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1. Introduction

Mixed functionalization as a pathway to induce
superconductivity in MXenes: vanadium and
niobium carbidet

Prarena Jamwal,® Rajeev Ahuja (22 and Rakesh Kumar (2 *2

The functionalization versatility of MXenes distinguishes them from other two-dimensional materials,
enabling the design of numerous new materials with unique properties. By leveraging surface chemistry,
functionalization allows for the manipulation of critical parameters such as the density of states and
electron-phonon coupling, providing an excellent platform for exploring two-dimensional
superconductivity. In this study, we investigate the impact of functionalization on vanadium carbide
(V,C) MXene, which is intrinsically non-superconducting, by considering three different cases: (i)
hydrogen adatoms, (ii) fluorine adatoms, and (iii) mixed functionalization with hydrogen and fluorine
adatoms. We confirm the mechanical and dynamical stability of functionalized V,C using Born’s stability
criteria and phonon dispersion analyses. In all three cases, superconductivity emerges due to the
presence of functional groups, which influence the electron—phonon interaction and electronic struc-
ture, leading to an enhanced electron—phonon coupling constant. The highest superconducting transi-
tion temperature is observed for mixed-functionalized V,C, attributed to the softening of the ZA phonon
mode along with high-energy phonon modes induced by hydrogen. To further explore the potential of
mixed functionalization in inducing superconductivity, we extend our approach to another non-
superconducting MXene, Nb,C. The mixed-functionalized Nb,C exhibits a superconducting transition
temperature of 9.2 K, which surpasses the reported values for Nb,CH,, Nb,CS,, and Nb,CBr,. These
findings underscore the effectiveness of mixed functionalization in enabling superconductivity in
MXenes, paving the way for future theoretical and experimental investigations.

functional groups, which reduce their chemical potential and
increase their thermodynamic stability."®> The random distribution

The dynasty of two-dimensional (2D) materials expanded by the
inclusion of 2D layers of transition metal - carbides, nitrides, and
carbonitrides, collectively known as MXenes."” They exhibit variable
surface chemistry and a wide range of electronic properties, making
them promising candidates for ion batteries,’ supercapacitors,*
catalysis,” sensing,® thermoelectric materials,” biomedicine,® and
energy storage devices.” MXenes are typically synthesized from the
corresponding MAX phases, where M stands for the transition metal
and X stands for carbon or nitrogen, by selectively etching the
element A (e.g, Al, Ga, Si, etc.) using hydrofluoric acid, molten
inorganic salts, a mixture of fluoride salts and various acids.'®">
The etching results in 2D MX layers terminated with multiple
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of terminal groups has been verified in various transition-metal
carbides using electron-energy loss spectroscopy in transmission
electron microscopy,'* nuclear magnetic resonance spectroscopy,'®
and X-ray photoelectron spectroscopy.'® The presence of single or
mixed terminations in MXenes depends on their synthesis or
processing conditions.'™"” This capability to modify surface termi-
nations enhances their extensive compositional diversity, setting
them apart from other 2D materials.

Most of the MXenes exhibit metallic behavior, reflected from
their electronic structure calculations, and tuning their electro-
nic properties by surface functionalization makes them possi-
ble candidates for hosting superconductivity in the 2D limit.*®
Some recent experimental and theoretical studies highlight the
significance of surface terminations in inducing and enhancing
superconductivity, leveraging the unsaturated surface chemis-
try of MXenes. Researchers are actively investigating the possi-
ble ways of surface functionalization of MXenes to explore
superconductivity. For instance, pristine Nb,C has been
reported as a non-superconducting material in experimental
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and theoretical studies.*®*°

However, theoretical investigations
have revealed the emergence of superconductivity in Nb,C
through Cl adatoms, achieving a superconducting transition
temperature (T.) of approximately 6 K, which is further
increased to 37.8 K with charge carrier doping.>* The experi-
mental studies also report the induction of superconductivity
in Nb,C under surface functionalization.">** Recent experi-
mental reports have shown the feasibility of controlled surface
functionalization of MXenes. For instance, Xia et al. synthe-
sized fluorine-functionalized Mo,C by sintering a mixture of
Mo,C and NH,F, observing an enhanced 7. of 5.7 K compared
to the 3.2 K of pure Mo,C."” Similarly, prior theoretical studies
have demonstrated enhanced superconductivity in Mo,C
through surface functionalization, with T, values reaching up
to 13 K for Br*®* and H** adatoms. In the nitride counterparts,
such as Mo,N and W,N, hydrogenation significantly increases
T. from 16 K to 32.4 K and 10 K to 30.7 K, respectively.>* Further
studies are needed to better understand the superconductivity
induced by surface functionalization.>® Motivated by reports on
superconductivity, we investigate the impact of functionaliza-
tion on the superconducting properties of MXene, vanadium
carbide (V,C), which is intrinsically non-superconducting.®

In this work, we investigate the structural, electronic, vibra-
tional, and superconducting properties of V,C functionalized
with (i) hydrogen, (ii) fluorine, and (iii) mixed hydrogen-fluor-
ine, using density functional theory. The stability of these
monolayers is confirmed by Born’s mechanical stability criteria
and the absence of imaginary frequencies in the phonon
dispersion spectra. We also examine pristine V,C MXene, which
is non-superconducting, consistent with previous reports.*
Upon functionalization, a significant enhancement in the
electron-phonon coupling (EPC) constant is observed. Among
the cases studied, mixed-functionalized V,C exhibits the highest
EPC constant, corresponding to a superconducting transition
temperature of 7 K. These findings highlight mixed functiona-
lization as a promising strategy for inducing superconductivity
in MXenes. To further explore this concept, we extend our study
to Nb,C and observe an enhancement in its superconducting
parameters.

2. Computational details

Theoretical calculations have been performed using the density
functional theory (DFT) framework as implemented in the
QUANTUM ESPRESSO package.?® The norm-conserving Pseudo
Dojo pseudopotentials of the Perdew-Burke-Ernzerhof (PBE)
type have been employed.”” The generalized gradient approxi-
mation of the Perdew-Burke-Ernzerhof type®® is used for the
exchange-correlation functional. For all the calculations, con-
vergence criteria are set to 1.0 x 10~* Ry A™* for forces and
1.0 x 107> Ry for energy. In order to avoid coupling between
periodic images, we incorporated a vacuum space of around
20 A along the z-axis in the structural models. The kinetic-
energy cutoff for the wavefunctions is set to 100 Ry. A k-mesh of
36 x 36 x 1 and a Methfessel-Paxton smearing with a width of
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0.01 Ry are adopted for the structures. The elastic constants of
pristine and functionalized V,C are calculated with the help of
Thermo pw code.*® The phonon dispersion and electron-pho-
non coupling (EPC) calculations are performed by density
functional perturbation theory (DFPT)*° using a g-mesh of
6 x 6 x 1. Using the density of states at the Fermi level (Ng),
the matrix elements of the electron-phonon interaction (gj k+q),
and the phonon (wg) and electronic (&) band structures
obtained from our ab initio calculations, we computed the
Eliashberg spectral function,*
1

Ny 2

v.kq

P F(w) = ‘2

kkiq| 0(0 = 0g)d(ex)0(8krq), (1)

for the different MXenes. The corresponding electron-phonon

coupling (EPC) constant, Z, is obtained from;**??
0’ F(w
A= 2J ﬁdw. (2)
0 w
The superconducting transition temperature (7.) is

then estimated using the Allen-Dynes modified McMillan
equation:**

1.04(1 + ) .
J—w(140.622)])

= Fyew|

where . is the logarithmically averaged phonon frequency,
and u* represents the Coulomb pseudopotential, set to 0.1 in
this study.

3. Results and discussion

3.1. Structural properties and stability analysis

Pristine V,C crystallizes in the P3m1 space group, similar to the
1T-MoS, structure.>® As shown in Fig. 1(a), V and C atoms in
pristine V,C are arranged in a triple-layer configuration along
the hexagonal c-axis, with a C layer sandwiched between two V
layers. The optimized lattice constant, a, is 2.891 A, and the
layer thickness d (defined by the V-V distance) is 2.174 A, which
is consistent with previously reported values.*® Two types of
hollow configurations are present on the surfaces: site A,
located directly above or below the V atoms, and site B, located
directly above or below the C atoms (Fig. 1(a)). Full surface
adsorption is known to be energetically more favorable than
partial adsorption.’” The AA - adsorption configuration is also
known to be the most stable for most MXenes.>"**3%3% we
verified this by examining the relative stability of different
adsorption configurations (see Table S1 in the ESIt), and found
that the AA - adsorption configuration is indeed the most
energetically favorable.

In this study, we consider V,CX, structures (X = H, F, or
mixed H and F) functionalized at the AA - adsorption config-
urations of V,C. The optimized crystal structures of V,CH,,
V,CF,, and V,CFH are shown in Fig. 1(b)—(d), respectively, with
structural parameters summarized in Table 1. Relative to pris-
tine V,C, hydrogen functionalization leads to an in-plane con-
traction, reducing the lattice constant from 2.891 A to 2.874 A

This journal is © the Owner Societies 2025
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Fig.1 Top and side view of (a) VoC, (b) Vo,CH,, (c) VoCF,, and (d) V,CFH. Here grey, red, orange, and yellow balls represent vanadium (V), carbon
(C). hydrogen (H), and fluorine (F) atoms, respectively. In (a), A and B indicate the two types of hollow sites and d is the layer thickness.

Table1 The calculated structural parameters and elastic constants for pristine and functionalized V,C, wherein a and d denote the lattice constant and

thickness of the compounds, and X is the functional group

a (A) V-C (A) V-X (A) d (A) Ci (Nm™) Cin(Nm™) Co (Nm™) Cos (N'm™")
V,C 2.891 1.99 — 2.174 153.376 69.620 153.376 41.878
V,CH, 2.874 2.00 1.93 4.213 191.554 13.917 191.554 88.818
V,CF, 2.986 2.00 2.14 4.595 173.812 72.167 173.812 50.822
V,CFH 2.956 1.99 1.98, 2.14 4.371 190.221 56.902 190.221 66.659

due to the shorter V-H bond (1.93 A). In contrast, fluorine
functionalization induces in-plane expansion, increasing
the lattice constant to 2.986 A because of the longer V-F bond
(2.14 A). The structural parameters for V,CF, agree well with
previous reports.>® For the mixed-functionalized V,C, the lattice
constant increases to 2.956 A, the V-V distance decreases to
2.067 A, and the layer thickness expands to 4.371 A, reflecting
the combined influence of H and F. The V-C bond remains at
1.99 A, indicating a balance between the two functional groups
(Table 1).

To evaluate the mechanical stability of these compounds
under external load, we calculated their elastic constants. The
Born mechanical stability criteria®® for 2D hexagonal crystals
require Cyq > 0, Cgs > 0 (With 2C¢6 = C11 — Cyp), and Cy1 > Cyp.
All the functionalized compounds V,CX, (X = H, F, or mixed H
and F) meet these criteria (see Table 1), suggesting that they
may be synthesized under suitable experimental conditions.
Notably, the elastic constants of these materials fall within the
range observed for other 2D MXenes*’ but are lower than those
of graphene,*" indicating that they are less stiff and more
flexible compared to graphene.

This journal is © the Owner Societies 2025

3.2. Electronic and vibrational properties

We calculated the band structure of pristine and functionalized
V,C using DFT to investigate their electronic properties. The
projected band structures are plotted along the high-symmetry
path I'-M-K-I" in the left panel of Fig. 2 and 3, with the
corresponding projected density of states (PDOS) shown in
the rightmost panels. The band crossings at the Fermi level
indicate the metallic behavior of these materials, though varia-
tions in the electronic band structures are observed depending
on the functional groups.

In pristine V,C, the V-d,2, V-d, and V-d,, orbitals predomi-
nantly contribute to the bands near the Fermi level (Fig. 2(a)).
In contrast, for V,CH,, the dominant contributions arise from
V-d,2, V-d,22, and V-d,, orbitals (Fig. 2(b)), while in V,CF,, the
V-d,> and V-d,2_y. orbitals contribute primarily (Fig. 2(c)). Nota-
bly, a Dirac cone is observed above the Fermi level at approxi-
mately 0.8 eV at the K-point in V,CH, (Fig. 2(b)), whereas in
V,CF,, a Dirac cone appears around 0.3 eV below the Fermi
level at the K-point (Fig. 2(c)), highlighting the potential of
these materials for Dirac-physics-based applications. For the
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Fig. 2 Projected electronic band structure and projected density of states
of (a) Vzc, (b) V2CH2, and (C) V2CF2.
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mixed-functionalized V,C (V,CFH), the V-d,. and V-d,2_,» orbi-
tals (Fig. 3) predominantly contribute at the Fermi level. The
dominance of the V-d orbitals in all compounds is further
confirmed by the PDOS plots, where only minor contributions
from carbon and the functional groups are observed (rightmost
panels of Fig. 2 and 3).

The phonon dispersion of pristine and functionalized V,C is
calculated using density functional perturbation theory (DFPT).
The absence of imaginary frequencies in the phonon spectra
indicates the dynamical stability of all compounds (Fig. 4-6).

The atom-resolved phonon dispersion is shown in the left
panels, while the phonon density of states is presented in the
rightmost panels. For V,C, the phononic bands corresponding
to constituent atoms are well-separated: the low-frequency
phonon modes (up to 400 cm™ ') are primarily associated with
V atom vibrations, while the high-frequency modes originate
from C atom vibrations. These two sets of modes are separated
by a phonon band gap of 254 cm ™" (31.491 meV) (Fig. 4(a)-(c)).
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Upon functionalization, this phononic band gap undergoes
modifications.

In the case of hydrogen functionalization, additional high-
frequency phonon modes emerge, leading to three distinct
frequency regions in the phonon spectra: (i) low-frequency
modes (up to 350 cm™ '), primarily dominated by V atom
vibrations. (ii) Intermediate-frequency modes (650 cm ' to
730 em™ '), dominated by C atom vibrations. (iii) High-
frequency modes (above 900 cm™'), originating from H atom
vibrations. This results in two phononic gaps of 315 cm ™" and
198 ecm™ ', respectively (Fig. 5(a)-(d)).

Similarly, fluorine functionalization predominately leads to
three frequency regions: (i) low-frequency phononic bands (up
to 500 em™ '), arising from both V and F contributions. (ii)
Intermediate-frequency modes dominated by C vibrations. (iii)
High-frequency modes, also dominated by C vibrations. The
functionalization introduces a phononic gap of 134 cm ™'
between the first and second regions and another gap of 99
cm ! between the second and third regions (Fig. 5(f)-(i)).

For mixed functionalization with hydrogen and fluorine
(V,CFH), the phonon spectrum exhibits four distinct regions:
(i) a low-frequency region (up to 500 cm™') with contributions
from both V and F atoms. (ii) Two intermediate-frequency
regions: 619 cm ' to 654 cm * and 724 cm ! to 768 cm
dominated by C vibrations. (iii) Two high-frequency regions:
850 cm™* to 914 cm ™' and 996 cm ™' to 1058 cm ™!, associated
with H vibrations (Fig. 6(a)—(f)). V,CFH features four phononic
gaps: one large gap of 120 cm™ ' and three smaller gaps of
74 cm™", 85 cm ™', and 82 cm™'. Notably, in both fluorine-
functionalized (V,CF,) and mixed-functionalized (V,CFH)
cases, phonon softening occurs in the V-based ZA mode,
particularly near the M point and along the K-I' direction
(Fig. 5(f) and 6(a)). In summary, functionalization modifies
the phonon spectrum by introducing additional modes at
higher frequencies and inducing phonon softening in the
lower-frequency region. These changes may influence elec-
tron-phonon interactions and potentially affect superconduct-
ing properties.

3.3. Induced superconductivity in V,C via functionalization

To investigate the superconducting properties of pristine and
functionalized V,C, we calculated their Eliashberg spectral
function and electron-phonon coupling (EPC) constant from
our DFPT results. We obtained a weak EPC constant of 0.28 for
pristine V,C (Fig. 4(d)), corresponding to a superconducting
transition temperature (7T.) of 0.08 K, which is in agreement
with earlier theoretical reports.”® The EPC constant increases
from 0.28 to 0.33 upon hydrogen functionalization of V,C,
corresponding to an increased superconducting transition
temperature of T. = 1.53 K (Fig. 5(e) and Table 2).

Up to the intermediate region, the EPC constant of V,CH,
remains comparable to that of pristine V,C (0.28), as the
phonon modes are predominantly associated with vanadium
and carbon vibrations. However, due to the lighter mass of
hydrogen, high-frequency phonon modes are introduced, pro-
viding additional EPC channels and enhancing the EPC

This journal is © the Owner Societies 2025
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constant to 0.33. It is worth noting that the T, enhancement in
V,C is lower than that reported for other hydrogenated MXenes
(Mo,CH,, Mo,NH,), likely due to the presence of phonon
softening in those cases.”® Upon fluorine functionalization,
the EPC constant for V,CF, increases to 0.55 (Fig. 5(j)), leading
to a higher superconducting transition temperature (7.) of
4.5 K. The enhancement in / arises from two key factors: (i)
the softening of the ZA phonon mode, which increases 4 due to
its frequency dependence (see Section 2), and (ii) the increased
spectral weight in the low-frequency region (up to 500 cm ™ %).
The Eliashberg spectral function shows that this low-frequency
region, dominated by vanadium and fluorine vibrations, con-
tributes 94% (0.52 out of 0.55) to the total EPC constant.
Compared to pristine V,C and V,CH,, fluorine functionaliza-
tion introduces additional phonon modes in the low-frequency
region that couple with vanadium vibrations, playing a domi-
nant role in enhancing the EPC constant and increasing T.
(Fig. 5() and Table 2). Upon mixed functionalization with

This journal is © the Owner Societies 2025
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(a) and (b) Phonon dispersion color-coded with atoms’ contributions, (c) projected phonon density of states, and (d) Eliashberg spectral function

hydrogen and fluorine, the EPC constant further increases to
~ 0.6 (Fig. 6(g)), corresponding to a T, of 7 K. The enhancement
in superconductivity arises from the synergistic effect of fluorine-
induced softening of the ZA phonon mode in the low-frequency
region and the introduction of high-frequency phonon modes by
hydrogen, which creates additional EPC channels. This study
suggests that multi-element functionalization of MXenes could
be a promising strategy for enhancing superconductivity.
Further experimental and theoretical investigations are required
to explore this effect in other MXene materials.

3.4. Inducing superconductivity in Nb,C via mixed
functionalization

We further extended our investigation of mixed functionaliza-
tion to Nb,C, a material previously reported to be non-
superconducting both theoretically and experimentally.'®*° As
discussed above, AA - adsorption configurations are the most
favorable for MXenes; hence, we consider the AA — adsorption

Phys. Chem. Chem. Phys., 2025, 27, 11017-11024 | 11021
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configuration for mixed functionalization of Nb,C with fluorine
and hydrogen. The calculated lattice constant of Nb,CFH is
3.193 A, and the electronic band structure indicates metallic
behavior (ESIt Fig. S1). The density of states at the Fermi level
is 1.07 states per eV (Fig. S1, ESIf). We then calculated the
phonon dispersion of Nb,CFH to assess its stability. The
absence of imaginary frequencies confirms its dynamical sta-
bility (Fig. 7(a)). Finally, the Eliashberg spectral function was
computed to evaluate the electron-phonon coupling, revealing
an enhanced EPC constant of 0.74 (Fig. 7(b)), corresponding to

1022 | Phys. Chem. Chem. Phys., 2025, 27, 11017-11024
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a T. of 9.2 K (Table 2). The observed enhancement in EPC
constant and T, suggests a synergistic effect of fluorine and
hydrogen vibrations, surpassing the EPC constant achieved in
other single-atom functionalized Nb,C systems such as
Nb,CH,, Nb,CBr,, Nb,CS,, and Nb,CCl,, and approaches the
highest reported T, in Nb,CO, (12 K).>"*® These findings
highlight the potential of mixed functionalization as an effec-
tive strategy for inducing and enhancing superconductivity in
MXenes, offering a promising approach for tuning their super-
conducting properties.

This journal is © the Owner Societies 2025
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Table 2 The average electron—phonon coupling constant 4 and the
estimated superconducting transition temperature T, (K) for V,C, V,CH,,
V,CF,, and V,CFH

2 T, (K)
V,C 0.28 0.08
V,CH, 0.33 1.53
V,CF, 0.55 4.5
V,CFH 0.6 7.0
Nb,CFH 0.74 9.2

4. Conclusions

We investigate the electronic structure, vibrational properties,
and electron-phonon coupling (EPC) in V,C-based MXenes,
including pristine V,C and functionalized V,CX, (X = H, F, or
mixed H-F functionalization). While pristine V,C exhibits
negligible EPC, rendering it unsuitable as a phonon-mediated
superconductor, functionalization significantly enhances
the EPC constant and induces superconductivity. In the
case of mixed functionalization, the EPC constant reaches 1 =
0.6, corresponding to a superconducting transition tempera-
ture (T.) of 7 K, attributed to the synergistic vibrations of
fluorine and hydrogen and the softening of the ZA phonon
mode. Extending our study to another non-superconducting
MXene, Nb,C, we find that mixed functionalization further
enhances the EPC constant to 0.74, resulting in a T, of
9.2 K—higher than previously reported values for functiona-
lized Nb,C, including Nb,CH,, Nb,CCl,, Nb,CS,, and Nb,CBr,.
These findings highlight the potential of mixed functiona-
lization in MXenes for inducing superconductivity, offering
promising avenues for designing high-performance two-
dimensional superconductors.
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