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Abstract

Hydrogenated low-dimensional materials have attracted much attention due to their potential
high-temperature superconductivity. Here, we propose a new strategy for hydrogen intercalation
tuning the stability and superconductivity of the boron honeycomb sublattice, and predict an
unprecedented layered compound Na;B>H, which hosts excellent superconductivity. Strikingly, the
superconducting transition temperature (7c) of Na,B,H is as high as 42 K at ambient pressure. The
T. value can be further increased to 63 K under 5 % biaxial tensile strain. The excellent
superconductivity originates from the strong electron-phonon coupling between the o-bonding
bands near the Fermi level and the B-B stretching optical E’ modes. The chemical template
produced by the hydrogen-embedded Na ion layer stabilizes the boron honeycomb sublattice well.
Furthermore, the introduction of ionic hydrogen adjusts the Fermi level and the coupling vibration
with Na ions effectively maintains the dynamic stability of the structure. Na;B>H represents a new
family of hydrogen-intercalated high-temperature superconductors, and this tuning strategy can be

further extended to more layered compounds.



Introduction

Since the discovery of superconductivity, the exploration of superconductors hosting high-
temperature and even room-temperature superconductivity has been an important research goal of
the scientific community. The discovery of the superconducting transition temperature of ~ 39 K in
MgB: has reignited interest in conventional superconductors[1], whose excellent superconductivity
originates from the strong coupling between the o-states and bond-stretching boron phonons[2-5].
Subsequently, a series of MgB»-type layered compounds have been extensively studied, usually
involving chemical doping[6-8], applying strain[9, 10], hydrogenation[9, 11] and other strategies to
further optimize superconductivity. For example, C doping further enhances the electron-phonon
coupling between ¢ bands and bond-stretching optical phonon modes in MgB3Cs, with a maximum
T value of 59 K[12]. Mg:B4C», a MgB»-like two-dimensional (2D) material with charge neutral
inert surfaces, hosts 7t values up to 48 K [13]. Previous studies have shown that graphite-like
layered materials intercalated with alkali or alkaline earth metals usually exhibit enhanced
superconductivity[14-18]. The LiB>C; hosted a high 7¢ value of 92 K due to the strongly coupling
of the o electrons with the E, and £, phonon modes, and the T¢ value was further increased to 125
K by applying biaxial tensile strain[17]. Furthermore, the predicted 7. values of Li»B3C and LisBsCs
are 36.8 K and 16.8 K, respectively [18].

According to Bardeen-Cooper-Schrieffer (BCS) theory[19], light elements are promising to
induce strong coupling phonon-mediated superconductivity. In particular, in recent years, a series
of superconducting hydrogen-rich materials have been predicted to host remarkable high-
temperature and even room-temperature superconductivity (e.g. H3S (203 K at 155 GPa) [20-22],
LaH;0(250-260 K at 180 GPa)[23-27], CaHe(215 K at 172 GPa)[28-30]), however, the extremely high
stable pressure of such materials limits their practical application. Therefore, one of the most critical
challenges is to develop a new class of superconductors that can host high-temperature
superconductivity at ambient pressure. Interestingly, many hydrogen-functionalized 2D materials
exhibit enhanced superconductivity, relying on the intrinsic advantage of hydrogen-driven strong
electron-phonon coupling. For example, the hydrogenated monolayer MgB, (H-MgB)) is predicted
to host a 7¢ value of 67 K, which can be increased to 100 K by biaxial tensile strain[9]. The
hydrogenated MXene material Mo,NH, hosted a 7. value of 32 K[31], much higher than the pristine

Mo,N[32]. In particular, hydrogenation induces significant superconductivity in some 2D materials



whose parent structure is not superconducting, such as 2H-Mo,C3H»[33] and Ti,BoH4[11] hosts T
of 53 K and 48.6 K, respectively. These materials expand the research scope of 2D superconducting
materials, especially their stability under ambient pressure is conducive to practical applications,
such as the potential application prospects in the construction of nano-superconducting devices[34].

In this letter, we propose a new strategy that relies on the chemical template generated by the
hydrogen-intercalated metal ion layer to stabilize the boron honeycomb sublattice, thereby hosting
excellent superconductivity. We reported an unprecedented Na,B,H that stabilizes to ambient
pressure, hosting Tt value up to ~ 42 K. The excellent superconductivity is attributed to the strong
coupling between the o-bonding bands and the in-plane phonon vibration modes of the honeycomb
B layers, especially the intralayer bond-stretching £’ modes. The chemical template generated by
the hydrogen-embedded Na ion layer stabilizes the honeycomb B layer well and induces high
electron density of states at the Fermi level. In particular, the application of appropriate biaxial
tensile strain leads to the softening of the B-related E’ modes, which enhances the electron-phonon
coupling, and the highest 7. value can reach 63 K. These findings provide new insights into
understanding the superconductivity and stability of hydrogen-intercalated metal borides, and

promising to expand to more layered compounds.

Computational details

All calculations of structural optimization and electronic properties are performed within the
framework of density functional theory (DFT), as implemented in Vienna ab initio simulation
package (VASP) code[35]. The ion-electron interactions part was implemented with the projector
augmented wave method[36, 37], where 1s', 2572p', 25?2p®3s! are considered as valence electrons
for H, B, Na atoms, respectively. The Perdew-Burke-Ernzerhof parametrization within the
generalized gradient approximation was performed to describe the exchange-correction
function[38]. The cut-off energy was set to 1000 eV, and the Monkhorst-Pack k-mesh with grid
spacing of 21x0.02 A™! was adopted. The phonon spectra and electron-phonon coupling (EPC)
calculations were carried out using the Quantum ESPRESSO code[39]. Ultra-soft pseudopotentials
and a kinetic energy cut-off of 80 Ry were adopted. The Brillouin zone (BZ) k-point grid of
24 X 24 x 16 and g-point mesh of 6 X 6 X 4 were used to accurately calculate the electron-

phonon coupling. The mode-resolved EPC constant A, is defined as
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Where wg,, is the phonon frequency of the vth phonon mode with wave vector ¢, and N(Ef) is

the DOS at the Fermi level. The phonon linewidth y,, can be estimated by
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where Qg is the volume of the Brillouin zone (BZ), €jp(€x4qm) indicate the Kohn-Sham energy,

and gin k+qm represents the EPC matrix elements.

The Eliashberg spectral function a?F(w) is then calculated by[40-42],

a’F(w) = #(EF)Z‘IU §(w — wgp) Z)L; (3)
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T. is estimated by the full Allen-Dynes formula [40],
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where p* is the coulomb pseudopotential parameter and is set to a typical value of 0.1-0.13. f; and f,
are the strong-coupling correction factor and the shape correction factor, respectively. w;,4was the

logarithmic average of the phonon frequencies,[40]
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Results and discussion

Fig. 1 The structure and electronic properties of Na;B,H at 1atm. (a) Solid and top views of Na;B,H,
(b) Electron localization function (ELF). Isosurface is set to 0.5. (c) The differential charge density.
Blue and yellow represent charge loss and accumulation, respectively.

Optimized crystal structure of Na;BoH crystallizes in the space group P-6m2 with lattice
constants of a=b=3.07 A and ¢ = 7.27 A. The bulk Na,B,H consists of a graphene-structure B layer
and an atomic H layer, separated by interstitial Na layers (see Figure 1a). The Na atoms are located
at the 2i (0.667,0.333,0.293) Wyckoff position, corresponding to the honeycomb center of the B
layer. The B atom occupies the 1a (0.000, 0.000,0.000) and 1c (0.333, 0.667,0.000) positions and
the H atom occupies the 1b (0.000, 0.000,0.500) position. The vertical distances from the Na atomic
layer to the H and B layers are 1.48 A and 2.16 A, respectively. In the honeycomb boron layer, the
hybridization of atomic orbitals generates sp® hybridized ¢ bond and p, overlapped 7 bond,
respectively. The B-B bond length is 1.77 A, and the high electron localization appears near the
bond center, confirming the B-B strong covalent bond. There is almost no electron localization
between Na-B and Na-H, revealing the formation of ionic bonds (see Figure 1b). Na atoms with low
electronegativity donate abundant electrons to H and B atoms. Bader charge analysis shows that the
Na atom transfers electrons 0.78 |e| and 0.79 |e| to H atom and B layer, respectively. The differential
charge density can clearly show the charge transfer between atoms. Here, we define

Ap = pna,B,H-PNa-PB-PH

The pna,p,n and pyg ., ppand py here represent the charge densities of bulk NaBoH and



isolated Na, B and H atoms, respectively. As shown in the Figurelc, the blue region of the
encapsulated Na indicates charge deficit, while the yellow region around the H and B atoms
indicates charge accumulation. Note that the significant charge accumulation in the middle of the

B-B bond effectively maintains the stability of the honeycomb B layer.

Fig.2 Electron localization functions (above) of isolated Na and Na,H lattices, which are directly
stripped from Na,B>H. Isosurface is set to 0.5. The cross section of the electron localization outside
the Na ion layer (below).

In order to further understand the effect of hydrogen intercalation on the stability of Na;B>H,
we consider the chemical template effect[43], which well reveals the stability of superconducting
hydrides. Specifically, electron localization in the interstitial region of the metal sublattice assists in
the formation and stabilization of the hydrogen covalent network. In this work, we calculated the
ELFs of isolated Na lattice and NayH lattice. Figure 2 illustrates the effect of H atom intercalation
on the electron localization in the interstitial region of Na lattice. The interstitial electrons of the
isolated Na lattice accumulate mainly between the Na ionic layers. Differently, H atoms embedded
in the Na ionic layer capture part of the interstitial electrons and other extra electrons are driven
away from the Na ionic layer due to the Coulomb repulsion of H™ ions. Therefore, the outer side of
the NayH ion layer shows more significant electron localization than the isolated Na ion layer, and
these interstitial anionic electrons (IAEs) have a significant contribution near the Fermi level.
Interestingly, these extra electrons are not only close to the boron layer, but also show a honeycomb
distribution that matches well with the boron sublattice, and thus are more easily captured by the B
layer enhancing its stability (see Figure S2-4). Furthermore, the Crystal Orbital Hamilton Population

(COHP) analysis can quantify the interatomic bonding strength [44, 45]. The calculated ICOHP



value of the B-B bond reaches -6.28 (see Figure S5), similar to MgB,[46]. The smaller ICOHP
values of Na-B and Na-H further confirms the formation of ionic bonds. In particular, the B-B
covalent bond strength (ICOHP|=6.28) in Na;B:H is higher than that (ICOHP|=5.71) in NazBs.
Therefore, the chemical template generated by Na;H is more conducive to the stability of the B
layer than the isolated Na lattice. In addition, compared with P6/mmm Na;B,, the crystalline point
group symmetry information further reveals that Na and H atoms hosted in P-6m2 Na;BH are easier
to couple with B atoms (see Table S1-2). These results provide an important reference for

understanding the stability of the hydrogen intercalation metal borides.
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Fig. 3 Calculated energy band structures with orbital projections and orbital-resolved density of
states (DOS) of Na,B,H at 1 atm.

The calculated band structure and projected density of states (PDOS) clearly reveal the intrinsic
metallicity of Na;BoH (see Figure3). Several steep electron pockets appear near the Fermi level, and
the nearly parallel bands along the I'-A direction reflect the layered characteristics of the system.
The simultaneous occurrence of flat and steep bands near the Fermi level has been suggested as
favorable conditions for enhancing electron pairing, which is essential to superconducting behavior.
The orbital-resolved band structure highlights that the two bands crossing the Fermi level are mainly
derived from the B-2pyy, orbital (¢ band) and the B-2p, orbital (z band), which play an important
role in metallicity. The Van Hove singularity of the B-2p, orbit appears at the Fermi level, which is
caused by the weak dispersion bands near the M and L points. The contribution of Na and H atoms

to the DOS at the Fermi energy level is weak, which is significantly different from that of



hydrogenated monolayer MgB,, whose 7-Hs states formed by hybridization of B-p, and H-s orbitals
dominate the electronic states at the Fermi level[9]. However, the role of H atom in the band
structure can be elucidated by comparison with Na;B,. Compared with the band structure of NayBs,
the introduction of H atoms lowers the Fermi energy (see Figure S6), which is the key for the B-2p,
orbital to show the Van Hove peak at the Fermi level. At the same time, the ion interaction of Na-H

contributes to the interlayer binding and stabilize the structure.
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Fig.4 (a-b) Calculated atomic orbital-resolved Fermi sheets for Na;BoH. (¢) The Fermi surface of
each band colored by the value of the Fermi velocity. Red color indicates high velocity; blue color
denotes low velocity. (d) The cross section of Fermi surface in Brillouin zone.

Figure 4 shows the orbital-resolved Fermi surface. The Fermi surface of Na,B,H consists of
two bands. The first band is cylindrical Fermi surface centered at I" point, originating mainly from
B-s and B-px/py orbitals. The second band consists of a petal-shaped Fermi sheet (dominated by B-
px/py) surrounding the I point and a hexagonal Fermi sheet (mainly from B-2p.) near the boundary
of the Brillouin zone. The electronic states of Na and H only have a weak contribution to the Fermi
sheet around the Brillouin zone boundary. Therefore, the orbital-resolved Fermi surface is well
consistent with the band structure. Taking the K-I' direction as an example, the electronic bands
pass through the Fermi level three times, and the formed electron pocket comes from the B-p./p,
and B-p: states, while the degenerate hole pockets at the I' point mainly comes from the B-p./p,.
Furthermore, the Fermi velocity vy reflects the different slopes of the bands that constitute the
Fermi surface, especially related to the potential Fermi surface nesting. The high Fermi velocity
appears in the adjacent concentric cylindrical and petal-shaped Fermi sheets. Note that strong
interband pairing interactions contribute to enhanced electron-phonon coupling and hence

superconductivity. In order to further investigate the potential Fermi surface nesting, we calculate



the nesting function &(Q) of Na,B,H along the specified high-symmetric path (I'-M-K-H-A-L) in

the Brillouin zone. The nesting function &(Q) is defined as follows[47],

§(Q) = %Zk,i,] 8(eki — &) (erj — )
The N represents the number of k points, &;is the Kohn-Sham eigenvalues, & is the Fermi
energy and i, j are the indices of energy bands. The calculation employs 9216 k points and 2783232
k + Q points to attain their respective energy eigenvalues. The high nested function £(Q) will
highlight the possibility of Fermi surface nesting. The highest nested function value at I reflects the
nesting of the Fermi surface itself, which is expected (see Figure5). Strikingly, the sharp peak of ¢
(Q) appears at point A, reflecting strong Fermi surface nesting, which is also shown in previously
reported layered materials[48, 49]. Strong electron-phonon coupling induced by nested electronic

states will significantly enhance the superconductivity.
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Fig.5 The calculated nesting function & (Q) of NaxB>H along some special Q trajectories.
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Fig.6 (a) The atom-resolved phonon dispersion curves, projected phonon density of states (PHDOS),
and Eliashberg spectral function a?F(w) together with the electron—phonon integral A(w) for
Na;BoH at 1 atm. (b) The phonon spectra with red dots indicating phonon linewidths for Na,B,H at
latm. (c) The phonon spectra of Na,B; at latm.

The phonon dispersion curve, projected phonon density of states (PHDOS), Eliashberg spectral



function a?F(w) together with the electron-phonon integral A(w) of Na,B,H were illustrated in
Fig. 6. The absence of any imaginary frequencies along the high-symmetry lines of the Brillouin
zone confirms the dynamic stability. All of these optical modes are found to be quite dispersive,
with the exception of those along the I'-A direction, which is related to the layered structure of
NazB:H. The dispersive modes in the low-frequency range (<10 THz) are mainly related to the local
vibrations of Na atoms. Six low-frequency optical modes are present at the zone center I, two of
which are degenerate modes with frequencies of 122 cm™ and 170 cm’!, respectively. The vibration
modes in the mid-frequency (10-20 THz) region are dominated by B atoms. In particular, the double
degenerate mode at ~ 14.20 THz (473.57 cm™) significantly contributes to the EPC, which involves
the degenerate in-plane bond-stretching E' modes along I'-A, similar to the Ez, modes of
MgB,[50]. The high-frequency (> 20 THz) optical branches are mainly characterized by the
vibration modes of the H atoms. Although these modes have only a weak contribution to EPC, the
hydrogen atom is easily coupled to the vibration of other atoms due to its minimal mass, which
effectively maintains the dynamic stability of NaxB,H. This is different from the imaginary
frequency of Na,B, at I" point (see Figure S6). Furthermore, the red dots decorating the phonon
spectrum represent phonon linewidth, the size of which reflects the contribution to the electron-
phonon coupling. Obviously, the two doubly degenerate E’' modes associated with the B-B in-
plane stretching vibration near the I" and A points dominate the maximum phonon linewidth. Hence,
the strong coupling between in-plane vibrations and ¢ bands significantly increases the total EPC.
As a result, the intense peak of the Eliashberg spectral function appears at about 15 THz,
corresponding to the rapid rise of A(w). The vibration modes in the intermediate frequency region
dominated by B contribute up to 52 % to the total EPC. The calculated 1 and w;,, of Na;BoH at
1 atm are 1.11 and 488.5, respectively. Further the 7. value estimated by A-D equation is as high as

42 K, which is higher than that of MgB..
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Fig. 7 (a) The T, values and related parameters of Na,B,H under different biaxial tensile strains. (b)
Phonon dispersion curves, PHDOS, and a?F (w) together with A(w) of Na;B,H at 1 atm and 5 %
tensile strain. The phonon spectra with red dots indicating phonon linewidths.

We investigate the effect of different biaxial tensile strains on phonon dispersion. Na;B,H is
still dynamically stable under the tensile strain range of 0 -5 %. The tensile strain effect leads to the
softening of phonon modes, especially inthe E’ modes in the intermediate frequency region, which
is attributed to the weakening of the strength of B-B covalent bonds (see Figure 7). Notably, the
significant softening of the phonon modes effectively enhances the electron-phonon coupling. The
E' modes decrease to 5 THz at 5 % tensile strain, and the corresponding spectral function peak
moves to the low frequency region. Although w;,, decreases with the increase of strain, the
increase of A significantly contributes to the 7. value. The calculated 7. value at 5 % tensile strain

is 63 K, which is close to the liquid nitrogen temperature.
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Fig. 8 (a) Energies as a function of AIMD simulation time at 300 K and latm. The insets are
structural snapshot of Na;BoH at 6 ps, respectively. (b) The mean square displacement curve of
NazB:H during 6 ps AIMD simulations. The insets are atomic trajectories (H in blue, B in green and
Na in yellow).

Cohesive energy is a widely accepted parameter for evaluating the thermally stable of materials
and the calculation formula is as follows: E.,; = [ZENa + 2Eg + Ey — ENaszH]/S, where Ey,,
Eg, and Ey are the total energies of the isolated Na, B, and H atoms, respectively; Eyg,p,n
represents the total energy of the Na;BoH. The calculated cohesive energy of NaBoH is 3.67
eV/atom, which is higher than that of some materials that have been experimentally synthesized[51,

52]. In order to investigate the thermal stability of Na,B,H, we performed ab initio molecular



dynamics (AIMD) simulations under the canonical ensemble (NVT) using the Nosé-Hoover
thermostat[53, 54]. The temperature was controlled at 300 K with 3 x 3 x 3 supercells (135 atoms).
The running time is 6 ps with 1 fs time step. Figure 8 show the variation of total energies with time
during the AIMD steps and the structure snapshots after 6 ps. Na,B,H maintained its original
configuration well during the AIMD simulations, resulting in total energy fluctuations around a
constant temperature value with a small fluctuation range. The mean square displacement (MSD)
effectively identifies the pattern of particle movement over time and can well measure the stability
of the materials. Figure 8b shows a very small range of fluctuations in the MSD of Na;B>H and the
atomic trajectories are localized at their respective equilibrium lattice sites. These results confirm
the thermodynamic stability of Na;B>H and the feasibility of experimental synthesis.

The excellent superconductivity of Na;B,H under ambient pressure provides a new platform
for the exploration of superconducting materials. Some layered compounds that are isomorphic to
Na;BoH also host excellent superconductivity, such as KoBoH and Na,C,H (see Table S3). In
particular, NaC; is dynamically unstable under ambient pressure, and the predicted 7:. value at 100
GPa is 24.7 K[48]. Strikingly, the Na>C;H formed by hydrogen intercalation is stable under ambient
pressure and the host 7. value is as high as 28 K. We believe that this novel structural prototype will

be extended to more layered compounds.

Conclusion

In summary, we propose a strategy for tuning the stability and superconductivity of honeycomb
boron layered materials by hydrogen intercalation, which is reflected in the comprehensive
investigation of Na;BoH. The chemical template produced by the Na ion layer embedded in the H
atom stabilizes the boron honeycomb layer well. The predicted 7t value reaches 42 K and further
increases to 63 K at 5 % biaxial tensile strain. The excellent superconductivity is mainly due to the
strong coupling between the o electrons and the in-plane stretching of B-B bonds, reflected in the
large phonon linewidths and strong Fermi surface nesting. The biaxial tensile strain induces
significant softening of B-related E’ modes, thus promoting electron-phonon coupling. The
introduction of H atoms effectively tunes the electronic structure near the Fermi level, which plays
an important role in structural stability and promoting strong electron-phonon coupling. These

findings will deepen the understanding of the intrinsic relationship between the structure and



superconductivity of hydrogen-functionalized materials with different structural motifs, and the
predicted Na;BoH provides a new platform to expand to more superconducting materials under

ambient pressure.
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