and 1.23 eV below the Fermi level, respectively.

To visualize the effect of adatom adsorption on the charge
distribution, we calculated the bonding charge density which is
obtained as the difference between the valence charge density
before and after the bonding. Figure 3 shows the bonding
charge density in the plane passing through both the adatom
and the high symmetry line on the Ti;C, monolayer. Red and
blue colors indicate the electron accumulation and depletion,
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Figure 3. Bonding charge density for adatoms (a) Li, (b) Na, (c) K,
and (d) Ca (being adsorbed at the A site) in Ti;C,M,, system obtained
as the charge density difference between the valence charge density
before and after the bonding. Red and blue colors indicate the electron
accumulation and depletion, respectively. The color scale is in the
units of e/Bohr.

respectively. These bonding charge distributions clearly show
the charge transfer from the adatoms to the Ti;C, monolayer.
The amount of charge transfer was estimated quantitatively by
using Bader charge analysis and the results are presented in
Table 1 for Li, Na, K, and Ca at energetically favored A and B

sites. The Bader charge analysis is qualitatively consistent with
our PDOS calculations. The area covered by the PDOS of
valence s-states for Li is about 0.1 electrons, which indicates a
charge transfer from Li to Ti;C,.

It is well-known that the diffusion barrier is a key factor that
determines the rate at which a battery can be charged and
discharged. We have investigated the diffusion barriers for Li,
Na, K, and Ca in the Ti;C, monolayer using the nudged elastic
band (NEB) method® as implemented in VASP in order to
evaluate the promise of Ti;C, as high-rate electrode materials.
The migration pathways are selected along the high symmetry
line between energetically favorable adsorption sites on the
surface and in Figure 4 we depict the optimized pathways. The
calculated diffusion barrier for Li is 0.068 eV, in close
comparison to the previously reported value.’®> For Na, K,
and Ca, the diffusion barriers are 0.096, 0.103, and 0.118 eV,
respectively. Compared to commercial anode materials based
on TiO, polymorphs with a diffusion barrier about 0.35—0.65
eV for Li, Ti;C, can exhibit faster transport and higher charge/
discharge rate for Li, and even for other alkali elements.
Another commercial anode material, graphite, needs to
overcome a diffusion barrier larger than 0.3 eV for Li. This
suggests that Ti;C, is a promising candidate for high rate
electrode materials.

3.3. Open Circuit Voltage and Theoretical Specific
Capacity. In addition to the adsorption of single adatom on
the Ti;C, MXene, we also evaluated the OCVs as a function of
the adatom concentration by varying x in the Ti;C,M, system.
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gure 4. Schematic representation of the top view of the energetically optimized migration pathways and the corresponding diffusion barrier profiles
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We considered different x in the Ti;C,M, system, namely, 0.11,
0.25, 0.5, 0.75, and 1, by using different supercells with
stoichiometry (Ti;C,)oM, (Ti;C,),M, (Ti;C,),M, (TiyC,),M,
and Ti;C,M, respectively. Moreover, in order to determine
whether adatoms can occupy other adsorption sites after fully
covering the A sites of lowest adsorption energy, we computed
the possibility of B sites adsorption by varying the number of
adatoms in a 2 X 2 X 1 supercell from 1 to 4, corresponding to
the adatom content x = 1.25, 1.5, 1.75, and 2.

In Figure S, we depict the calculated OCVs as a function of
the adatom concentration represented by x in the Ti;C,M,

OCV(eV)
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Figure 5. OCV changes with adatom content for the single-side
adsorption of Li, Na, K, and Ca on the Ti;C, surface. x < 1
corresponds to the adatom adsorption on the A site, and x > 1
corresponds to partial coverage of B sites and full coverage of A site.
The x corresponding to zero OCV is used to estimate the maximum
adatom content and capacity.

It is noted that the above discussion is based on the
calculation assuming single-side adsorption. The fact that the
charge transfer mainly occurs between the surface Ti(s) atoms
and the adatom suggest the possibility of adsorption on double
sides. In order to verify this, we considered a 2 X 2 X 1
supercell of Ti;C, monolayer with increased adatom content on
both surfaces. Our computations reveal that the 2 X 2 X 1
supercell of the Ti;C, monolayer can accommodate up to 8 Lij,
8 Na, 4 K, and 4 Ca adatoms, which corresponds to the
chemical stoichiometry of Ti;C,Li,, Ti;C,Na,, Ti;C,K, and
Ti;C,Ca with symmetric configuration of adatoms on both
sides. The calculated OCVs are 0.413, 0.137, 0.128, and 0.087
eV, respectively. Therefore, we can estimate the maximum
adatom content to be 2.8, 2.2, 1.2, and 1 for Li, Na, K, and Ca,
respectively. For single-site adsorption, the maximum capacity
Cy (mAh/g) can be computed from the maximum adatom
content x_,. as

1 3

Cy = [0 X 2 X F X 10°]

Mric, (6)

where z is the valence number (z = 1 for Li, Na, and K; z = 2
for Ca), F is the Faraday constant (26.810 Ah/mol), and M ¢,

is the atomic mass of Ti;C, (167.62 g/mol). Based on the
assumption of double-side adsorption, the theoretical capacities
of Li, Na, K, and Ca on Ti;C, MXene are calculated to be
447.8, 351.8, 191.8, and 319.8 mAh/g, respectively.

3.4. Effective lonic Radius. As shown in Figure S, the
maximum coverage of adatoms on Ti;C, monolayer vary with
the alkali elements of different atomic numbers, which can be
attributed to the effective size of the ionized adatom. For a
given ion, the ionic radius is strongly dependent on the charge
state. Therefore, an effective ionic radius R*? can be defined as
R = R® + (R' — R%)Aq by assuming a linear dependence on
the charge state Aq with R’ the atomic radius and R' the ionic
radius of charge state +1. As shown in Table 2 the adsorbed Lj,

system. Only the highest OCV among different configurations
is shown for each concentration. For all alkali elements studied
herein except Li, the OCVs decrease with increased adatom
concentration, but with different slopes. In Figure 5, OCVs of
Na, K, and Ca decrease as x increases, while Li shows little
sensitivity to the variance of x in the range x < 1. The OCV of
Li starts to decrease when x > 1. Only A is shown in Figure §
because the difference of OCVs between the A and B sites is
less than 100 meV, which means one specific representation is
enough for the trend. At low adatom content (x < 0.25), the
OCVs of K, Na, Ca, and Li decrease; however, this trend
changes at high adatom content (x > 0.8). The OCV of Li is
now the highest, followed by Na, Ca, and K in that order. Once
the OCV is zero, we reach a situation where no more adatoms
can be adsorbed, which corresponds to the maximum x in
Ti;C,M,. Consequently, the capacity of each element on the
Ti;C, surface can be determined. For K and Ca, the estimated
maximum x is approximately 0.6 and 0.5, respectively, meaning
that the OCVs have dropped to zero before fully covering the A
site. At x = 1, the OCVs of Li and Na are positive, indicating
that additional adatoms can be adsorbed on the Ti;C, surface
where the A site is fully covered. For Li and Na, the maximum x
is approximately 1.4 and 1.1 by assuming a linear relationship
between two adatom contents around zero OCV. This result
suggests that the Li and Na adatoms can seek other
energetically favorable sites after fully covering the A site.

Table 2. Relationship between Charge Transfer (Aq) and
Effective Ionic Radius (R27)“

R (A) R'(A) Aq (e7) R (A)
Li 1.55 0.68 (Li*) 0.79 0.86
Na 1.90 0.97 (Na*) 0.60 1.34
K 2.35 1.33 (K%) 0.53 1.81
Ca 1.97 0.99 (Ca*") 0.69 1.63

“R™ is a linear interpolation of the atomic radius (R°) and the ionic
radius(R") of charge state +1.

Na, K, and Ca atoms are acting as electron donors and about
0.79, 0.60, 0.53, and 0.69 lel are transferred from Li, Na, K, and
Ca atoms to the TiyC, monolayer. The corresponding R*? are
0.86, 1.34, 1.81, and 1.63 A, respectively. The effective ionic
radius is closely related to the maximum coverage of the alkali
elements. For the full coverage of energetically favorable A sites,
the distance between two nearest adatoms is 3.10 A which
indicates a critical radius 1.55 A for the ionized adatoms. The
R21 of Li is much smaller than 1.55 A, which is consistent with
the fact that the OCVs are not sensitive to the coverage as
indicated in Figure 5. For Na, the effective ionic radius is close
to 1.55 A, the coulomb repulsion between ionized adatoms
leads to the reduced OCVs when increasing the coverage, but a
full coverage of A sites can still be obtained. The fact that RA of
K is greater than 1.55 A makes the maximum adatom content x

dx.doi.org/10.1021/am501144q | ACS Appl. Mater. Interfaces 2014, 6, 11173—-11179
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structure.

~ 0.6. Although R of Ca is smaller than that of K, the
maximum «x is only 0.5 due to the small OCV for low coverage.
We found that for Li, Na, and K a linear relationship between

the effective ionic radius and the maximum adatom content x in
Ti;C,M, can be established as

X = —1.68 X R + 4318 7)

max

in which «x,,, is calculated by taking into account the double-
side adsorption. Care must be exercised that this relationship
does not hold for Ca because Ca has two valence electrons
which results in stronger interactions with the Ti;C,
monolayer. Correspondingly, we can establish a relationship
between the capacity and the effective ionic radius by
combining eqs 6 and 7

1

Cy = [(—1.68 X R + 4.318) X z X F X 10°]

Ti,C,
(8)

This expression provides a simple description for the
theoretical capacity of alkali metals in terms of the effective
ionic radius of the ionized adatoms. In Figure 6, we plot the
calculated maximum adatom contents and capacities of
Ti;C,M, as a function of effective ionic radius with Li, Na, K,
and Ca adsorbed on two sides.

3.5. Comparison to Graphene. Our predicted high
capacity of Ti;C, MXene is in contrast to extensively studied
graphene sheet. Although it displays various appealing proper-
ties, pristine single layered %raghene is not a good candidate for
electrode materials in LIBs.*”>' For comparison, we performed
the electronic structure calculations for pristine graphene with
Li adatoms using a 2 X 2 X 1 supercell. Figure 7 shows the total
DOS of graphene with a Li adatom, and the DOS projected
onto C 2p and Li 2s orbitals. It can be seen that in the range 0—
16 eV below the Fermi level, the C 2p orbital contributes most
to the energy states. However, no significant peak of the Li 2s
orbital below the Fermi level was observed. The peak of the Li
2s orbital occurs at 0.815 eV above the Fermi level, where there
is an overlap of the peak of the C 2p orbital and the total DOS.
This peak corresponds to an s-p antibonding orbital. Therefore,
the lack of overlapped peaks below the Fermi level indicates the
absence of hybridization of orbitals and therefore, a weaker
bonding. As shown in Figure 2, an overlap of the Li 2s orbital
with the Ti 3d orbital in Ti;C, MXene occurs at 0.70 eV below
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Figure 7. Total DOS of the pristine graphene with Li adatom and the
PDOS onto C 2p and Li 2s orbitals.

the Fermi level. A significant and broad peak of Li overlaps with
several peaks of the Ti 3d orbital, which indicates the existence
of an s—d hybridization during Li adsorption.

4. CONCLUSION

With first-principles density functional method we investigated
the electronic properties of the adsorption of Li, Na, K and Ca
atoms on Ti;C,. Our results show a linear relationship between
the effective ion radius, maximum adatom content, and
capacities for alkali metals. Charge transfer determines the
effective radius of ions, which plays a critical role during the
metal-ion adsorption on the surface. Larger effective ionic
radius enhances interaction between alkali atoms, thus lowering
maximum adatom content and theoretical capacity of the alkali
metals. Our calculated capacity values for Li, Na, K and Ca on
Ti;C, are 447.8, 351.8, 191.8, and 319.8 mAh/g, respectively. A
simple expression to predict capacity by examining effective
ionic radius is proposed here. Our results give insights for
further experimental work in exploring and developing the
potential of Ti;C, for Li, Na, K, or Ca battery applications. It is
noteworthy that Ti;C, is only one member of the MXene
family. This suggests the need for further experimental and
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computational investigations on MXenes as promising
electrode materials for energy storage applications.
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