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Two-dimensional transition metal carbides and nitrides (MXenes) are an emerging class of atomically-

thin superconductors, whose characteristics are highly prone to tailoring by surface functionalization.
Here we explore the use of hydrogen adatoms to enhance phonon-mediated superconductivity in
MXenes, based on first-principles calculations combined with Eliashberg theory. We first demon-
strate the stability of three different structural models of hydrogenated Mo- and W-based MXenes.
Particularly high critical temperatures of over 30 K are obtained for hydrogenated Mo, N and W;N.
Several mechanisms responsible for the enhanced electron-phonon coupling are uncovered, namely (i)
hydrogen-induced changes in the phonon spectrum of the host MXene, (ii) emerging hydrogen-based
phonon modes, and (iii) charge transfer from hydrogen to the MXene layer, boosting the density
of states at the Fermi level. Finally, we demonstrate that hydrogen adatoms are moreover able to

DOI: 00.0000/XXXXXXXXXX

induce superconductivity in MXenes that are not superconducting in pristine form, such as Nb,C.

1 Introduction

MXenes are one of the most recent additions to the 2D materials
family™"3 hosting rich electronic properties, as a result of their
diverse charge, orbital and spin degrees of freedom™ %, In their
thinnest form they consist of a layer of carbon or nitrogen sand-
wiched in between two transition metal layers. Since electronic
structure calculations have demonstrated all pristine MXenes to
be metallic®, they are prime candidates to host superconductiv-
ity in the 2D limit. Our recent first-principles exploration has
revealed the occurrence of 2D superconductivity in six MXene
compounds with superconducting critical temperatures ranging
from 2 to 16 KZ. The highest T.’s were obtained for Mo- and W-
based MXenes, with the maximum 7, of 16 K found for MozN[ZI.
In addition, interplay between the superconducting state and a
charge density wave phase, manifesting itself as an instability in
the phonon dispersion, was found for W,N/Z.

On the other hand, pristine Nb,C was predicted as non-
superconducting by previous ab initio calculations”, as recently
confirmed experimentally@. The same experiment showed, how-
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ever, that superconductivity can be induced in Nb,C by function-
alization with Cl, S, Se, and NH groups, yielding a maximum 7,
of 7 K in the latter case®. These results demonstrate the potential
of surface functionalization to induce and enhance superconduc-
tivity in MXenes.

In this work, we focus on functionalization of MXenes with hy-
drogen (H). H has recently been established as a key element
to achieve phonon-mediated high-temperature superconductivity.
Its inherently high-frequency phonon modes have brought the su-
perconducting critical temperatures (7.) of hydride compounds
under high pressure to unrivaled heights, up to room tempera-
ture®13. However, the need for ultrahigh pressures — as high as
267 GPa for the recent carbonaceous sulfur hydride with record-
holding 7,3 - severely limits practical applications of this type of
room-temperature superconductivity.

Depositing hydrogen adatoms on a 2D material provides a very
effective way to take advantage of the hydrogen-induced boost
in the electron-phonon coupling (EPC), without the need for any
applied pressure. This principle has been demonstrated through
ab initio calculations for hydrogenated monolayer Mng —with
a T, of 67 K, which can be boosted to over 100 K by applying
biaxial tensile strain — as well as for the elemental 2D material
gallenenell®. These systems inherit the stability of the 2D host
material, while at the same time they are very rich in hydrogen,
as needed for a sizeable effect on the superconducting properties.
The enhancement of the EPC originates from (i) hybridization be-
tween electronic and vibrational states of hydrogen and the host
atoms, and (ii) emerging ultrahigh frequency modes of hydro-
gen, expanding the frequency range of the EPC1%, In addition to
the effect on the superconducting state, our results on stability,
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structural and electronic properties of hydrogenated MXenes are
also expected to stimulate ongoing efforts to employ MXenes for
hydrogen storage.

2 Methodology

The electron phonon-coupling (EPC) and superconducting
properties for all the systems
through density functional perturbation theory (DFPT), as
implemented within the ABINIT codell®, We used the
Perdew—Burke-Ernzerhof (PBE) functional in combination with
the relativistic Hartwigsen—Goedecker-Hutter (HGH) pseudopo-
tentials??. Considering the marginal effect of spin-orbit-coupling
(SOQ) on the superconducting properties of the pristine form of
these crystals, we proceeded without taking SOC into account.
Within the HGH pseudopotentials, 14 valence electrons for the
transition metal elements and 4 (5) valence electrons for C (N)
were taken into account. To achieve a high accuracy an energy
cutoff of 60 Ha for the plane-wave basis, a dense 32x32x1 k-
point grid, 16x16x1 g-point grid, and at least 16 A of vacuum
in the unit cell were used. Fermi-Dirac smearing with broadening
of 0.01 Ha was used throughout the calculations (except where
indicated otherwise, namely a reduced value of 0.0025 Ha was
used in certain DFPT calculations to identify emerging lattice in-
stabilities). To further characterize the changes in the Fermi sur-
faces due to hydrogenation we have calculated the Fermi veloci-
ties from the electronic band structures by vp = 1~ Vy&y |e=E, -

considered are modeled

For the superconducting state we have applied Eliash-
berg theory, a quantitatively accurate extension to the
Bardeen—Cooper—Schrieffer (BCS) theory for phonon-mediated
superconductivitym. We have evaluated the spectral function
of the EPC, the Eliashberg function, as

X

2
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using the density of states at the Fermi level (Ngr), the EPC ma-
trix elements (gﬁk n q), and the phonon (wg ) and electron (g)
band structures (with Er put to 0) obtained from our ab initio
calculations. The resulting EPC constant was calculated through
A =2[; a’F(ow)o"'do. We have subsequently evaluated the
superconducting 7, using the Allen-Dynes formula®®25 and a
screened Coulomb repulsion of u* = 0.13 - the same value as
used for the calculation of T, of the pristine MXenesZ.

3 Crystal structures and stability analysis

We considered four different high-symmetry configurations for
two-sided hydrogen functionalization, depicted in Fig. [[(a)-(d).
In the first structural model (MD1), the H atoms vertically align
with M atoms on the other side of the stack. The second model
(MD2) is characterized by direct bonding of H on the M atoms, on
both sides. In the third model (MD3), one H atom aligns with the
M atom on the other side, while the second H atom aligns with
the central X atom. Finally, both H atoms align with the X atom
to form the fourth structural model (MD4).

To assess preferential configurations we carried out an analy-
sis of the dynamical and thermodynamic stability of these struc-
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MD1 MD2 MD3 MD4
Mo,CH, 0 269 18 36
Mo,NH, 0 323 53 101
W,CH, 0 132 22 42
W,NH, 0 186 43 78

Fig. 1 (a)-(d) Four different structural models for H-functionalization
of MXenes (named MD 1-4): top and side views. (e) Stability of the
different structural models, for each considered M and X atom. Here,
yellow and red colors indicate dynamically stable and unstable structures
respectively, as obtained from our phonon calculations. Differences in
formation energy between the structures w.r.t. MD1 (in meV/atom)
are also provided, with lower values indicating higher thermodynamic
stability.

tures, as presented in Fig. [I[(e). Certain trends in our stability
analysis pertain to all considered MXene compounds. First of
all, in all cases MD2 is found to be dynamically unstable. Sec-
ondly, the ranking of lowest to highest formation energies of
the different structures is the same for all compounds, namely
E;(MD1) < Ef(MD3) < Ef(MD4) < Ef(MD2). Hence, both from
the dynamical and thermodynamic point of view MD2 is unfavor-
able. The fact that MD1 is identified here as the energetically pre-
ferred structure is corroborated by experimental results on Ti,CT,
(T=S,CLSe,Br), for which the same preferred structure has been
reported. W, C stands out from the other compounds in that it
is only dynamically stable in MD3 (and even in this case it fea-
tures strong phonon softening around high-symmetry k-point M,
as shown in the Supplemental Material).

The lattice parameters of the host MXenes are to a large ex-
tent unchanged by hydrogenation, with all relative changes below
+2%. As an example we consider the three cases with the high-
est T.’s, i.e., Mo,CH, in MD1, Mo,NH, in MD3 and W,NH, in
MD1, as will be elaborated on in Section[5} The relative changes
in the in-plane lattice parameter respectively amount to —1.8%,
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(a) Mo,CH, - MD1 10 Compound Ne (V') vp (10°ms™D) 7. (K) &(0) (nm)
08 Mo,CH,; - MD1 2.09 0.311 12.6 25
) B Mo,CH; — MD3 2.50 0.409 11.8 35
‘A e Mo,CH, — MD4 2.19 0.520 5.5 9
04 = Mo;NH, — MD1 3.55 0.308 21.5 15
02 Mo;,;NH, — MD3 6.75 0.198 32.4 6
00 Mo;,NH, - MD4 3.41 0.257 14.7 18
W,NH; - MD1 4.06 0.283 30.7 9
W;,NH,; - MD3 2.88 0.302 22.0 14
W,NH, - MD4 3.37 0.245 26.7 9
Table 1 Calculated density of states at the Fermi level (Np), averaged
B 7 Fermi velocity (vr), superconducting transition temperature (7.), and
coherence length at T =0 (&(0)) for the stable hydrogenated MXene
structures.
5 10

DOS(e/eV/cell)

Fig. 2 (a)—(c) Fermi surfaces of Mo,CH; (MD1), Mo;NH, (MD3) and
W;NH, (MD1) respectively, represented in the I'-centered Brillouin zone.
The colors indicate the Fermi velocities. (d) Electronic band structure
of Mo,NH; (MD3), with the Fermi level (Er) set to zero, and the cor-
responding density of states, showing a large peak at Ep, boosting the
EPC.

0.3% and 0% and the changes in the M-X bond length 1.9%, 1.6%
and 0.9%. This very limited perturbation of the lattice due to H is
in stark contrast with the observation of giant in-plane lattice ex-
pansion of Ti,C with Te functionalization (> 18%) 8 The relaxed
M-H bond length is in almost all cases ~ 2 A, except in the case of
the unstable MD2 where it is markedly lower at ~ 1.7 A.

4 Electronic and vibrational properties

Electron doping from hydrogen to the MXene layers induces con-
siderable changes in the electronic band structures and Fermi sur-
faces. The Fermi surface of pristine Mo,C consists of three dis-
tinct groups of sheets. Around T, there are six small electron-like
pockets and a larger circular electron-like. Centered around M
there are oval sheets, which almost touch the larger I'-centered
sheet along the I'-M direction”. In contrast, the Fermi surface of
the hydrogenated compound Mo,CH, (MD1) consists of just four
sheets, all of which are I'-centered, as shown in Fig. a). They all
have distinct six-fold symmetries. The central Fermi sheet, closest
to I', is small in size and has low Fermi velocities. The loss of
Fermi sheets centered around M upon hydrogenation reduces the
density of states at the Fermi level (Nr) to 2.09 eV~!, compared
with 3.19 eV~! in the case of pristine Mo,CZ. Likewise, the Fermi
sheets around M have considerably shrunk in MD3 and MD4 of
Mo, CH; (see Supplemental Material), leading to a similar reduc-
tion in Ny w.r.t. the pristine case — see Table

On the other hand, the DOS at Er of Mo,N is enhanced upon
hydrogenation for all stable structural models w.r.t. the pristine
value of 2.58 eV~ 7. MD3 of Mo,NHj is characterized by a partic-
ularly high Nr of 6.75 eV~ per unit cell. Its Fermi level coincides
exactly with a pronounced peak in the DOS, as shown in Fig. R{d).
The corresponding Fermi surface is depicted in Fig. [2(b), consist-
ing of multiple hole pockets in the vicinity of I', surrounded by a

quasi-circular sheet further away from I', and two large entwined
sheets wrapping around the Brillouin zone edge. Likewise, the
DOS at Er also increases under the influence of hydrogenation in
the case of W;,N, compared with the pristine value of 1.96 eV~!
per unit cell. While the Fermi surface of pristine W,N only pos-
sesses sheets centered around I', multiple sheets appear around
M and K upon hydrogenation (see Fig. [2)(c), depicting the case of
W,NH, in MD1).

The resulting phonon band structures of selected hydrogenated
MXene compounds, obtained from our DFPT calculations, are
shown in Fig. and compared to their pristine counterparts.
Overall, in all three compounds, H contributes high-frequency
phonon modes in the range of 100-150 meV. In the case of
Mo,CH, (MD1), the addition of hydrogen also leads to signif-
icant softening of the Mo-based ZA phonon mode, particularly
around the M point [Fig.[3[(2)]. The corresponding atom-resolved
phonon DOS of Mo,CH,, displayed in Fig. shows that the
contributions of the different atoms to the phonon band struc-
ture are well-separated. This can be understood in terms of the
large differences in atomic masses between Mo, C and H. In con-
trast, the atom-resolved phonon DOS of Mo,NH, (MD3), dis-
played in Fig. [3(b), shows that the phonon modes due to N and
H are more dispersive, akin to the case of the N-based phonon
modes in pristine Mo,NZ. Pristine W,N was demonstrated to
host a charge density wave(CDW)-type instability in its vibra-
tional states, centered around the M point. Our DFPT calculations
for WoNH, (MD1) performed with a reduced electronic smearing
value, shown in Fig. [3[(c), similarly reveal imaginary phonon fre-
quencies along I'-M, with a minimum in the dispersion at 2/3
I-M.

5 Enhanced electron-phonon coupling and
superconductivity

Subsequently, we have evaluated the Eliashberg spectral function
and EPC constant from our DFPT results. We obtained consid-
erable enhancements of the EPC constants upon hydrogenation
for all considered compounds, as shown in Fig.[d} albeit based on
different mechanisms. The full results for the T.’s of the different
compounds are summarized in Table

As discussed in Section[d] the electronic DOS at Er of Mo,CH,
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(a) Mo,CH, - MD1 (b) Mo,NH, - MD3 (c) W,NH, - MD1
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Fig. 3 Phonon dispersion and phonon density of states (PhDOS) of (a) Mo,CH, (MD1), (b) Mo;NH, (MD3) and (c) WoNH, (MD1). The grey
dashed lines depict the phonon dispersions of the pristine compounds, for comparison. In (c) the dispersion obtained using reduced electronic smearing
(0.0025 Ha) is included as a red dashed line, showing a CDW-type instability occurring between points I and M. The colors in the PhDOS give the
contributions of different atomic types: red for the M atom (Mo or W), green for the X atom (C or N) and yellow for H.

is depleted compared with pristine Mo,C. This is in principle
detrimental to the EPC since A «< Ny. However, this effect is amply
compensated by the softening of the flexural ZA phonon mode,
boosting A owing to its dependence on a>F/® (as introduced in
Section [2). Similar strong EPC hosted by a flexural mode also
occurs in pristine Mo, N, resulting in its enhanced superconduct-
ing 7. compared with Mo,CZ. As a result, the EPC constant is
enhanced from A = 0.75 in pristine Mo,C to A = 1.12 in Mo,CH,
(MD1), as shown in Fig. @(a), and the corresponding T, increases
from 7.1 K to 12.6 K. MD3 of Mo,CH, has a comparable T, of
11.8 K, while the 7, of MD4 is significantly depleted (5.5 K).

On the other hand, the main contribution to the enhanced 7, of
Mo,NH, and W,NHj is the increase in Ny upon hydrogenation,
as discussed in Section In the case of Mo,NH, (MD3) (see
Fig. [@[b)), the EPC attains a particularly high value of 2.67 -
more than double the value obtained for pristine Mo,N (1.2)% —
yielding a high T of 32.4 K. As MD1 and MD4 of Mo,NH, have a
considerably lower DOS at Ef, their 7,’s are limited to 21.5 K and
14.7 K respectively — the former still exceeding the 7, of 16 K of
pristine Mo, NZ,

Likewise, the EPC of W,NH, (MD1) is enhanced to an elevated
value of 1.91, yielding a T; of 30.7 K. Interestingly, the contribu-
tion of in-plane H modes, situated in the range 100-120 meV, to
the EPC in W,NH, is particularly strong, as shown in Fig. [4{(c).
The other dynamically stable models of W,NH, (MD3 and MD4)
also produce sizeable 7,’s (22.0 K and 26.7 K).

Our first-principles characterization of the different hydro-
genated MXene compounds also enables the calculation of super-
conducting length scales, such as coherence lengths, through the
Ginzburg-Landau relation &(0) = 4/ @% 20 where vp is the
average Fermi velocity. The results are sun;marized in Table
Due to the elevated T, values of the hydrogenated MXenes, their
coherence lengths are generally reduced compared to the pristine
MXenes'Z, with the notable exception of Mo,CH, in MD4.

4| Journal Name, [year], [vol.], 1~E|

6 Inducing superconductivity in niobium car-

bide

Earlier first-principles exploration of pristine MXenes identified
one superconducting MXene based on a group-5 transition metal
(V, Nb, Ta), namely Ta,N with a 7 of 2 KZ. However, the major-
ity of MXene compounds based on group-5 elements were found
to be non-superconducting, due to a lack of sufficiently strong
EPC. The absence of superconductivity in pristine Nb,C has in-
deed been confirmed experimentally®. While previous experi-
mental studies have shown the emergence of superconductivity
in Nb,C under the influence of surface functionalization'27128|
reaching 7.’s up to 6 K in case of Cl and S adatoms, and up to 7
K for NH functional groups®, the effect of hydrogen adatoms has
not yet been considered.

Just as for the Mo- and W-based hydrogenated MXenes pre-
sented above, MD2 of Nb,CH, is found to be dynamically un-
stable, having evanescent phonon modes with predominant hy-
drogen character (see the SM). In case of MD1 and MD3, the
contributions of niobium and carbon to the Eliashberg function
and the EPC are largely unaltered compared with pristine Nb,C,
as shown in Fig. [5[(a,b). However, the hydrogen-based phonon
modes contribute additional EPC channels, enhancing the EPC
constant A to 0.42 and 0.43 for MD1 and MD3 respectively. A
notable difference between these two cases is that the hydrogen
phonon modes form a single band in MD1 (centered around 120
meV), while in MD3 they split into two separate bands (the lower
band lies in the range of 90 — 100 meV and the upper band in
the range of 120 — 135 meV; see also the SM). The relatively mod-
est enhancements of the EPC due to the hydrogen phonon modes
nevertheless suffice to induce superconductivity in MD1 and MD3
of Nb,CH,, with 7.’s of 0.8 K and 1.0 K respectively.

As shown in Fig. c), MD4 of Nb,CH, hosts enhanced cou-
pling to niobium- and carbon-based phonon modes (as opposed
to MD1 and MD3), combined with additional EPC due to hydro-
gen modes, yielding a total EPC constant A of 0.51 and a 7, of 2.9
K.

Page 4 of 6
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Fig. 4 Electron-phonon coupling properties of hydrogenated MXenes
with the highest T.'s. Eliashberg function a?F (solid blue lines), and
EPC function A (large-dashed red lines) of (a) Mo,CH, (MD1), (b)
MoaNH, (MD3), and (c) W2NH,; (MD1) as a function of phonon fre-
quency. The small-dashed lines show the corresponding results for the
pristine compounds. The green arrows indicate the enhancement of A
due to hydrogenation.

7 Conclusions

Our first-principles calculations on hydrogenated MXenes have
revealed consistently improved superconducting properties com-
pared to their pristine counterparts (described in Ref. [7). Our
analysis of the dynamical and thermodynamic stability of hydro-
genated molybdenum- and tungsten-based MXenes has yielded
three different stable structures (see Fig. , consistently harbor-
ing enhanced EPC and therefore elevated superconducting 7’s.
The hydrogenated MXene structures considered here can be real-
ized either by surface functionalization of monolayer samples, or
by intercalation of multilayer MXenes samples with hydrogen.
Several mechanisms for the enhanced superconducting prop-
erties were identified. Firstly, enhanced EPC due to a softened
flexural phonon mode, e.g. in the Mo-based flexural mode of
Mo, CH,. Secondly, an increase in the electronic DOS at the Fermi
level due to charge transfer from hydrogen to the MXene layer oc-
curs in several compounds, such as Mo,NH,; and W,NH,. Com-

0.7
&
3
0.3r
0 20 40 60 80 100 120 140
1.5(0) sz(?H2 - M[.)4 . . . . 15
0.7} 10.7
L
B R S
03| et I 10.3
0.0 L s i) . . /]L\ 0.0
0 40 60 80 100 120 140
Frequency (meV)
Fig. 5 Electron-phonon coupling properties of NbyCH,. Eliashberg

function a®F (solid blue lines), and EPC function A (large-dashed red
lines) of (a) MD1, (b) MD3, and (c) MD4, as a function of phonon
frequencies. The small-dashed lines show the corresponding results for
the pristine compounds. The green arrows indicate the enhancement of
A due to hydrogenation.

bined with flat segments in the electronic dispersion, this results
in a Van Hove singularity in the DOS around the Fermi level in
Mo, NHj (see Fig. d)) — akin to the case of hydrogenated mono-
layer MgB,14. This enhances the EPC constant to 2.67, more than
double the value obtained for pristine Mo,NZ, and an elevated
T. of 32 K. Finally, additional contributions to the EPC appear
upon hydrogenation, directly stemming from the hydrogen-based
phonon modes. The latter mechanism is observed in all studied
compounds, but is particularly strong in case of the in-plane hy-
drogen phonon modes of W,NH, (see Fig. @(c)).

In addition, we have demonstrated that superconductivity can
even be induced by hydrogenation in MXenes which are other-
wise non-superconducting in pristine form, such as Nb,C (see
Fig.[5).

Altogether our results clearly demonstrate that the supercon-
ducting properties of the broad family of MXene materials can be
engineered through surface functionalization, corroborating re-
cent experimental advances®2728. Moreover, the hydrogenated
MXenes studied here present another important class of 2D
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materials in which hydrogen adatoms boost the EPC and the
superconducting 7, extending significantly prior results for p-
doped graphane??, hydrogenated monolayer MgB,14, and hydro-
genated gallium monolayers (gallenane)>.
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