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MXenes are a new type of two-dimensional carbides with rich physical and chemical properties. The physics of MX-
enes, and thus the applications, are dominated by surface functional groups. Herein, the effects of different terminations (O,
S, Se, Te) on the geometric and electronic properties of NbpC MXenes were studied via density functional theory (DFT)
calculations. Three adsorption sites were examined to determine the most stable configurations. The results showed that
both the types and the positions of surface functional groups influence the geometric stability and physical characters of
Nb,C. The S and Se terminations make the Nb,C MXenes to be semiconductor, while Nb,C MXenes with other termina-
tions (O, Te) are conductor. The electron location function, density of states, Bader charge distribution, and the projected
crystal orbital Hamilton population were conducted to explain the origin of adsorption stability and electronic nature dif-
ference. Our results provide a fundamental understanding about the effects of surface terminations on the intrinsic stability

and electronic properties of Nb,C MXenes.

Keywords: Nb,C MXenes, surface functional groups, geometric structure, electronic properties

PACS: 73.20.At, 73.22., 63.20.dk, 31.15.es

1. Introduction

Two-dimensional (2D) materials such as graphene,!!?!

transition metal dichalcogenides,?! phosphorene,[*! erc. have
attracted intensive attention and were widely used in energy
storage, catalysis, and electronic devices. In recent years, a
new family of 2D materials called MXenes!>~" were routinely
synthesized by selectively etching the A-layer elements from
the MAX ceramic phases with diluted hydrofluoric acid. The
residual 2D MX layers are often covered by surface groups
like O, OH, or F, giving a general formula of M,,; 1 X, Ty, where
M is an early transition metal, X is carbon and/or nitrogen,
and T, represents surface terminations on the metal layers.
Since the first Ti3C, T, MXenes was reported,! a large num-
ber of MXenes have emerged and shown promising applica-

8,9]

tions in energy storage,!®?! sensors,!!%!1] electromagnetic in-

(2] catalysis,m] etc., owing to the charm-

terference shielding,
ing physiochemical properties. Especially, the intrinsic nature
of MXenes vary with elements at the metal site, C/N site, as
well as the surface terminations.

For a specific MXenes, surface groups influence the elec-
tronic properties and the potential applications because of dif-
ferent electronegativity and stable sites. For instance, the
majority-spin and minority-spin electrons of bare Cr,C re-
spectively have metal and insulator properties, giving a half-
metallic ferromagnetic Cr,C, while CryCF, and Cr,C(OH),
are antiferromagnetic, because the majority-spin dispersions
hold the same characters as the minority-spin electrons.!'4]

The band dispersions of bare Sc,C showed that the Fermi level

fCorresponding author. E-mail: zhangxilin@htu.edu.cn
fCorresponding author. E-mail: yzx @htu.edu.cn
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is occupied by the Sc-d band, leading to a metallic Sc,C. When
it is terminated with F/OH, the Fermi level of Sc,C moves to
the center of the energy gap, and Sc,CF; and Sc;C(OH), be-
come semiconductors. Because O atom needs more electrons
than F/OH, and Sc atoms alone cannot provide enough elec-
trons to oxygen group, so parts of O atoms prefer to be ad-
sorbed at the top of C, giving an insulating Sc,CO,. !

The above findings demonstrate that both the type and po-
sition of functional groups on MXenes surface have a deep in-
fluence on the electronic structure of MXenes, and thus the po-
tential applications. Kan et al.!'®! used Nb,CT» (T = O/F/OH)
MXenes as substrate of Pt/Pd atoms to explore the modifica-
tion effect of surface functional groups on the stability and
activity by density functional theory. Their results showed
that the O/F termination has a good fixation effect toward
doped Pt/Pd atoms in comparison with the OH groups. In
addition, the O/F functional groups can optimize the elec-
tronic structure of Pt/Pd atoms, leading to moderate adsorp-
Recently, the Nb-based MXenes cov-
ered with S, Se, and Te groups were synthesized by com-

tion of oxygenates.

binations of etching and substitution reactions using Lewis
acidic/basic molten salts.!!”! The etching of Ti3AIC; MAX
phase in molten ZnCl, and several other Lewis acidic molten
salts above 500 °C results in the Ti3C,Cl, MXenes with a
pure CI termination. Similar methods also were used to syn-
thesize other MXenes including Nb,CCl,. Compared with
the F/OH functional groups, the halogen functional groups
are more likely to participate in a new type of surface ex-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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change reaction to generate S/Se/Te terminated MXenes, due
to the weak surface bonding interaction.!'”! These MXenes
exhibit unique structural and electronic properties, such as a
large in-plane lattice expansion and superconductivity. More-
over, NbyCSe, powder samples were synthesized by the tradi-
tional high temperature solid-state synthesis method.!'®! The
prepared NboCSe, samples demonstrated good conductivity,
abundant active sites, low cost, and high oxygen evolution
activity, because the resultant TMD-MXenes like structures
simultaneously have electro-conductive Nb—C layer and rich
active marginal Se layer sites.

Although the Nb,C MXenes with different terminations
were prepared and investigated for various applications, a fun-
damental understanding on the effects of surface groups is in-
sufficient. A comparative study on the influence of different
functional groups on the geometric configuration, structural
stability, electronic nature, etc., is of significance for the fur-
ther rational design. In this work, the geometries of four func-
tional groups (O, S, Se, and Te) on Nb,C were investigated
based on density functional theory. It is found that the most
stable sites vary with the functional groups, giving rise to dif-
ferent lattice parameters and orbital hybridization. From the
density of states (DOS) and band diagrams, we found that the
conductivity of NbyCT; is affected by both the terminations
and their adsorption sites. The electron localization function
(ELF) results revealed that the adsorption site of 7, regulate
the charger redistribution, changing the interaction strength
between 7, atoms and the Nb,C. The bonding strength of Nb—
T, was analyzed by projected crystal orbital Hamilton popu-
lation (pCOHP). The results showed that the Nb—T, bonding
strength is weakened with the decrease of electronegativity of
functional groups (O > S > Se > Te), contributing to the fea-
sible formation of the surface vacancy.

2. Computational methods

The spin-unrestricted calculations were performed within
the framework of density functional theory (DFT) using the
Vienna ab initio simulation package (VASP).[!] A plane wave
cut off energy of 500 eV was used for the plane-wave ex-
pansion of the wave function. The potentials at the core
region were treated with projector augmented wave (PAW)

(201 The exchange—correlation energy was

pseudopotentials.
represented by a gradient corrected,?>!1 functional proposed
by Perdew, Burke, and Ernzerhof (PBE).m] Brillouin zone
integrations were performed using a 9 x 9 x 1 Monkhorst—
Pack?®! K-point mesh for geometry optimizations, and the
convergence threshold was set to be 107 eV in energy and
0.01 eV/A in force. The convergence of geometrical param-
eters was also tested. For density of states calculations the

Brillouin zone was sampled using a 13 x 13 x 1 K-grids. In

all the structures, vacuum regions between two adjacent pe-
riodic images were over 16 A to avoid spurious interaction
between periodic images. After examining the effects of Hub-
bard U and van der Waals corrections on the geometric pa-
rameters of Nb,C (Table S1) and comparing with previous re-
sults, we just consider the van der Waals corrections under
D3 scheme.> The determination of the bonding and anti-
bonding states between M and T, atoms was obtained by the
projected crystal orbital Hamilton population (pCOHP)[?>-28]
as employed by the Lobster program. COHP is a parti-
tioning of the band-structure energy in terms of orbital-pair
contributions and it is abond-weighted density-of-states be-
tween a pair of adjacent atoms. Deringer and coworkers fur-
ther developed the projected COHP (pCOHP) by re-extracting
Hamilton-weighted populations from plane-wave electronic-
structure calculations.[?®! The IpCOHP stands for the integral
value below the Fermi level of pCOHP, it can be understood
as the number of bonded electrons shared between two atoms.

3. Results and discussion

We focused on the geometric configurations and elec-
tronic properties of monolayer Nb,C and Nb,CT7, (7, = O,
S, Se, and Te). The Nb,C monolayer is composed of three
atomic layers stacked in a sequence of Nb(A)-C-Nb(B)
(Figs. 1(a) and 1(b)). Three possible configurations of ter-
minations are considered: type I (Fig. 1(c)), the surface
groups are located directly above the top site of C atoms;
type II (Fig. 1(d)), the groups that are connected to the
Nb(A) atoms are at the top sites of the central C atoms
and the others are at the hollow sites of Nb(B) atoms, form-
ing an asymmetric arrangement on the Nb,C layer; type III
(Fig. 1(e)), the groups are located at the central C hollow
sites on both sides of Nb,C layer. In the following section,
we will use the nomenclature defined in Fig. 1 for simpli-
fication. The optimized Nb,C has an in-plane lattice con-
stant of 3.107 A accompanied with the Nb—C bond length of
2.15 A, agreeing with the experimental!?®>*°1 and theoretical

)
o c |
®© Nb |
© T,=0/5/Se/Te,

I: Nb,CT,

II: Nb,CT,

III: Nb,CT,

Fig. 1. The structure of Nb,C and Nb,CT, (T = O, S, Se, and Te). Top
view (a) and side view (b) of 2D Nb,C. Side view of three probable Nb,CT;
configurations.
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reports.31:32] The total energies of all the MXenes with dif-
ferent termination groups are shown in Table S2 of the sup-
porting information. Upon terminated with O and Te func-
tional groups, configuration III become the most stable struc-
ture due to the lowest total energy relative to the other con-
figurations, while the most stable structure is configuration II
for the S and Se groups. The phonon dispersions are shown in
Fig. S1 to verify the dynamic stabilities. The positive phonon
frequencies indicate the dynamic stabilities of III-Nb,CO», 1I-
Nb,CS,, and II-Nb,CSe,. The II-Nb,CTe; is dynamically
unstable due to the existence of imaginary frequencies. The
geometric parameters of Nb,CT (T, = O, S, Se, and Te) are

summarized in Table 1 for comparatively understanding the
influences of functional groups on the structure of MXenes.
For the O/S/Se groups, the lattice constant of MXenes gradu-
ally increases from configurations I-III as the surface groups
migrate. For Te-terminal MXenes, the configuration II has the
largest lattice constant. For the same configuration of Nb,CT,
MXenes, as the electronegativity of the functional group grad-
ually decreases from O through S and Se to Te, the lattice
constant of MXenes and the Nb—T, bond lengths gradually in-
crease, while the 7,—Nb-T, angle gradually decreases from O
to Te, reflecting the different chemical bond strength between
the functional groups and Nb atoms.

Table 1. The geometric parameters of Nb,CT7, (7 = O, S, Se, and Te) at three configurations. The superscripts a and b mean the bond length of Nb(B)-T;

and Nb(A)-T.

Lattice constant (A)

Nb-T; bond length (A)

T,—Nb-T; angle (°)

I

1I

I

I

III

1I

1II

Nb,CO, 3.035 3.080 3.125 2.100 2.094% 2,115 2.090 92.251 94.773 96.646
Nb,CS, 3.210 3.250 3.258 2.489 2.489% 2.490° 2.498 80.301 81.488 81.389
Nb,CSe, 3.274 3.299 3.301 2.618 2,620 2.619° 2.628 77.463 78.115 77.751
Nb,CTe, 3.369 3.390 3.385 2.818 2.8132 2.815% 2.835 73.443 74.100 73.458

Energy (eV)

Energy (eV)

m— Nb(A)-d
Nb(B)-d
s T2
— LD

B cp

i

X0
9%

AR
()
RS

(/!

Energy (eV)

2

PN

/,

*)

6 | .=
G M K G

DOS G M K

G DOS G M K G DOS

Fig. 2. Band dispersions and density of states (DOS) of the Nb, CT; monolayer. (a) [-NbyCO,; (b) II-Nb,CO»; (c) III-Nb, CO3; (d) I-Nb, CS3; (e) I-Nb,CSes;

(f) I-Nb,CTey; (g) II-Nb,yCS,; (h) II-NbyCSe,; and (i) III-Nb,CTe,.
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The Nb,C MXenes is conductor, since the 4d states of Nb
atoms pass through the Fermi level (Fig. S2). The electronic
properties of Nb,CT; layer are strongly related to the func-
tional groups on the surface. When the surface is terminated
by O atoms, all the three configurations (Figs. 2(a)-2(c)) show
metallicity. Interestingly, when terminated with S and Se, the
resultant MXenes monolayer can be narrow-band gap semi-
conductors or metals, depending on the arrangement modes.
The most stable II-Nb,CS; (Fig. 2(g) and S3(b)) exhibits a
semiconducting character with an energy gap of 0.32 eV un-
der the scheme of Heyd-Scuseria—Ernzerhof (HSE06) hybrid
functional.?3! The projected DOS analyses show that the con-
duction band minimum and the valance band maximum are
contributed by the d states of Nb(B) and Nb(A) atoms, respec-
tively. The I-Nb,CS, (Fig. 2(d)) and III-Nb,CS; (Fig. S4(c))
are however metallic. Similar to Nb,CS, monolayer, the most
favorable II-Nb,CSe, (Fig. 2(h)) has a semiconductor char-
acteristic, while both I-Nb,CSe, (Fig. 2(e)) and III-Nb,CSe,
(Fig. S4(f)) are metallic with limited electronic states cross-
ing the Fermi level. When the surface is terminated by Te, the
Nb,CTe; (Figs. 2(f), 2(i), and S4(h)) show metal characteris-
tics like NbpCO;. The above findings indicate that the band
structures of MXene are affected by both the types and posi-
tions of groups, which are determined by the bonding charac-
ters and the orbital hybridization. So the projected densities of

11— Nb,CO, (c)

states (PDOS) are analyzed to further clarify the contribution
of different atoms.

0

Fig. 3. The 2D slices projected along direction of electron localization
function (ELF) are plotted. Upper panel shows the ELF plots for (a) I-
Nb,CO3, (b) II-NbyCO3, (c) III-NbCO,, middle panel shows the ELF for
(d) I-NbyCS», (e) I-NbyCSe», (f) I-Nb,CTe;; and lower panel shows (g) II-
Nb,CS3, (h) II-Nb,CSe;, and (i) III-Nb,CTe;.

11— Nb,CO,

+1.14

—2.05
+1.81

I—Nb,CSe, ()

(a) I—Nb,CO, (b)
+1.07 +1.13]
—1.92 —2.11
+1.71 +1.75
—1.86
+1.08
(d) (e)
+0.74
—1.61
+1.74
(g) II—Nb,CS, (h)
+0.78 +0.64
—-1.73 —1.59
+1.77 +1.79]
—1.56 —1.45
+0.74 +0.61

Fig. 4. Bader charge analysis revealing the relative charge transfer between various atoms during the structural phase formation of (a) I-Nb,CO;, (b) II-
Nb,COs, (c) III-NbpCO;,; middle panel shows (d) I-Nb,CS,, (e) I-NbyCSes, (f) I-Nb,CTe,; and lower panel shows (g) II-Nb,CS;, (h) II-Nb,CSe;, and (i)

III-Nb,CTe;. Plus symbol “+” indicates the gain of electrons and minus symbo

w

indicates the loss of electrons.
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0
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-1 0 1
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Fig. 5. The projected crystal orbital Hamilton population (pCOHP) states have been plotted for the Nb,C7,. (a)—(d) I-Nb,CT, (in which T represents O, S,
Se, and Te); (e)—(h) II-Nby CT; (in which 7 represents O, S, Se, and Te); (i)—(1) III-Nb,C7, (in which 7} represents O, S, Se, and Te).

As shown in Fig. 2(a), at the configuration I, the weak
interactions among Nb, O, and C atoms are supported by
the negligible overlap between Nb-d states with O/C-p states.
For the configuration II (Fig. 2(b)), a strong overlap between
Nb(B)-d and C/O-p in the energy range of —1 eV to 0 eV
and —4.5 eV to —3 eV makes the structure more stable. In
configuration III (Fig. 2(c)), an even strong overlap between
Nb-d and O/C-p can be observed from —6 eV to Fermi level,
indicating a strong bonding interaction between these atoms.
Different from Nb,CO,, the configuration II of Nb,CS; has a
strong hybridization between Nb(B)-d and C/S-p in the energy
range of —3.5eV to —1 eV and —6 eV to —4.5 eV, making it
stable. The similar phenomena are observed on the Nb,CSe;
and Nb,CTe;.

In order to further study the effect of surface functional
groups on the structural stability, we performed an electron lo-

calization function (ELF) analysis (Fig. 3). The value of ELF
between two atoms can be in the range of 0 to 1, where 1,
0.5, and O represent covalent, metallic, and no-bonding charac-

34331 Taking Nb,CO, as examples, a weak

ters, respectively.|
electron-gas between Nb and C together with a highly concen-
trated electrons around C are observed, showing the metallic—
ionic character of the Nb—C bonds. This conclusion is applica-
ble to Nb—O bonds. For configuration II (Fig. 3(b)), when one
O atom is migrated to the hollow site, an increased localized
electron around O enhances the ionic bond between Nb and
0, and this is conducive to the improved stability. In config-
uration III (Fig. 3(c)), when all O groups locate at the hollow
sites, the electrons localized around C and O increase obvi-
ously, which makes it more stable. These results may explain
why the O groups prefer to the hollow site.

When the S atom is placed at the hollow site of Nb(A)

037304-5
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atoms (configuration I and Fig. 3(g)), the localized elec-
trons among Nb, C, and S are larger than the configura-
tion I and configuration III (Figs. 3(d) and S6(c)), demon-
strating the strong bonding interaction and structural stability.
Nb,CSe; has similar bonding characters to Nb,CS,, as shown
in Figs. 3(e) and 3(h). The ionic characters of Nb—C and Nb-
Se can be concluded from the large ELF value of near the C
and Se atoms in configuration II. In addition, in configuration
I of Nb,CTe,, Nb atoms form a strong ionic bond with the
surface Te atoms.

We further performed the Bader charge analyses in Fig. 4
to quantitatively estimate the adsorption strength of surface
groups on Nb,C surface. It is found that the charge is always
transferred from Nb to C and surface groups. In comparison
with configurations I and II, the O and C atoms in configura-
tion III gain more electrons, therefore enhancing the bonding
interaction between Nb and O/C atoms. It also explains why
the O atoms tend to adsorb at the hollow sites. From Figs. 4(d)
and 4(g), the NbyCS; in configuration II can transfer more
electrons from Nb(B) atom to C and S atoms, while the elec-
tron transfer from Nb(A) is fewer, in comparison with that in
configuration I. The similar situation is found for the surface
terminated by Se and Te functional groups.

To further assess the bond strength of Nb,CT, MXenes,
the projected crystal orbital Hamilton population (pCOHP)
calculations were carried out. Figure 5 shows the integrated
pCOHP dispersions and the corresponding integration values,
which are efficient measure of the bonding strength. Com-
pared with the Nb—C bonding contribution, Nb—7 bonding is
a dominant factor for surface bonding strength. With the de-
crease of electronegativity of functional groups, the bonding
strength of Nb—T, gradually decreases for the same configura-
tion. The structure with a weak Nb—T7, chemical bond strength
is easier to form surface vacancy. Obviously, compared with
other structures, the [pCOHP value of Nb-Te in configura-
tion III (Fig. 5(1)) is the smallest, demonstrating the weak-
est bonding interaction and the easiest formation of surface
vacancy, in line with the experimental element analyses.!'8]
For configuration II, the distinct adsorption sites for surface
groups lead to imbalanced interaction strength associated with
different IpCOHP value (Figs. 5(e)-5(h)), the bond strength of
Nb(B)-T, is generally stronger than that of Nb(A)-T.

4. Conclusion

In conclusion, based on density functional theory calcu-
lations, we systematically studied the structural stability and
electronic properties of the 2D Nb,CT (7 = O, S, Se, and
Te), with particular attention on the effects of surface groups.
It is found that the O and Te groups prefer to the central C
hollow sites on both sides of Nb,C, while the most stable sites
for the S and Se terminations are unequable on the two Nb,C

sides. The interaction strength between Nb atoms and func-
tional groups decrease gradually from O through S and Se to
Te. The bonding interaction was analyzed by the electron lo-
cation function, Bader charge, and the projected crystal or-
bital Hamilton population. From O to Te groups, the surface
terminations gain fewer electrons, and the integrated pCOHP
value gradually reduced. The changed interaction will mod-
ify the electronic nature of Nb,C MXenes. The types of sur-
face groups dominate the electronic characters and conduc-
tivity, and the adsorption sites are the secondary influencing
factor. The NbyCO; and Nb,CTe, always have metallicity.
The Nb,CS, and Nb,CSe, can be semiconductor or metal,
depending strongly on the adsorption sites of surface groups
on Nb,C. We anticipate that the present results could provide
some insights into the fundamental understanding toward the
effects of surface groups to the MXenes.
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