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h i g h l i g h t s
� PdH2 has a superconducting transition temperature of 24 K at ambient pressure.

� The crystalline to vdW layered structural transition occurs at 15 GPa.

� The abnormal high-Tc at high pressure is associated with the out-of-plane interlayer breathing vibrational mode in our model.
a r t i c l e i n f o

Article history:

Received 21 March 2022

Received in revised form

19 December 2022

Accepted 26 December 2022

Available online 1 February 2023
* Corresponding author.
E-mail address: wei.luo@physics.uu.se (W

1 These coauthors contributed equally to
https://doi.org/10.1016/j.ijhydene.2022.12.312

0360-3199/© 2023 The Authors. Published by Elsevie

(http://creativecommons.org/licenses/by/4.0/).
a b s t r a c t

We report structural and superconducting transitions in layered van der Waals (vdW)

palladium dihydride (PdH2) calculated under high-pressure compression. PdH2 has a

Hexagonal Closed-Packed (HCP) structure with a space group of P63mc, and has a super-

conducting transition temperature of 24 K at ambient pressure. At 15 GPa, the crystalline to

vdW layered structural transition occurs, while the superconductivity remains. On com-

pressing from 15 to 50 GPa, the Tc increased abnormally by 3.5 K. It is found that the

superconducting critical temperature of P63mc PdH2 is determined by the out-of-plane

interlayer breathing vibrational mode. As a vdW layered metal hydride superconductor,

PdH2 provides a platform to study hydride superconductivity in such kinds of materials.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

The crystallography of hydrogenerich materials at high pres-

sure is interesting as they hold the promise to be room tem-

perature superconductors. In 1968, British solid-state physicist
. Luo).
this work.

r Ltd on behalf of Hydrogen En
Ashcroft made his earlier prediction of high critical tempera-

ture (Tc) superconductivity in high-pressuremetallic hydrogen

[1], he further proposed that the presence of heavier main

group elements in hydrides besides hydrogen can significantly

increase the electron phonon coupling [2]. This is because the
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heavier elements reduce the physical pressure required for

metallization via chemical pre-compression. These pre-

dictions, based on the Bardeen-Cooper-Schrieffer (BCS) theory

[3] of phonon mediated superconductivity led the way to

extensive research (bothexperimental and theoretical) onhigh

pressure hydrides for the search for high Tc superconductors

[4e14]. Using ab initio calculations, several hydrogen rich

compounds have been proposed to be high Tc conventional

superconductors, whose critical temperatures are calculated

to be very high [15e23]. Recently, experimentalists found su-

perconductivity above 260 K in lanthanum superhydride at

megabar pressure [24]. With regards to the study of super-

conducting properties of the hydrides, it is imperative to know

their crystal structures. Besides, the various structural mor-

phologies, for example clathrate, modulated, etc., there have

been experimental works which have reported that

hydrogenerichmaterials like xenon hydrides can exist at high

pressures owing to van der Waals (vdW) forces [25,26]. The

vdW force is important at both ambient and high pressure,

which is reported in the theoretical study that mentions the

fine balance between vdW forces and hydrogen bonding in

ambient andhighepressure phases of ice [27]. In an exemplary

work by Strobel et al., the Ramanand Infrared (IR) spectrawere

found to have unique features of the vdW forces that play an

important role in the high pressure interactions of silane and

hydrogen [28]. Similarly, another class of hydrides is garnering

interest of late. These are the layered hydride materials, with

van der Waals interactions, which also show potential super-

conducting properties. One such material that we have pro-

posed in this work is PdH2.

The superconductivity of the PdeH system is dependent on

the hydrogen concentration. In general PdHx has super-

conducting potential and the critical temperature increases

with the increase of H atom concentration [29]. For the H:Pd

ratio of 0.81, a Tc ¼ 1.3 K was observed. At a highest concen-

tration ratio of about 1.0, the Tc to the superconducting state

was found to be higher than 8.0 K [30]. So basically, PdHx phase

is a superconducting state, with Tc about 1e9 K for x close to 1

[29,31]. The remarkable experimental observation indicated

that the ratio of hydrogen to palladium in PdeH systems can

be continuously increased by increasing the H concentrations.

Recently, Syed et al. [32] have observed the superconductivity

of PdHx, with x approaching 1, by measuring the resistance of

the sample. The experimental observation revealed that PdH

has a Tc of 54 K. Therefore, extrapolating the idea further, PdH2

might also undergo metallization and eventually become a

superconductor on being compressed. Calculations have

pointed out that the face-centered cubic (FCC) structure of

PdH2 is unstable under compression. Structural prediction

simulations reveal that the PdH2 phase should exist in the

hexagonal closedepacked structure with space group P63mc

[33]. Furthermore, it has been predicted to exist as a

monoelayered structure by the ab initio random structure

searching (AIRSS) technique [34,35]. The effect of pressure

displays the electronic structure evolution of the

monoelayered structure, which shows the transition from the

metallic state to the semiemetallic state in the PdH2. Gener-

ally, compounds bondedwith van derWaals (vdw) forces tend

to be good candidates for 2D superconductors [36,37]. This is

due to their saturated cleavage plane and flexible physical and
chemical properties. Besides the carrier densities, even the

electronephonon coupling, electroneelectron interactions

and other physical parameters, can be modulated upon

doping, intercalation, etc. In this letter, we have used ab initio

lattice dynamics calculations to account for the dynamical

stability of the predicted P63mc PdH2 structure. We have

explored the layered structure of PdH2, which is seen to un-

dergo a single layered to vdWelayered transition as a function

of pressure as two non-interacting layers come closer on being

compressed and start to interact. The Tc of the vdWelayered

structure has also been investigated under high pressure.

We have discussed the possible impact of the van Hove sin-

gularity and occurrence of interlayer breathing mode on the

calculated superconducting properties.
Computational details

The structural optimizations and total energy calculations

were performed at 0, 15, 20, 30, 40, 50 and 60 GPa using both

VASP [38,39] and Quantum ESPRESSO [40]. For both the codes,

the projector augmented wave (PAW) method [41,42], and the

generalized gradient approximation (GGA) with the Perdew-

Burke-Ernzerhof parametrization (PBE) [43] have been used to

describe the electronic exchange-correlation effects. The re-

sults from both the codes are consistent. A dense Monkhorst-

Pack [44] k-point mesh (12 � 12 x 6) was used for the Brillouin

zone integration for the optimization of the structures. We

have studied the lattice dynamics and vibrational properties of

monolayered PdH2 using the supercell approach, as imple-

mented in the VASP code [38,39] and the Phonopy package

[45,46]. The calculations were conducted employing 2 � 2 x 2

supercells, consisting of 48 atoms, for the P63mc-layered

structure by using a plane-wave basis-set energy cut-off of

700 eV. Since, the layers interact at higher pressures, the

dispersion corrections of the form C6.R�6 are treated by the

semi-empirical DFT-D2 vdW corrections [47]. For the P63mc

PdH2 vdWelayered structures, we calculated the electron

phonon coupling (EPC) with density functional perturbation

theory usingQuantumEspresso [40]. A plane-wave energy cut-

off of 60 Ry is used. The EPCmatrix elementswere computed in

the first BZ with 4 � 4 x 2 q-meshes while the individual EPC

matrices were obtained with a 24 � 24 x 12 k-points mesh.
Results

Crystal structure

Similar to other studies concerning layered structures [48,49],

intriguing structural properties are seen for our predicted

PdH2 system as well. In another related work of ours, we have

reported a layered hexagonal structural phase of PdH2 having

a space group of P63mc obtained from ab-initio structural pre-

diction method [33]. The structural morphology at ambient

pressure comprises of layers of PdH2 (Fig. 1). It is clear that this

layered structure consists of hydrogen atoms occupying two

distinctWyckoff positions.We have classified themasH2a and

H2b for convenience. The H2a atoms are bonded to the Pd

atoms with a bond length of 1.877 �A at ambient pressure,
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Fig. 1 e Schematic illustration of the P63mc PdH2 vdW layered structure. The Pd atoms are shown in dark green, the H2a

atoms in orange, and the H2b atoms in grey colour. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 1 6 7 6 9e1 6 7 7 8 16771
forming extended monolayers. The distance between the H2b

and their coordinated Pd atoms at 0 GPa is 1.873 �A, while the

same hydrogen atoms (H2b) are at a distance of 3.30�A from the

nearest Pd atoms of the next layer above. On computationally

compressing the PdH2 layered structure, the layers come

closer and after 15 GPa, a weak van der Waals (vdW) interac-

tion comes into existence which is even manifested in the

phonon dispersion curves by the occurrence of interlayer

breathing modes (vide infra). As a consequence of the

compression, the two layers are now held together by weak

vdW forces. The H2b atoms are roughly at intercalated posi-

tions between two PdeH2a monolayers. By 20 GPa, the H2b

atoms now become four fold coordinated with three Pd atoms

in the layer beneath it and one Pd atom from the layer above it.

Thus, the distance between the H2b atoms and the three

originally coordinated Pd atoms (0 GPa) increases from 1.87 to

1.95 �A while the distance between the H2b atoms and the

newly coordinated Pd atom in the layer above decreases from

3.30 to approximately 2 �A by 15 GPa. A more detailed expla-

nation of the structures at ambient and compressed condi-

tions have been reported in our other work [33]. The impact of

the interlayer interactions via vdW bonding has been pre-

sented in this study with respect to electronic, vibrational and

superconducting properties. The compressed structures have

been treated with semi-empirical DFT-D2 corrections that

incorporate the vdW corrections.

Electronic properties and fermi surface

At ambient pressure, P63mc PdH2 exhibits metallic properties.

On compression, it tends to lose the metallicity. This is

evident in Fig. 2, where we have shown the electronic band

structures at 15 and 50 GPa. It is seen from Fig. 2a and b that

both the electron and hole pockets due to the valence and

conduction bands crossing the Fermi level tend to decrease

considerably on the transition from low to high pressure.

Thus, the metallic nature of PdH2 diminishes. This trend of a

metal or semi-metal towards becoming a non-metal on

compression of layered structures has been established before

as well [50]. This is also confirmed from the electronic density
of states (DOS) shown in Fig. 2c and d for 15 and 40 GPa

respectively. At pressures below 15 GPa, the 4d states of Pd

contributemostly to the total DOS around Fermi level. The H2a

1s and H2b 1s states have the same contribution to the DOS at

around the Fermi level at ambient pressure and are degen-

erate. This is intuitive as bothH2a andH2b are similarly bonded

to the palladium atoms at ambient pressure. Applied pressure

reduces the distance between the two layers of PdH2. Inter-

layer interaction sets in and modifies the profile of the elec-

tronic properties. From Fig. 2c and d, it is clear that above the

Fermi level, the H2b 1s states contribute more to DOS than the

H2a 1s states. The first peak below the Fermi level shows that

the H2a andH2b 1s states almost have the same contribution to

the DOS. When pressure is applied, some small peaks for H 1s

states can be found around Fermi level. At pressures below

15 GPa, the electrons are much more delocalized that those at

higher pressures. We can see that with compression, there is

hybridization of the Pd 4d and H 1s states. This increases the

bonding between the layers of PdH2, as a result of which the

electrons become more localized, leading towards the loss of

metallicity of the system.

In the K/ G, G/MandH/K high symmetry paths (Fig. 2a

and b), the flat and steep bands at the Fermi level are con-

spicuous. The occurrence of such flat and steep bands has

been suggested as a characteristic that favours superconduc-

tivity [51e53]. The reason can be attributed as follows. Flat

bands accommodate localized electrons which have very low

or negligible velocities. These electrons according to conven-

tional superconductivity are responsible for forming Cooper

pairs. The delocalized electrons of the steep bands interact

with the flat bands via phonons, causing a dynamic vibration

of the Fermi level and contribute to the electron phonon

coupling. Thus, studying the Fermi surface for Lifshitz tran-

sitions is of extreme importance, pertinent to phonon medi-

ated superconductivity. On both sides of the G point (Fig. 2a

and b), the flat bands correspond to van Hove singularities

(vHs), which are manifested in the electronic Density of States

(Fig. 2c and d) near the Fermi level in the form of discontin-

uous peaks. Since, at ambient pressure itself, the vHs occur

close to the Fermi level, therefore, slight modulation in the
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Fig. 2 e a-b) Electronic band structure and c-d) density of states of PdH2 at 15 and 50 GPa respectively.
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lattice can modify the position of the Fermi level. Between 30

and 40 GPa, the vHs is exactly at the Fermi level which has the

potential to enhance the electron phonon coupling. The

presence of such large vHs close to the Fermi level even at

0 GPa, can possibly be attributed as the reason for PdH2 is an

ambient pressure superconductor at a temperature below 24 K

as well. In Fig. 3, we have shown the Fermi surfaces of the

studied system at varying pressures. As the pressure is
Fig. 3 e Fermi surface evolution with pressure of P63mc

PdH2 at a) 0, b) 15, c) 20 and d) 40 GPa.
increased, there are noticeable changes in the area and to-

pology of the Fermi surface. At 0 GPa, there is one pancake

type pocket due to the electron pocket at the G point, and two

hole type pockets at the K point. However, on compression,

one of the hole pockets is significantly reduced in size and

can't be visualized. On further compression to 40 GPa, both the

hole and electron pockets decrease in magnitude (Fig. 3d),

making the system transition towards non-metallicity. Such

electronic instability also influences the superconductivity.

The bonding environment of PdH2 was investigated using

the electron localization function (ELF) method [54]. Following

a more intuitive approach, the ELF method characterizes the

tendency of electron localization in crystals [55,56], with

respect to a uniform electron gas of the same density. The ELF

value is always positive and spans the range between 0 and 1.

If the ELF value leansmore towards 1 for a certain region, then

there is a high tendency of electron pairing, such as cores,

bonds, and lone pairs in that region. The ELF (Fig. 4) sheds

some light on the bonding of PdH2 at 0 and 15 GPa in the (100)

and (001) atomic planes. The (100) plane reveals no interlayer

bonding at 0 GPa. The distance between PdePd, PdeH2a, and

PdeH2b nearest neighbours are 4.415 �A, 1.873 �A, and 1.877 �A

respectively at 0 GPa. At 15 GPa, the ELF in the (100) plane does

not show electron localization between the layers either,

although from our electronic and phonon dispersion (vide

infra) we can infer interlayer interaction. Therefore, this

interaction is not covalent. Thus, this further supports our

claim that above 15 GPa, the layers are held together via weak

vdW forces, due to which the electron localization between

the layers is negligible. The distance between the PdePd, the

https://doi.org/10.1016/j.ijhydene.2022.12.312
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Fig. 4 e The electron localization function (ELF) in PdH2. (a) ELF in the (100) atomic plane at 0 GPa, (b) ELF in the (100) atomic

plane at 15 GPa, (c) ELF in the (001) atomic plane at 15 GPa, and (d) ELF in the (001) atomic plane at 15 GPa.
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PdeH2a, and PdeH2b nearest neighbours at 15 GPa are 3.329 �A,

1.805 �A, and 1.940 �A, which are enough for the formation of

vdW-bonded layered structure [57,58].

Dynamical stability

The dynamical stability of the P63mc PdH2 is confirmed from

the phonon dispersion curves. Fig. 5a depicts the phonon

dispersion curve of the monolayer PdH2 at ambient pressure.

It is evident that this P63mc structure is dynamically stable at

0 GPa owing to the absence of imaginary frequencies. As can

be seen from Fig. 5, the low frequency modes comprise of

longitudinal (L), transverse (T) and out-of-plane (Z) acoustic

modes, LA, TA and ZA respectively. For the monolayer, the

optical branches (both transverse and longitudinal) have fre-

quencies more than 19.55 THz at the gamma point. The

implication of the distribution of these modes on supercon-

ductivity has been discussed later in this work.

Even these weakly interacting layered structures (above

15GPa) aredynamically stableupto60GPaasshown inFig. 5b-d.

One of the most important consequences of the interlayer (IL)

interactions is the rise of interlayer breathingmodes. Due to the

weak IL interaction, like other multilayered structures [59,60],

besides the longitudinal and transverse optical modes, we also

get out-of-plane optical modes represented by ZO. In bulk

structures such as graphite or BN, these “organ pipe” or

“breathing” modes cannot always be optically excited due to

their optical inactivity, but theymay show IR or Raman activity

as pointed out by Michel and Verberck in multilayer graphene

and BN [61,62]. These breathing modes are expected to

exist in many 2D crystals and their layered morphologies. IL
interactions are sensitive to the interlayer gaps and number of

layers and prove to be very important for low-energy electronic

andvibrational properties. Inour systemat 15GPa, theZOmode

has a frequency of 3.34 THz at the G point. This ZO mode is a

consequence of the PdeH2a bending vibration. Interestingly,

although initially the frequency of the ZOmode at the Gamma

point increases, but between 30 and 40GPa, it plummets (Fig. 6).

This paves the way for further studies on the trend of the

magnitudesof theZOmodes for layeredstructures, inwhich the

layers are held together by vdW forces and their impact on

electronic and vibrational properties.

Phonon mediated superconductivity

At 15 GPa, after the monolayers are held weakly by London

dispersion forces, two doubly degenerate phonon branches

are seen in the dispersion curve above 30 THz (Fig. 5b). These

correspond to the PdeH stretch modes. The intermediate

optical branches pertain to the PdeH bent modes. The lattice

vibrational breathing modes are responsible for the acoustic

modes between 0 and 5 THz. Compared to the phonon

dispersion profile at ambient pressure, at 15 GPa, the optical

branches are much less densely spread. On further com-

pressing the layers, the degeneracy of the high frequency

stretch modes is seen to be broken by 20 GPa (Fig. 5c and d).

Yet, the optical modes seem to be denser at 20 GPa than at

15 GPa. These vibrations (stretch and bent) all participate

strongly in the electron-phonon interaction and shift the

logarithmic average of the frequency to higher energy,

yielding a higher Tc. Thus, an increase in Tc is seen between 15

and 20 GPa as the logarithmic average of the frequency

https://doi.org/10.1016/j.ijhydene.2022.12.312
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Fig. 6 e Outeof-plane ZO mode at the Gamma point as a

function of pressure.

Fig. 5 e Phonon dispersion curves of P63mc PdH2 at 1) 0 b) 15 c) 20 and d) 40 GPa.
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increases. However, remarkably, beyond 20 GPa, the trend

reverses. Now, both the stretch and bent modes harden on

being compressed and become closer, thus enhancing the

proper mixing needed for a considerable electron phonon

coupling coefficient. But besides the logarithmic average

being high, a sensitive combination of it along with l is

required for high Tc, consistent with the theory put forward by

Tanaka et al. [63] which shows thatmixing of phonon bands is

a key ingredient for higher Tc. Although the electron phonon

coupling (EPC) strength l may be calculated at a deeper level

of theory, in first principles calculations for hydrides, Tc is

often estimated using several approximations, such as the

lack of first principles treatment of Coulombic
pseudopotential (m*). Therefore, the theoretical critical tem-

peratures are calculated only for a consistency check and to

see the trends, rather than the unequivocal confirmation of

the experimental results. According to the Migdal-Eliashberg

theory [64,65] the electron phonon coupling (EPC) parameter

l obtained by integrating the electron-phonon spectral func-

tion a2F(u),

l¼ 2
Z∞

0

a2FðuÞ
u

du: (1)

In strong coupling region, the Tc can be estimated using the

Allen-Dynes modification of the McMillan equation [66],

Tc ¼ulog

1:2
exp

�
� 1:04ð1þ lÞ
l� m*ð1þ 0:62lÞ

�
; (2)

where ulog is the logarithmic average of phonon frequencies

and m* is the Coulomb pseudopotential representing the

screened Coulombic repulsion. Here, we have calculated the l,

Tc and ulog for all the studied pressure points between 0 and

60 GPa. The value of the Coulomb pseudopotential was set to

be 0.13, which is a standard value as can be seen in other

calculations pertinent to hydrides. As can be seen from Fig. 6b,

the trends of the l, Tc and ulog confirm our explanation of the

superconducting properties on the basis of the phonons as

discussed above.

The logarithmic average of the frequency initially decreases

between 0 and 15 GPa but then rises sharply between 15 and

20 GPa before falling again. At ambient pressure, the PdH2

structure is calculated to have a critical temperature of 24 K. As
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Fig. 7 e a) Eliashberg spectral function and EPC at 15 GPa, and b) Tc vs pressure.
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mentioned previously, at 15 GPa, the sudden appearance of the

out of plane breathing mode (ZO), and well separated phonon

bandsdrops theulog, leading to a decreasedTc valueof 15K. The

reverse trend is obtained between 15 and 20 GPa where the Tc

increases to a value to 19 K. In this interval the effect of the ulog

weighsdown theeffect of the l. The sharp increase in theEPCat

15 GPa can be explained as a consequence of the phase tran-

sition at 15 GPa. Phase transitions are characterized by lattice

instabilities, which enhance the electron phonon coupling.

Hence, the increment of the l is justified. Beyond 20 GPa up to

60 GPa, the weakly interacting layered structure maintains the

same structural morphology albeit with lesser interlayer gaps.

The dominant nature of the ulog once again assists in mono-

tonically decreasing the Tc above 20 GPa. Although, there is a

fluctuation in the values of the logarithmic average and EPC,

but theTckeepsdecreasingwithpressurebeyond20GPa, before

it starts to increase once again after 50 GPa. In the inset of

Fig. 7b, both the ulog and l have oscillating values rather than

monotonic. So, possibly there are several competing factors

which eventually contribute to the l and ulog. Therefore, taking

the idea of conventional superconducting hydrides one step

ahead, it is probably safe to infer that the superconducting

properties that we obtained from the calculations, specifically

beyond 15 GPa, are dependent on the van Hove singularity

around the Fermi energy, the mixing profile of the optical

modes as well and the value of ZO interlayer breathing mode

frequency at the gamma point. A sensitive combination of

these three factors determines the Tc for the PdH2 system that

we have studuied. Breathing modes may lead to charge fluc-

tuation [67]. These out-of-plane transverse vibrations

contribute toelectronphononcouplingnear theFermi level.On

computationally imparting more pressure to the layered

structure, the interlayer gap decreases, increasing the force

constant and eventually the frequency of the ZO modes. This

can be seen in Fig. 6. On comparing the inset of Fig. 7b with

Fig. 6, one can notice that the l drops after 30 GPa which is

consistent with the drop in the frequency of the ZO mode too

after 30GPa.Theclose correlationbetween the frequencyof the

ZOmode and the l can also be inferred from Fig. 6a. There is a

sudden increase in the l below 5 THz, which strengthens our

conclusion that the ZO modes contribute a significant per-

centage to the electron phonon coupling. Beyond 50 GPa, the
overall hardening of the phonons inhibits electron phonon

coupling, and moreover the vHs has moved further up away

from the Fermi level, thereby rendering the ulog as the main

contributor to Tc. The intermediate pressure range of this study

(30e50GPa) is of particular interest as both effect of the vHs and

ZOmode become quite noticeably conflicting.
Conclusion

In summary, we have studied the electronic, vibrational and

superconducting properties of the predicted P63mc layered

hexagonal structure of PdH2. This layered van der Waals

structure has been shown to exhibit an uncommon combina-

tion of several different phenomena. From the electronic

properties, we have found van Hove singularity around the

Fermi level. This vHs is dynamic with compression andmoves

frombelowtheFermi level to above it on compressionbetween

30 and 40 GPa. The vibrational properties also unravel an

interesting phenomenon in the form of an out-of-plane inter-

layer breathing (ZO) mode above 15 GPa. This is a signature to

the fact that the layers are held together by weakly interacting

van der Waals forces. With a decrease in the unit cell volume,

the frequency of this ZO mode increases except for in a small

pressure range between 30 and 40 GPa once again. Therefore,

the presence of both vHs and ZOmode is capable of tuning the

superconducting properties considerably. Following the

claimsmade in previous studies regarding palladiumhydrides

to be ambient pressure superconductors [29,30], we calculated

the superconducting properties of the studied system at

various pressure points. Indeed, it is a superconductor at 0 GPa

with a Tc of 24 K. As per our intuition about the evolution of

superconducting properties with pressure with respect to vHs

and ZO mode, we found from our calculations that the ZO

mode contributes significantly to the l. In the 30e40 GPa

pressure range, thedecrement in the frequencyof theZOmode

is calculated to be more dominant than the vHs crossing the

Fermi level while describing the superconductivity. Therefore,

unlike most other studied hydride systems, for this layered

structure of PdH2, the presence of ZO mode and vHs also play

crucial roles in determining the superconductivity. Our work

paves the way for further studies to be done on

https://doi.org/10.1016/j.ijhydene.2022.12.312
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superconducting properties of layered structures showing

unique vibrational properties owing to van der Waals

interactions.
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