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Ti3C, T, nanosheet, the first synthesized MXene with high capacity performance and charge/discharge rate, has at-
tracted increasingly attention in renewable energy storage applications. By performing systematic density functional theory
calculations, the theoretical capacity of the intrinsic structure of single- and multi-layered Ti3C,7; (T = F or O) correspond-
ing to M (M = Li and Na) atoms are investigated. Theoretical volumetric capacity and gravimetric capacity are obtained,
which are related to the stacking degree. The optimal ratios of capacity to structure are determined under different stacking
degrees for understanding the influence of surface functional groups on energy storage performance. Its performance can
be tuned by performing surface modification and increasing the interlayer distance. In addition, the reason for theoreti-
cal capacity differences of M atoms is analyzed, which is attributed to difference in interaction between the M-ions and
substrate and the difference in electrostatic exclusion between adsorbed M-ions. These results provide an insight into the
understanding of the method of efficiently increasing the energy storage performance, which will be useful for designing

and using high performance electrode materials.

Keywords: density functional theory, MXene, electrode materials

PACS: 68.35.Md, 68.43.-h, 68.43.Fg

1. Introduction

Efficient electrical energy storage devices (EES) are ur-
gently needed for the efficient use of renewables, including
wind, solar, and tidal energy, etc. Among different EES de-
vices, rechargeable batteries, such as Li ion batteries (LIBs)
and Na ion batteries (NIBs), are considered to be promising
devices to store the energy.!'l However, the performance of
ion batteries can hardly satisfy the growing demand for large-
scale energy storage. It is noteworthy that the performance of
ion batteries is highly dependent on the properties of electrode
materials. For electrode material, the energy storage involves
physical interaction and/or chemical reaction at the surface or
interface. Consequently, a promising strategy to create high
energy storage ion batteries is to develop new electrode mate-
rial with large specific surface area and high electrical conduc-
tivity.

Two-dimensional (2D) materials have shown great
promise in electrode material applications due to the large
specific surface area, tunable electronic properties, and ex-
traordinary mechanical strength.!?! For instance, graphene and
its oxide,30) exfoliated nanosheets of metal-organic frame-
works (MOFs),[”! phosphorene, 8! and layered molybdenum
disulphide (M0S;)!! have already shown promising results

as electrode materials. Recently, 2D transition metal car-
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bides/carbonitrides (denoted as MXenes) have attracted sig-
nificant attention as electrode materials.!'®->) MXene can be
prepared from the early ternary transition metal carbides, ni-
trides, or carbonitrides (MAX) by means of the etching ap-
proaches, where M is an early transition metal (M = Sc, Ti,
V, Cr, Zr, Nb, Mo, Hf, Ta, W), A is mainly a group IIIA or
IVA element (A = Al, Si, Ga, Ge, In, Sn), X is C or/and N,
and n = 1, 2 or 3.1%1 In the exfoliation process, the A atoms
are replaced by T-terminations (7 = F, O or OH), leading to
functionalized MXene.!!7-1°]

Among MXenes, Ti3C,7, is considered as the most

promising candidate for electrode material.[?0-2?]

Many
theoretical>>>°! and experimental **-33! researches of energy
storage properties, and influence of some terminal groups for
storage properties, etc. have been well carried out from pure
science to potential applications, However, the volumetric ca-
pacity of Ti3C,7, nanosheet corresponding to the intrinsic
structure is still unclear. The finding optimal ratio of capac-
ity to structure of Li/Na atom intercalation for Ti3C,-based
2D material is urgently needed to explain the limit of storage
capacity for synthesizing Ti3C, T,.

In this paper, the optimal capacity of Li/Na atom inter-
calation into TizC, single- and multi-layers as well as its flu-
orinated and oxidized derivatives (Ti3C,7, T = F or O) are
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theoretically studied in detail based on first-principles calcu-
lations. We demonstrate that the energy storage performance
can be tuned by performing the surface modification and in-
creasing the interlayer distance. The TizC; 7, nanosheets with
an optimal volume-to-capacity ratio that will be helpful in in-
creasing the volumetric capacity, are prepared. In addition,
the energy cost at zero temperature and electron distribution
are analyzed, which reasonably explains the fact that the theo-
retical capacity of Na atoms is lower than that of Li atoms on
Ti3;C,T> nanosheets.

2. Computational details

The calculations were performed by using the CASTEP
code which is based on density functional theory through
the ultrasoft pseudopotentials method.**! The generalized
gradient approximation including van der Waals dispersion
corrections (DFT+D2) was used to optimize the geometric
structure.!3331 The plane wave energy cutoff was 340 eV
for geometric optimization and 500 eV for electronic struc-
ture computation. Integration in the Brillouin zone was per-
formed by using a k-point of 5 x 5 x 1 mesh parameter grid
for TizC;, and Ti3C,T; supercell. The spin-polarized calcu-
lations are conducted. To minimize systematic errors, the
2 x 2 x 1 supercell of TizC, and Ti3C, 75 systems is used in
all the following computations as shown in Fig. 1. The TizC,
and Ti3C, 7> monolayers are represented by a vacuum width of
20 A to avoid any interactions between the layered hexagonal
structures and its periodically repeated images along the non-
periodic direction (c axis). The Ti3C, and Ti3C»7> nanosheets
are constructed by adjusting the vacuum width along the ¢
axis.

Fig. 1. Schematic diagram of crystal structure of 2 x 2x 1 supercell of Ti3Cy
monolayer, showing (a) top view and (b) side view, and (c) 2 x 2 x 1 super-
cell of TizC, nanosheet. The monolayer is stacked in a sequence of Ti(1)-C—
Ti(2)-C-Ti(1) to form the layered hexagonal structure of non-periodic, and
the nanosheet of periodic structure is constructed by two layered hexagonal
structures.

The formation energy (Efom) of Ti3Cy7> monolayer is
calculated by using the following formula

Eform = Ewot(Ti3C212) — (1/2)Eror(Ti3AIC,)

+ Eatom (Al) - 2Eatom(T2)a (1)

where Ei(Ti3C275) and Ey(Ti3AlC,) are the total energy of
Ti3C,T; single layer and TizAIC, unit cell, respectively, and
Eaom 1s the energy of per atom in their corresponding bulk
structure or molecule.

The adsorption energy (E,qs1) of one atom on the Ti3Cr 7>
monolayer can be obtained from

Eags1 = Eadatom@system - Esystem — Eatom- 2

The adsorption energy (E,qs2) of the multilayer atom on the
TizC, T, monosheet is defined as

Eags2 = Emultilayers@system - E(y— 1)multilayers @system
— 8Eatom, (€)

where Ejdatom@system and Esystem are, respectively, the total en-
ergy of single metal atom adsorbed and unadsorbed mono-
layer» Emultilayers@system and E(yfl)multilayers@system are, respec-
tively, the total energy of intercalation 2y and 2(y — 1) layers’
metal atom on both surfaces of single layer, Eaom 1s the en-
ergy of per metal atom from the bulk metal, and y represents
the number of intercalation layers on each surface of single
layer. When only one layer atom (y = 1) is intercalated into
each surface, the E(,_j)mullayers@system 18 the total energy of
Ti3C,T; single layer.

The theoretical volumetric capacity (Cym, in units
mAh-cm*3) and the gravimetric capacity (Cym, in units
mAh-g~!) can be identified from the following calculation for-
mula

4(yxzx F x10%)

Cym = , 4
Vcell : NA
20y xzx F x 103
Cvm = O i ), )
mol

where z is the valence number (z = 1 for Li and Na), F is the
Faraday constant (26.81 Ah~mol’1), Nj is the Avogadro con-
stant, Vey represents the optimized cell volume of nanosheet,
Mo 1s the molar mass which includes the mass of the ad-
sorbed M atoms, Ve is defined as Ve = (v/3/2)a’c, with
a (a = 3.07 A) being the lattice constant of nanosheet and
¢ being the lattice constant along the c-axis direction and is
changed by adjusting the width of the vacuum inserted be-
tween two layered hexagonal structures. The coefficient 4 Xy
in formula (4) represents the total number of intercalation lay-
ers in the interlayer spacing of nanosheet, and the coefficient
2xy in formula (5) represents the total number of intercala-
tion layers on both surfaces of single layer. The reason for the
difference between calculated coefficients from the two for-
mulas is that the value of Cypy is determined by the molar
mass of one layered hexagonal structure and the number of
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adsorbed atoms on its upper and lower surface, and indepen-
dent of crystal volume, while the value of Cyy is related to the
crystal volume and the total number of atoms intercalated into
the lattice, thus it is calculated by using a crystal structure that
is composed of two layered hexagonal structures.

3. Results and discussion

3.1. Structure and stability of Ti;C, and Ti;C,7, mono-
layers

As mentioned above, Ti3C, can be prepared from the
Ti3AlC; by means of etching. The as-synthesized Ti3;C; has
the fairly complex surface morphology with the mixed termi-
nal groups (F, O, and OH) occurring.[®”] The hydroxylated
derivative is not included in our computations because the
H atoms are relatively easy to replace.!'’%3% The surface
functionalizations of oxygen and fluoride are focused. The
surface morphology of Ti3C,T> (T = F or O) has previously
shown that MXene with complete and symmetrical surface ter-
minations is more thermodynamically stable than those with
partial and asymmetric surface terminations.!!7->>401 There-
fore, three possible configurations of Ti3C,7; monolayer are
constructed by saturating the dangling bond of surface Ti(1)
atoms. In more detail, the T-terminations are equally and ho-
mogeneously distributed on both surfaces of monolayers, cor-
responding to the top position on Ti(1) atoms (1-top site), the
hollow position on C atoms (2-hollow site), and the hollow
position on Ti(2) atoms (3-hollow site) as shown in Fig. 1.

We start with considering structural optimizations to char-
acterize the crystal structures of monolayers by using two

methods, including the cases with and without van der Waals
dispersion corrections. The structural information and calcu-
lated Eform, are listed in Table 1. The calculated value of E¢orm
is sensitive to the van der Waals dispersion correction. For
the same TizC,7, configuration, the calculated Efyy, by the
DFT+D2 method is 1 eV higher than that by the DFT method.
However, it is found that the ground state configuration with
van der Waals dispersion correction is similar to that without
van der Waals dispersion correction, the T-terminations pref-
erentially bind to the 3-hollow sites, which is also in agree-
ment with the previous theoretical result.[>3>328] This is be-
cause structural characteristics of TizC, 75 single layer deter-
mine the sites that the terminations prefer to occupy. The Ti
atoms tend to form six-fold coordination in this structure, thus
the Ti-centered distorted octahedral structure of surfaces is
constructed through T-terminations occupying the 3-sites. [*!!
The trends of energy variation after surface functionalization
obtained by the two methods are also consistent with each
other. The calculated Efy of TizCy monolayer is obviously
larger than that of the functionalized derivative. The positive
value of Efoy indicates that the TizC, monolayer is difficult
to form spontaneously through the selective etching of Al lay-
ers. On the contrary, the negative value of Egyp, shows that
the Ti3C, T, monolayers obtained by the selective etching of
the Ti3 AIC, phase are stable. Actually, the TizC, monolayer
without surface terminations has not yet been synthesized, and
the presence of surface terminations conduces to the formation

of monolayer.

Table 1. Optimized structural data (in unit A) and calculated Ejopy values (in unit eV) of Ti3Ca, TizCaF», and TizC20; monolayers.

System t Bond lengths Etorm
DFT/DFT +D2 DFT/DFT +D2 DFT/DFT + D2
Ti(1)-C Ti(2)-C
TizCy 4.62/4.72 2.04/2.05 2.19/2.20 2.87/3.86
TizC,F;-1 site 4.67/4.72 2.06/2.06 2.20/2.20 —6.23/-5.22
TizCoF,-2 site 4.79/4.85 2.11/2.12 2.17/2.18 -7.15/—6.14
Ti3CyF,-3 site 4.66/4.70 2.06/2.07 2.18/2.19 —8.03/-6.93
TizCr0;-1 site 4.94/4.96 2.13/2.14 2.19/2.19 —1.84/-1.19
TizC,0,-2 site 5.10/5.13 2.24/2.24 2.13/2.13 —5.68/ —4.89
TizC,0,-3 site 5.14/5.17 2.21/2.21 2.17/2.18 —7.28/ —6.38

The structural properties of ground state of Ti3C, and
Ti3C,T> monolayer are investigated. The ¢ is defined as the
vertical distance between the top Ti(1) atom and bottom Ti(1)
atom. Based on our structural models, the difference between
structure properties obtained by using DFT and DFT+D2
methods is limited to 0.5%. Therefore, the optimized structure
of monolayer is not very sensitive to the van der Waals dis-
persion correction. Compared with the TizC, monolayer, the
T-terminated Ti3C, monolayer has larger calculated ¢ and the
surface Ti(1)-C bond length, implying that surface termina-

tions strongly interact with the original TizC, structure, which

is consistent with previous theoretical result.[?32]

3.2. Single M atom adsorption on surfaces of Ti3;C, and
Ti3;C,T, monolayers
After a thorough understanding of the structure proper-
ties of monolayers, we subsequently extend our computations
to their adsorption behaviors of the single M (M = Li and Na)
atom. Those adsorption configurations of one M atom on three

possible adsorption sites of surfaces are considered (1-, 2-,
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and 3-sites as shown in Fig. 1), corresponding to a chemical
stoichiometric ratio for each of Ti3Cy My 25 and Ti3CrT5 M) »5.
To quantitatively evaluate the adsorption behaviors, the calcu-
lated E,q51, and optimal adsorption height (%) and Hirshfeld
charge of the adsorbed atom are calculated by using the DFT
and DFT+4D2 methods. The 4 is defined as the vertical dis-
charge =0.37e

tance from the M atom to the surface layer of Ti(1) atom. The
Hirshfeld charge is defined as being relative to the deformation
density, this is the difference between atomic charge densities
after and before relaxation. After full geometry relaxation, the
relative stabilities of adsorption configurations can be deter-

mined through calculating the value of E,qq; .
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Fig. 2. The most stable adsorption configurations (side and top views) of (a) Ti3C;Lig s and Ti3C, T Lig 25 systems, (b) Ti3C,Nag 5 and TizC, 7> Nag 25
systems obtained by using DFT method, and (c) TizC;Lig 25 and TizCyT>Lig 25 systems, (d) TizCaNagos and Ti3C75Nag o5 systems obtained by using

DFT+D2 method with their calculated values of E,qs1, /1, and Hirshfeld charge.

The most stable adsorption configurations with their cal-
culated E,qs1, /1, and Hirshfeld charge are shown in Fig. 2. For
the Ti3Cy My 25 configurations, the M atom prefers to sit at the
hollow site due to repulsive interaction between the positively

charged M and Ti atoms. When the functional groups exist,
the M atom migrates to the nearest hollow site on the termi-
nations that occupy the 1-top site, except the Ti3C,0,Nag 25
configuration obtained by using the DFT method. In previous
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analysis of the ground state configuration of Ti3C,7> mono-
layers, the T-terminations preferentially bind to the 3-hollow
sites. Therefore, the M atom tends to stay away from the site
that the terminations most prefer to occupy within the mono-
layer. The relative structural stability of adsorption configu-
ration depends mainly on the possible charge transfer between
adsorbed atom and terminal atom. If adsorbed metal atoms can
provide sufficient electrons for the terminal atoms, then the 7'-
terminations occupying the 1-top sites become the most stable
configuration of TizC, oM, 5. Here it is clearly observed that
the calculated E,45 of Ti3C,7> monolayer with or without van
der Waals dispersion corrections, is lower than that of TizC,
monolayer. Further, the calculated value of Hirshfeld charge
for Ti3C, 7> monolayer is higher than that of TizC, monolayer.
The low adsorption energy and the large charge transfer sug-
gest that the M atom prefers to adsorb on the T-terminated
TizC, surface. This may relate to the strong interaction be-
tween functional group and metal atom.

3.3. Stable multilayer intercalation among M atoms in
Ti3;C; and Ti3;C,T, nanosheets

After a thorough understanding of the adsorption behav-
iors of one M atom on the surfaces, we check the varia-
tion of adatom concentration as a function of lattice param-
eters c¢. In this subsection, the multilayer incorporation of
metal atom into nanosheets is focused by performing the DFT
method. To check the possible multilayer incorporation, the
quasi-symmetrically adsorption configurations are used, cor-
responding to the chemical stoichiometric ratio of Ti3CoM>,
and Ti3C, T2 M5, Here, three different incorporation atom con-
centrations (y = 1-3) are considered. Since M atoms’ order-
ings can be different for the same incorporation concentration,
the geometry optimization is performed for all possible struc-
tures, here more than 100 structures are considered. To inves-
tigate the structural stabilities, the calculated E,qs as a func-
tion of lattice constant c is analyzed. The energetically favor-
able structures with the same lattice constant are determined
by comparing their relative E,qs>. The calculated E,q5 values
of the most energetically favorable structures of different in-
tercalation layers as a function of lattice constant ¢ are shown
in Fig. 3.

In Fig. 3, the calculated E, of intercalating the
same number of atomic layers into the interlayer spacing of
nanosheet decreases gradually with the increase of lattice con-
stant c. The critical value of lattice constant ¢ of intercalat-
ing the same number of atomic layers is determined by ob-
taining the inflection points between the positive and negative
values of adsorption energy, thus, the minimum lattice vol-
ume and the maximum volumetric capacity can be predicted in
the bulk-stacking Ti3C; and TizC, 75 nanosheet with the deter-
mined number of M atomic layers. When each additional layer

of M atoms is intercalated, the calculated E,qs has a process
of change from high energy to low energy with the increase
of lattice constant c. For example, under the same lattice con-
stant ¢ (¢ = 37.04 A), the calculated E, 4 value of Ti3CaF,Lis
nanosheet and that of Ti3C,F,Lig nanosheet are greatly dif-
ferent from each other, which phenomenon is attributed to
the increase of the Coulomb repulsive between the M atoms
with the number of intercalated atoms increasing. With the in-
crease of lattice constant c, the calculated E, 4 of Ti3CyF,Lig
nanosheet decreases gradually. Once calculated E,qs, is lower
than zero, multilayer adsorption structure is stable, indicating
that the interlayer spacing variation should affect the number
of intercalating atomic layers, and the intercalation layer num-
ber increases with lattice constant ¢ increasing. In the mul-
tilayers studied above, the distance from the bottom of one
TizC, T, sheet to the top of the next sheet is around 5.0 A R0
indicating that the sheets are bound mainly by van der Waals
interaction, and at most two layers’ M atoms can be incorpo-
rated into the interlayer spacing between two layered hexag-
onal structures. As the lattice expands along the c-axis direc-
tion in a wide range, more metal atoms can be incorporated
into the interlayer spacing. When the chemical stoichiomet-
ric ratio of M atom to Ti atom are larger than 2y/3 (y =1 or
2), some M atoms are driven to penetrate into the sub-adjacent
region of the surface, resulting in the multilayer adsorption in
the space region. A similar multilayer adsorption behavior has

(261 Qverall, the prepared

also been found in previous work.
Ti3C, T, monolayers and the expansion of the interlayer spac-
ing of TizC,T, nanosheets will be helpful in increasing the
number of incorporation atom layers. Actually, the interlayer-
expanded TizC, has been synthesized experimentally, and its

Li storage capacity was improved.[31:42:43]
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Fig. 3. Calculated E,4s» values of most energetically favorable structures
of different intercalation layers as a function of lattice constant c.

After the thorough calculation for E,4 of all the con-
figurations, we subsequently extend our computations to their
theoretical capacity, and the optimal ratio of the capacity to
structure is obtained in the stacking structure. The optimum
lattice constant ¢ and the calculated capacities correspond-
ing to different incorporation layers are listed in the follow-
ing Table 2. The value of Li capacity can be increased from
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251.16 mAh-g~!' (1280.75 mAh-cm~) to 768.68 mAh-g~!
(1767.61 mAh-cm~3), when the c-axis value is expanded from
17.04 A to 43.04 A. The value of calculated Cyna can be in-
creased from 218.32 mAh-g~! to 413.13 mAh-g~! when the
c-axis value is expanded from 19.04 A to 43.04 A, and the
value of calculated Cyn;, can reach 1146.18 mAh-cm—3 when
the value of the ¢ axis varies in the same range. The maximum
value of the calculated Cyn, accords well with the previously

—1 [26] The difference in calcu-

reported value of 413.0 mAh-g
lated Cy; between Li and Na atoms with the same valence state
can be attributed to their different atomic weights in the case
of the same incorporation layers, thus, the heavier ions have

lower gravimetric capacity. The difference in calculated Cy is

partially due to their difference in optimal structure in the case
of the same incorporation layers, thus, the large lattice volume
has lower volumetric capacity. The theoretical value of the cal-
culated capacity varies with the length of the lattice constant
¢, however, this change is not the process of linear increase.
For example, the increased percentage of the theoretical Cyp
of TizC, nanosheet slows down with each additional interca-
lation layer, and the theoretical Cyn, of Ti3C>0O, nanosheet
decreases with the lattice constant ¢ increasing. Therefore, the
proper mass load and interlayer spacing of the experimental
sample are essential to obtain optimal performance of elec-

trode material.

Table 2. Calculated optimized V,¢; values (in unit A3), and calculated Cyy values (in units mAh-cm™2) and Cypy values (in mAh.- g’1 )

of TizCoM,y and TizCo Tr My, systems.

System y Veell CvLi Cumvi Veen CvNa CuNa

1 171.74 1037.26 295.42 204.39 871.57 251.03

Ti3CoMyy, 2 253.37 1406.16 548.86 351.32 1014.16 413.13
3 334.99 1595.33 768.68 - - -

1 155.42 1146.18 244.28 204.39 871.57 213.12

Ti3CoFa My, 2 269.69 1321.07 459.50 351.32 1014.16 360.37
3 351.32 1521.17 650.55 - - -

. 1 139.09 1280.75 251.16 155.42 1146.18 218.32

Ti3Co0,Myy

- 2 253.37 1406.16 471.63 318.67 1118.02 367.79

3 302.34 1767.61 666.73 - - -

Further structural analysis can find that the interaction be-
tween the different TizC,7; layers is ignored, when the c-axis
value is expanded to more than 43.04 A, because the layer
spacing of surface terminations between two layered hexag-
onal structures exceeds the distance of the van der Waals in-
teraction. In fact, the Ti3C,7; monolayer is difficult to pre-
pare into the experimental samples, and sample generally be-
longs to a mixture of few-layer, multilayer and even bulk struc-
ture, their lattice constant c is in a range between 19.50 A and
35.04 A.2941 Tt is determined that two to four layers of Li
atoms can be incorporated into the interlayer space of experi-
mental samples, and one to two layers of Na atoms can be in-
corporated into the same interlayer space. The optimal values
of theoretical capacity corresponding to experimental samples
are 1406.16 mAh-cm 3 for calculated Cyy;, 548.86 mAh-g~!
for calculated Cpyr;, 1146.18 mAh-cm™3 for calculated Cyna,
and 251.03 mAh-g~! for calculated Cyina, respectively. Al-
though, the theoretical capacity of Na atom is much lower
than that of Li atom, which is in agreement with the experi-

32.45461 However, the theoret-

mentally observed Na capacity. !
ical Cn, value is comparable to that in the case of other elec-
trode material, such as 146 mAh-g~! of M0S,.1°! The Ti3C, T,
nanosheets are a good candidate for being used as an electrode
material in NIBs.

In experiments, bare Ti3C, without any surface termina-

tion has never been achieved, thus understanding the effect

of surface terminations on storage performance is particularly
important. [47.48] Here, taking the Ti3C;Lizy and TizCyTrLiny
as the representative cases, the influence of 7T-terminations on
calculated value of Cy is analyzed. The optimum lattice con-
stant ¢ for incorporation one atomic layer on each surface of
single layer is calculated to be 21.04 A for Ti3C,, 19.04 A for
Ti3C,F», and 17.04 A for TizC,0,. The optimum lattice con-
stant ¢ for incorporation two atomic layers is calculated to be
31.04 A for Ti3C, and Ti3C>0,, and 33.04 A for Ti3C,F,. The
optimal lattice constant ¢ for incorporation three atomic layers
is calculated to be 41.04 A for TizC,, 43.04 A for TizCyF,
and 37.04 A for Ti3C,0;. The optimized lattice parameter of
Ti3C,0,Li,, nanosheet is smaller than that of the Ti3C;Liy,
nanosheet and Ti3CoF>Li, nanosheet. On the basis of the
small lattice parameter, the Ti3C,O;Lisy system generally pos-
sesses a small molar volume. Thus, the O-terminated Ti3;C,
nanosheet can hold more incorporation atoms than any other
nanosheets when their volumes are equal. The O functional
group as an excellent chemical modifier of surfaces can greatly
improve the volumetric capacity of TizC, system. However, a
process of surface functionalization with fluorine group is not
responsible for increasing the volumetric capacity. The higher
volumetric capacity performance can be obtained by regulat-
ing the main surface termination of sample in experimental
preparation due to the effect of different surface functional
groups on theoretical capacity. The above analysis of the effect
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of functionalized surface on theoretical capacity is consistent

with previous experimental and theoretical results.!117:23]

3.4. Analysis of capacity difference for the Li/Na atoms
into nanosheets

It is noticed that the number of intercalation Na atom lay-
ers on each surface is only two, when the value of c-axis lattice
constant varies in a range from 19.04 A to 43.04 A. Although,
the Li/Na atoms intercalated into nanosheets have a similar op-
erating mechanism which may be the formation of Ti3CoM»,
and Ti3C, T, M>, after intercalating M atoms into the space va-
cated by the Al atoms.!**! However, the intercalation layers’
number of Na atom is far less than that of Li atom. We seek
to understand the reason why the theoretical capacity of Na
atoms is lower than that of Li atoms. Taking the twelve sta-
ble configurations of Ti3CoMy, system and TizC, oMoy sys-
tem with the c-axis lattice constant of 25.04 A (y = 1) and
35.04 A (y = 2) for example, the formation process of M-ions’
intercalation can be divided into two parts. First, the Ti3C,
substrate is strained to the configuration identical to that of the
Li/Na-intercalated surfaces. Second, the Li/Na-ions are inter-
calated into the nanosheets.

In the first process, there are two kinds of energy
losses that can be obtained for the substrate after deforma-
tion. First, the calculated total energy of Ti3C, substrates of
TizC;, nanosheet and Ti3C,7, nanosheet after crystal defor-
mation has had an energy cost (Eeci = |(Esysiem(deformation
Ti3C, substrates) — Egysem(perfect Ti3Cy substrates)|), sec-
ond, the calculated total energy of TizCy7> nanosheet

after crystal deformation also has an energy cost
(Eec2 = |(Esystem (deformation Ti3C,7> nanosheets) — Egysiem
(perfect Ti3C,T» nanosheets)|)). The calculated values of Ee|
and E.. reveal the degree of substrates’ deformation. Once
the calculated value is greater than zero, the substrate produces
a larger lattice deformation. The calculated E..; value of the
Na atom incorporation is similar to that of the Li atom in-
corporation into corresponding nanosheet as shown in Fig. 4.
The energy loss of TizC, substrate is almost negligible in the
Li/Na-ion insertion processes. The TizC, substrate only shows
slight structural distortion in the insertion processes, which is
consistent with previous experimental result.!*?! This excel-
lent structural stability of substrate is a necessary condition
for the mechanical and electrochemical stability of electrode
materials. Furthermore, the calculated E.., value of the Na
atom incorporation is smaller than that of the Li atom incor-
poration into corresponding nanosheet. Although Li-ion has
a smaller ion radius than Na-ion, the functionalized substrate
with Li incorporation needs to produce a larger shift of sur-
face termination, which can adjust the substrate to adapt the
ion intercalated into nanosheets. Obviously, the Ee.; and Eeco

do not embody the origin of the low Na capacity.

TisCoNay TisCoF,Nay Ti3C,0Nay
40 [i5CaNa, TisCoFoNa, @ | TigCoO,Nap 40
30 [ M Ecey (eV) } j .. 130
20 [ M Eecz (V) 1 0 J20
10 : m § § q10

g Ofwe-—me-—- a8 o - S— o-o---E-8o

M [ SO S S S o

) - 1_9
,_‘j Eecs (eV/A) ‘ f :
4t ; 3 : : 14
—6Ti,Coliy | Ti;CoFsLis Tis@0.Liz  {—6

TisCaLis Ti5CoF,Lis Ti3Cy0sLis

Fig. 4. Calculated Ecc, Ecc2, and Eec3 values of most favorable configuration
of Ti3CoMay and TizC, T2 M>y, nanosheet for c-axis lattice constant of 25.04 A
(y=1) and 35.04 A (y = 2), where y represents the number of intercalation
layers on one side of single layer.

In the second process, the energy cost (Eec3 = Eads/Protave)
is determined after the metal atoms have adsorbed on the sur-
faces, here, Eugs = Eadatom@system — Esystem — 8YEaom, With
Eadatom@system and Egyseemy being the total energy of adsorbed
system and unadsorbed system, Eyom being the energy of per
metal atom from the bulk metal, y representing the number of
adsorption layers on every surface of single layer, Aye de-
noting the average vertical height from the outermost layer of
metal atom to the surface layer of Ti(1) atom. The coefficient
8xy represents the total number of adsorption atoms on the
both sides of single layer. The calculated E..3 value reveals
the binding degree of substrate to metal atoms, which mainly
includes the interaction of polar surfaces with cation and the
electrostatic exclusion between adsorbed cation.*’! Once the
calculated value is less than zero, the substrate produces the
binding energy to the metal atoms. The calculated E..3 values
are also shown in Fig. 4, and corresponding configurations are
displayed in Fig. 5. The calculated E,q5 value of Na atom is
higher than that of Li atom, and the calculated /ave Value of
Na atom becomes larger that of Li atom, thus, the calculated
E.c3 value exhibits a maximum value at Na-ion intercalation.
Clearly, the calculated E..3 values reveal that the substrate has
ability to more weakly bind Na atom than Li atom. This sug-
gests the reason why low Na capacity is related directly to the
coupling strength of the Na-ion with substrate and the electro-
static exclusion between adsorbed Na-ions.

In addition, the dispersive electron cloud plays a key role
in analyzing the interaction of the ions with substrate and the
electrostatic exclusion between ions. The electron density dif-
ference of the (110) atomic plane among the twelve stable con-
figurations is examined as shown in Fig. 6. For the TizCyT>
substrate, the local electron transfer between the Li/Na and
substrate surface is more apparent than for the TizC; substrate.
The presence of F- or O-terminations conduces to the electron
transfer from the Li/Na atom to the surface. It is noticed that
the interaction between the Na-ions and the substrate is weaker
than that between the Li-ions and substrate. This weaker inter-
action can further increase the calculated value of E..3. Fur-
thermore, the common charge quantity between the Na-ion
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layers is significantly less than that between the Li-ion layers.
This characteristic indicates that the electrostatic exclusion be-
tween the Na-ions layers is greater than that between the Li-
ion layers. Based on the above analysis, the reason for the low
Na capacity is attributed to the weak interaction between the

Na atoms and the substrate and the strong electrostatic exclu-
sion between adsorbed Na atoms. Therefore, the energy cost
at zero temperature and the electron distribution can explain
why the theoretical capacity of Na atoms is lower than that of
Li atoms on Ti3C, T, nanosheet.
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() I o 0 © ®
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hm =2.55 A
1o 00 ©
Eadgs2 = Fags = —5.93 eV Baasy = Eaas = =879 eV Eags2 = Faqgs = —28.63 eV
gna1 = 0.05e qna1 = 0.14e a1 = 0.23¢
(b) o0 O T ® 00 o ® 60 o
v —2 62 A o 0O O T CcO
frve Pave=2.81 A aVe_Q%A ®
. J’J o 9§%F "0 %S
have = 2 62 A Pave = 2.80 A(/ cO © hae=296 49 QO @
1o €0 © © o0 © +e o0 o
Fadso = Fags = —2.44 eV Eags2 = Fags= —1.51 eV Eadsz = Bags = —16.47 eV
qrLi1 =0.04e
(c) © 00 0qi=0.01e © 09 ©ai2=0.1le T © 60 o
. 507 i0 ©0 2 = 0.0le © /S;Co: % 0 =0.14e =552 A qui1=0.17e
ave = T Ry 4 90 Pra
ave7246A 0 ’avc:r254A if & f —f_244A
dVe_

Loyt
.’J.T

‘J‘Jo
’J'Jo

*Fole |
:'.:

Pave = 2.54 A _255A T _235A
cw 4 90 avc ave
he—597 90 © L L (?occ, o Bave = 5. 19 A
© 60 © ot ‘o 00 ©
Bage= —5.70 eV Baas=—13.07 eV Foge = —26.91 eV
[#] [o]0)] ® 9n.2=0.01le ® L .QNa2:70~01€ — 0 co ® gn.2=0.04e

(d)
_Em e gna1 = 0.04e
ave = o o

;Efla J—.’J dve—257A
’JQT

(,F
.Ti

hae=5.35 A® 00

‘o goapy
faf Py

‘INgl =0.15¢ =0.18¢

. :?5 A gNal
che W .

T
‘ “ ® =277 A

‘J’Jo
T

co O hm_2 94 A

Bive=2.94 A C A
. c . “ . che —'2 .59 A hﬂ\]éf 5.51 A(, (/(/ (/a e . .. dla\i: 2.77 A
- A © g0 © _t hae=5194 9@ @
Rave = 5.17 A N
1o 00 o o ©0 o © o0 ©
Eads =1.46 eV Eads =1.62 eV Eads: —16.47 eV

Fig. 5. Twelve stable configurations of (a) TizC,Li, and Ti3C,T5Li;, (b) TizCyNay and Ti3Cp7>Nay systems with the c-axis lattice constant of
25.04 A, and (c) Ti3C,Lis and Ti3C, T Liy, (d) TizCyNay and TizC,ThNay systems with the c-axis lattice constant of 35.04 A. Note: higrave = Naye(top)
+hayve(bottom), where A,y (top) and /i,y (bottom) are the average vertical height from the upper or lower layers of Li/Na atoms to the corresponding

surface layer of Ti(1) atoms.
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(a) ¢
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Fig. 6. Electron density difference of the (110) atomic plane among (a)
Ti3C2Li2, (b) Ti3C2F2Li2, (C) Ti3C202Li2, (d) Ti3C2Naz, (e) Ti3C2F2Na2,
(f) Ti3C,0,Na, nanosheets for c-axis lattice constant of 25.04 A, and
among (g) TizC,Lis, (h) TizCyF,Lis, (i) TizCy0,LAs, (§) TizCoNag, (k)
TisCoF;Nay, (m) Ti3C,0,Nay nanosheets for c-axis lattice constant of
35.04 A. Blue color indicates the loss of electron density and red color indi-
cates the enrichment of electron density compared with the sphere electron
density in atoms. The color scale is in units of e.-A~3

4. Conclusions

In this work, the intrinsic structures of Ti3C,-based
nanosheets and the corresponding theoretical capacities are
investigated by first-principles calculations. The analysis of
the optimal ratio of capacity to structure indicates that the in-
crease of the interlayer spacing will be helpful in improving
the capacity of MXene, which is attributed to the increase
of the intercalation layers’ number of M atoms. Meanwhile,
O-terminated Ti3C, surfaces improve the volumetric capacity
performance of Ti3C, nanosheets. The calculated Cy value
can reach 1767.61 mAh-cm—> based on the Li intercalation
and 1146.18 mAh-cm™—> based on the Na intercalation. Our
calculations demonstrate that the energy storage performance
of MXene is tunable by using surface modification. Further,
the reason for theoretical capacity differences of Li/Na atoms

is analyzed, which is attributed to difference in the interaction

of the M-ions with substrate and the electrostatic exclusion
between adsorbed M-ions. Our findings can be useful in de-
signing MXene-based electrode materials for energy storage
applications.
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