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C Kürkçü1 and C Soykan2*
1Department of Electronics and Automation, Kırsehir Ahi Evran University, Kirsehir, Turkey

2Department of Medical Services and Techniques, Kırsehir Ahi Evran University, Kirsehir, Turkey

Received: 05 February 2026 / Accepted: 16 June 2026

Abstract: The development of efficient and environmentally friendly solid-state hydrogen storage materials remains a

major challenge for clean energy technologies. In this study, the structural, electronic, mechanical, optical, vibrational,

thermal, and hydrogen storage properties of K-doped Rb7KSn4H16 were systematically investigated using first-principles

density functional theory calculations. The compound was constructed by partial substitution of Rb with K in the parent

Rb2SnH4 structure to evaluate the effect of alkali-metal doping on hydrogen storage performance and physical properties.

The calculated negative formation energy confirms thermodynamic stability, while the absence of imaginary phonon

frequencies demonstrates dynamical stability. Electronic structure calculations reveal that Rb7KSn4H16 is a direct band gap

semiconductor with a band gap of 0.722 eV. Mechanical analysis indicates brittle behavior with dominant covalent

bonding characteristics. Optical results show enhanced low-energy reflectivity and optical conductivity after K substitution.

Thermal calculations indicate robust lattice stability with heat capacity saturation near 140 cal/mol K at elevated tem-

peratures. The compound exhibits a gravimetric hydrogen storage capacity of approximately 2.88 wt%, demonstrating the

potential of alkali-metal substitution for tuning complex hydrides. Although this value remains below the current U.S. DOE

target for practical applications, the combined thermodynamic, mechanical, and dynamical stability highlights

Rb7KSn4H16 as a promising candidate for future solid-state hydrogen storage research.
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1. Introduction

Developing clean, efficient, and sustainable energy sources

has become a major global challenge due to climate change

and the depletion of fossil fuel resources. Among various

alternative energy carriers, hydrogen has attracted signifi-

cant attention because of its high gravimetric energy den-

sity (120 MJ/kg) and environmentally friendly nature,

producing only water during combustion. However, effi-

cient hydrogen storage, particularly for mobile and

portable applications, remains a major obstacle to its

widespread utilization in energy systems [1–3].

Hydrogen can be stored through compression, lique-

faction, or solid-state storage methods [4]. Among these

approaches, solid-state hydrogen storage using metal and

complex hydrides has received considerable interest

because of its safety, reversibility, and high volumetric and

gravimetric storage potential [5]. Consequently, the

development of advanced hydrogen storage materials with

improved performance has become an important research

topic in materials science and renewable energy applica-

tions [6–8].

Recent advances in computational materials science,

particularly Density Functional Theory (DFT), have

enabled the prediction and design of novel hydrogen stor-

age materials with tailored physical properties [9–13].

Alkali and alkaline-earth-metal-based hydrides are espe-

cially attractive due to their tunable structural and chemical

characteristics through elemental substitution [12, 14–16].

Recent theoretical and experimental studies have

demonstrated that compositional engineering can signifi-

cantly influence the hydrogen storage behavior and multi-

functional physical properties of complex hydrides. In
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particular, recent first-principles studies by Mubashar and

co-authors have provided valuable insight into the effects

of structural stability, electronic structure, optical response,

and thermodynamic behavior on the hydrogen storage

performance of advanced hydride materials [17–23].

Motivated by these developments, the present work

investigates the effect of K substitution on the structural,

electronic, mechanical, optical, vibrational, and hydrogen

storage properties of Rb2SnH4-based compounds [24].

Previous studies on Rb2SnH4 have reported limitations

associated with its thermal stability and hydrogen storage

capacity [24]. To overcome these limitations, elemental

substitution strategies have been widely employed to

modify bonding characteristics, lattice dynamics, and

thermodynamic behavior. Such modifications can influence

important physical parameters, including Debye tempera-

ture and heat capacity, which are closely related to

hydrogen adsorption and desorption performance [25].

In this work, we propose a targeted elemental substitu-

tion strategy by partially replacing Rb with the lighter K

atom to form Rb7KSn4H16. This substitution is expected to

modify the electronic structure, alter vibrational behavior,

and influence the thermodynamic stability of the parent

compound. Using first-principles DFT calculations, we

provide a comprehensive investigation of the structural,

electronic, mechanical, optical, vibrational, thermal, and

hydrogen storage properties of this compound. To the best

of our knowledge, this is the first comprehensive theoreti-

cal study of K-doped Rb7KSn4H16. Furthermore, the results

are systematically compared with those of the parent

Rb2SnH4 compound [24] to clarify the effects of K sub-

stitution on the overall hydrogen storage performance and

physical properties of the material.

2. Calculation methods

Total energy calculations were performed within the

framework of Density Functional Theory (DFT), as

implemented in the CASTEP code [26–29]. Using the

generalized gradient approximation (GGA) suggested by

Perdew, Burke, and Ernzerhof (PBE) [30], the exchange–

correlation effects were treated. The geometry optimization

of all crystal structures employed pseudopotentials with an

energy cutoff of 650 eV for both total energy and stress

evaluations.

For periodic crystalline systems, the electronic states are

described in reciprocal space, where sampling across the

Brillouin zone (BZ) is required. To improve computational

efficiency, these quantities are evaluated at a discrete set of

k-points within the BZ [31].

The Rb7KSn4H16 compound was modeled by con-

structing a 2 9 1 9 1 supercell of Rb7KSn4H16 and

substituting one Rb atom with one K atom. All calculations

were performed on this supercell. The interactions between

ionic cores and valence electrons were described using

ultrasoft pseudopotentials (USP) within the GGA-PBE

framework [20]. A Monkhorst–Pack k-point grid of

12 9 8 9 6, optimized for the supercell geometry, was

used to sample the reciprocal space [31].

The following valence electron configurations were

employed: Rb (4s2 4p6 5s1), Sn (4d10 5s2 5p2), K (3s2

3p6 4s1), and H (1s1). Geometric optimization was per-

formed using the BFGS minimization technique with ultra-

fine accuracy. The convergence criteria were set as: energy

change per atom B 1.0 9 10-6 eV, maximum Hellmann–

Feynman force B 0.01 eV/Å, maximum stress B 0.02

GPa, and maximum atomic displacement B 1.0 9 10-4 Å

[32].

This setup, utilizing USPs, was also employed for the

calculation of elastic constants to ensure consistency in the

mechanical properties derived from the optimized geome-

try [26].

Subsequently, to achieve higher accuracy in the calcu-

lation of response properties, single-point energy calcula-

tions were performed on the pre-optimized structures using

norm-conserving pseudopotentials (NCP). This approach

was specifically adopted for determining optical properties

(complex dielectric function) and phonon dispersion

spectra, as NCPs provide a more accurate description of

valence electron wavefunctions required for these calcu-

lations [26, 33]. This combined approach enables an

effective balance between computational efficiency and

numerical accuracy. Ultrasoft pseudopotentials (USP) were

employed for structural optimization and elastic calcula-

tions to reduce computational cost while maintaining reli-

able accuracy for the optimized geometry. In contrast,

norm-conserving pseudopotentials (NCP) were adopted for

optical and phonon calculations because they provide a

more accurate description of valence electron wavefunc-

tions, which is essential for response-property calculations.

Since all response-property calculations were performed

using the same pre-optimized crystal structure, method-

ological consistency was preserved throughout the study.

The electronic structure was analyzed by calculating the

band structure, total density of states (TDOS), and partial

density of states (PDOS). Thermal properties, including

heat capacity and Debye temperature, were derived from

the phonon density of states. Finally, the gravimetric

hydrogen storage capacity was evaluated based on the

stoichiometry of the optimized compound. The VESTA

software was used for visualization of the crystal structure

and charge density [34].
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3. Results and discussion

3.1. Structural properties

The monoclinic structure of K-doped Rb7KSn4H16

(2 9 1 9 1 supercell), which are a member of the space

group P2 (International Tables 3, Unique axis b) and

reciprocal space group P121, is shown in Fig. 1. There are

28 atoms (H:16, Rb:7, Sn:4, and K:1) in the (2 9 1 9 1)

supercell.

The optimized lattice parameters, volume, and forma-

tion energy for K-doped Rb7KSn4H16 are listed in Table 1.

To the best of our knowledge, this is the first theoretical

report on this compound, thus no direct comparisons with

other studies are available.

In addition, the thermodynamic stability of the P2

(International Table 3, Unique axis b) phase of the K-doped

Rb7KSn4H16 was ascertained by computing the formation

energy. Equation 1 calculated a formation energy of

-0.020 for this structure.

DHf ¼
1

nRb þ nSn þ nK þ nH2
ð Þ Etot Rb7KSn4H16ð Þ � nRbEtot Rbð Þ½

�nKEtot Kð Þ � nSnEtot Snð Þ � nH2
Etot H2ð Þ�

ð1Þ

While ERb, ESn, and EK stand for the total energy of the

ground state of the Rb, Sn, and K elements in their bulk

forms, respectively, EH2
represents the total energy of the

hydrogen molecule. The numbers of Rb, Sn, K, and H

atoms in the unit cell are indicated by the symbols nRb, nSn,

nK and nH2
. Etot Rb7KSn4H16ð Þ represents Rb7KSn4H16’s

total energy. The compound has a negative caulated

formation energy. This suggests that the structure can be

produced experimentally and is thermodynamically stable.

3.2. Electronic properties

The electronic band structure and density of states of

K-doped Rb7KSn4H16 were calculated to elucidate its

conductive behavior and orbital interactions. As shown in

Fig. 2, the compound exhibits a direct band gap of

0.722 eV at the C point, classifying it as a semiconductor.

This direct gap suggests potential for optoelectronic

applications.

The total and partial density of states (TDOS/PDOS),

presented in Fig. 3, provide further insight into the elec-

tronic contributions. The valence band, located below the

Fermi level (EF = 0 eV), is primarily composed of Sn-p

states in the upper region (0 to -2 eV) and H–s states at

lower energies (-2 to -5 eV).

The conduction band, above EF, is dominated by H–s

states near the band edge (0–2 eV), followed by Rb-p states

(2–3 eV) and Sn-s states (3–4 eV) at higher energies. This

clear separation and character of the states confirm the

semiconducting nature of the compound and the covalent

character of the bonding, consistent with the mechanical

properties.

As shown in Table 2, the Mulliken bond population

analysis reveals that the Sn–H interactions possess positive

bond populations ranging from 0.33 to 0.81, indicating

predominantly covalent bonding with different interaction

strengths. In general, shorter Sn–H bond lengths corre-

spond to higher bond populations, suggesting stronger

orbital overlap and enhanced bonding interactions. Similar

bonding characteristics and electronic interaction trends

have also been reported in recent first-principles studies on

hydrogen-related functional materials and complex com-

pounds [35–38]. In contrast, the Rb/K–H interactions

exhibit near-zero or slightly negative bond populations,

reflecting their predominantly ionic character. Further-

more, the negative H–H bond populations confirm the

absence of direct H2-like bonding within the structure.

These findings indicate that the structural stability of

Rb7KSn4H16 originates from a mixed covalent–ionic

bonding framework dominated by Sn–H interactions.

It should be noted that the calculated band gap was

obtained using the GGA-PBE exchange–correlation func-

tional, which is known to underestimate band gap values in

semiconducting materials due to its approximate treatment

of electron exchange and correlation effects. Therefore, the

actual experimental band gap of Rb7KSn4H16 may be lar-

ger than the present theoretical prediction. Nevertheless,

GGA-PBE calculations generally provide reliableFig. 1 The crystal structure of K-doped Rb7KSn4H16 compound
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qualitative trends for analyzing the electronic structure,

bonding characteristics, and comparative effects of ele-

mental substitution. More advanced approaches, such as

hybrid functionals (e.g., HSE06), may provide improved

quantitative accuracy and could be considered in future

investigations.

3.3. Elastic properties

Elastic constants are an extremely important parameter that

links the dynamic and mechanical stability of solid mate-

rials. It also provides important information about the

chemical bonding of atoms with one another in solid

materials. In the literature, the elastic constant tensor for

monoclinic-type structures consists of thirteen independent

elastic constants. These elastic constants are:

C11;C22;C33;C44;C55;C66;C12;C13;C15;C23;C25;C35;C46

[3]. These elastic constant values are different for seven

different crystal systems. The elastic constant values

obtained in this study are given in Table 3.

These elastic constants must satisfy the well-known

Born stability criteria to understand whether the materials

are mechanically stable. The Born criteria determine

whether a crystal structure can withstand small stresses

without spontaneous failure. The material is mechanically

unstable if these criteria are not met; even a small external

influence can break it. These criteria also evaluate whether

the system can remain energetically stable in the face of

small deformations applied to the crystal structure. The

Born stability criteria given for monoclinic-type structures

are as follows [39]:

C11 þ C22 þ C33 þ 2 C12 þ C13 þ C23ð Þ½ �[ 0;

C11 [ 0;C22 [ 0;C33 [ 0;C44 [ 0;C55 [ 0;C66 [ 0;

C33C55 � C2
35

� �
[ 0;C44C66 � C2

46 [ 0;

C22 þ C33 � 2C23ð Þ[ 0;

C22 C33C55 � C2
35

� �
þ 2 C23C25C35 � C2

23C55 � C2
25C33

� �� �

[ 0;

2 C15C25 C33C12 � C13C23ð Þ þ C15C35 C22C13 � C12C23ð Þ½f
þC25C35 C11C23 � C12C13ð Þ�

� C2
15 C22C33 � C2

23

� �
þ C2

25 C11C33 � C2
13

� �
þ C2

35 C11C22 � C2
12

� �� �

þC55 C11C22C33 � C11C
2
23 � C22C

2
13 � C33C

2
12 þ 2C12C13C23

� ��
[ 0

ð2Þ

Since the elastic constants obtained satisfy the stability

criteria given in Eq. 1, the material studied in this structure

is mechanically stable.

In the next stage, we will examine the Bulk modulus

(B), shear modulus (G), Young’s modulus (E), Poisson’s

ratio m, and Zener anisotropy factory (A) which help us to

understand how stiff, elastic, durable, or flexible a material

is and can be calculated using the elastic constants obtained

and given in Table 4.

The bulk modulus (B), shear modulus (G), Young’s

modulus (E), and Poisson’s ratio (m) were directly obtained

from the CASTEP output. The code employs the Voigt-

Reuss-Hill (VRH) averaging scheme to compute these

macroscopic mechanical properties for the monoclinic

crystal system from the calculated elastic tensor [39].

The mechanical properties of materials are one of the

main factors determining their performance in applications.

Especially in structural design, it is critical to determine

whether the material is ductile or brittle. In this context, the

ratio of Bulk modulus (B) to Shear modulus (G), i.e., B/G

ratio, is a practical and effective indicator used to predict

the ductility and brittleness behavior of materials.

In materials science and engineering, the plastic defor-

mation capacity of a material is directly related to its

ductility. Ductile materials deform significantly before

fracture, while brittle materials fracture with very little

deformation. Quantifying this behavior is of great impor-

tance, especially in the design of the next generation of

alloys, ceramics, and composite materials. The B/G ratio,

proposed by Pugh in 1954 [40], is one of the most widely

used criteria for this purpose.

According to Pugh, if the B/G ratio obtained for a

material is below 1.75, the material is brittle, and if it is

above 1.75, the material has ductile properties. In addition,

if this value is above 2.5, it can be said that the material has

a very high degree of ductility with plastic deformation

Table 1 The lattice constants (a, b, c in A0), volume (V in A3Þ, the formation energy (DHf eV=atomð Þ), and gravimetric capacity (Gwt (%)) of K-

doped Rb7KSn4H16 compound

Material Lattice constans (A0) a, b, c Volume DHf eV=atomð Þ Gwt %ð Þ Reference

Rb7KSn4H16 5.939, 9.396, 12.569 694.176 - 0.020 2.88 This study
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capability. The material shows brittle qualities since the

B/G ratio was found to be 0.934 in this work.

Poisson’s ratio provides important information about the

volume change and strain behavior of a material under

load. When a material elongates during elastic deforma-

tion, the bonds between the atoms open while the sides

contract. This behavior is studied by Poisson’s ratio.

Should the Poisson’s ratio be approximately 0.1, the atoms

comprising the substance create covalent links with one

another. Should this ratio be approximately 0.25, they

create ionic bonds. Should it be about 0.5, they create

metallic connections, which are weaker. The atoms are

covalently linked to one another since the Poisson’s ratio

value acquired in this work is 0.106.

Most elastic properties of materials with crystalline

structures are modeled assuming that they are isotropic.

However, especially in materials with crystalline structures

such as single crystal structures, ceramics, metals, and

intermetallic compounds, elastic properties can vary

depending on the crystal orientation. This is defined as

elastic anisotropy. One of the most common parameters

used to quantitatively evaluate this difference is the Zener

anisotropy ratio [41]. If A = 1, the material behaves elas-

tically isotropically. This implies that the structure exhibits

direction-independent mechanical properties. If A = 1, the

material is anisotropic, meaning that it gives different

elastic responses in different directions. The further A is

from 1, the greater the anisotropy.

3.4. Optical properties

The optical properties of K-doped Rb7KSn4H16 were

investigated through the complex dielectric function,

e(x) =e1(x) ? ie2(x), which provides essential informa-

tion about the interaction between the material and elec-

tromagnetic radiation. Based on this function, optical

parameters such as optical conductivity, reflectivity, and

absorption coefficient were calculated.

Figure 4 displays the energy-dependent real (e1) and

imaginary (e2) parts of the dielectric function. The real

part, e1, which is associated with polarization and refrac-

tive behavior, exhibits a significant static dielectric con-

stant [e1(0)] and a prominent peak at approximately

1.24 eV. This low-energy feature indicates strong elec-

tronic polarization in the infrared region. Subsequently, e1
decreases to negative values in the intermediate energy

range (* 5–15 eV), indicating metallic-like reflective

behavior. The plasma resonance frequency, identified by

the zero-crossing of e1, is observed around 10.5 eV.

The imaginary part, e2, which represents optical

absorption, reveals the onset of direct electronic transitions

near the fundamental band gap (* 0.72 eV). The main

absorption peaks observed at 3.93 eV and 5.76 eV origi-

nate from transitions between the valence and conduction

bands, consistent with the PDOS results presented in

Fig. 3. The overall dielectric response confirms the semi-

conducting character of the compound, while the pro-

nounced low-energy features indicate that K substitution

significantly modifies the electronic structure compared to

the parent Rb2SnH4 compound [24].

The imaginary part of the dielectric function, e2(x),
shown in Fig. 4, provides insight into the optical absorption

and interband transitions of Rb7KSn4H16. The onset of e2
around 0.72 eV corresponds to the fundamental direct band

gap, consistent with the electronic structure calculations.

The prominent peaks at 3.93 eV and 5.76 eV originate

from major interband transitions between the valence and

conduction bands, indicating strong optical absorption in

this energy region. These features are also consistent with

Fig. 2 Electron energy levels along high-symmetry axes for K-doped

Rb7KSn4H16 compound

Fig. 3 The total and partial density of states curve for K-doped

Rb7KSn4H16 compound
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the PDOS results presented in Fig. 3. The subsequent

minimum in e2 around 13.12 eV indicates reduced optical

loss and coincides with the energy range where e1(x)
becomes positive again. At higher energies, the features

above 15 eV, including the peak at 19.69 eV, are attributed

to deeper electronic excitations. Finally, the convergence

of e2(x) toward zero beyond 27 eV suggests that the

material becomes nearly transparent at energies above the

plasmon frequency.

A comparative analysis with the parent compound

Rb2SnH4 [24] reveals that K substitution in Rb7KSn4H16

enhances the low-energy dielectric response. This is evi-

denced by the increased intensity of the first peak in e1(x)
below 3 eV, indicating stronger electronic polarization in

the infrared region. While the overall behavior of e(x) in
the mid- and high-energy regions remains largely

unchanged, the low-energy modification highlights the

effectiveness of elemental substitution in tuning the opto-

electronic response of the material.

The frequency-dependent optical conductivity, r(x), of
Rb7KSn4H16 is presented in Fig. 5. The real part of the

optical conductivity, r1(x), begins to increase near the

fundamental band gap (* 0.72 eV), consistent with the

onset of optical absorption. The spectrum exhibits two

prominent peaks. The first major peak, located at 5.93 eV

with an intensity of 2.44 (1/fs), originates from dominant

interband electronic transitions and corresponds to the

main absorption region observed in the e2(x) spectrum

(Fig. 4). A second broader and more intense peak appears

at 19.81 eV with an intensity of 3.06 (1/fs), which is

associated with higher-energy electronic excitations.

The overall shape of the optical conductivity spectrum is

consistent with the dielectric function analysis. The gradual

decrease in r1(x) beyond the main peaks indicates a

reduction in interband electronic transitions at higher

energies. Furthermore, the convergence of the optical

conductivity toward zero above approximately 29 eV

suggests the disappearance of significant photo-response in

this energy region.

The optical reflectivity spectrum, R(x), of Rb7KSn4H16

is displayed in Fig. 6. The material exhibits relatively high

reflectivity in the low-energy region (below * 3 eV),

consistent with the enhanced low-energy dielectric

response observed in e1(x). This behavior is associated

with the semiconducting nature of the compound and its

relatively low optical absorption in this energy range.

The reflectivity spectrum exhibits features consistent

with the electronic transitions observed in the e2(x) and

r1(x) spectra. In the intermediate energy region, the

reflectivity decreases due to enhanced optical absorption.

At higher energies, beyond approximately 36 eV, the

reflectivity approaches zero, indicating that the material

becomes nearly transparent to high-energy photons.

The frequency-dependent optical absorption coefficient,

a(x), of Rb7KSn4H16 is presented in Fig. 7. The absorption

spectrum exhibits two primary maxima at 6.43 eV and

21.33 eV, corresponding to the major interband transitions

identified in the e2(x) and r1(x) spectra. A region of

reduced absorption is observed around 13.24 eV, which

coincides with a similar decrease in the optical conduc-

tivity spectrum. This behavior indicates consistency among

the calculated optical properties.

The absorption edge appears near the fundamental band

gap (* 0.72 eV), confirming the semiconducting nature of

the compound. At higher energies (above * 29 eV), the

absorption coefficient approaches zero, indicating that the

material becomes nearly transparent to high-energy

photons.

3.5. Vibrational properties

The dynamical stability of Rb7KSn4H16 was assessed by

calculating its phonon dispersion spectrum along high-

symmetry directions in the Brillouin zone (Z-C-C-Y-Z), as
presented in Fig. 8. The absence of any imaginary fre-

quencies (soft modes) across the entire Brillouin zone

confirms that the compound is dynamically stable. This is a

crucial prerequisite for its practical synthesis and

application.

Table 2 Representative Mulliken bond populations and bond lengths for Rb7KSn4H16

Bond Bond population Bond length (A0) Bond character

Sn–H 0.81 1.786 Strong covalent

Sn–H 0.65 1.870 Moderate covalent

Sn–H 0.33 2.156 Weak covalent

H–H - 0.15 to - 0.11 2.600 Non-bonding/repulsive

Rb–H 0.00 2.902–2.950 Predominantly ionic

K–H 0.00 2.923 Predominantly ionic
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The unit cell of Rb7KSn4H16 contains 28 atoms,

resulting in a total of 84 phonon branches (3N, where

N = 28). As expected, three acoustic branches are visible

in the low-frequency region, originating from the C point,

while the remaining 81 branches are optical modes. The

significant gap between the low-frequency acoustic modes

and the higher-frequency optical modes is indicative of the

mass difference between the heavy metal atoms (Rb, K,

Sn) and the light hydrogen atoms. The optical modes above

approximately 15 THz are predominantly associated with

hydrogen vibrations, which are critical for hydrogen stor-

age properties as they relate to the stability and dynamics

of the hydrogen bonds within the structure.

3.6. Thermal properties

The thermal properties of Rb7KSn4H16, derived from the

phonon density of states, are presented in Figs. 9 and 10.

The temperature dependence of the heat capacity (CV)

follows the characteristic trend for solids, as described by

the Debye model [42–45]. At very low temperatures

(T\ 100 K), CV exhibits a T3 dependence. It then

increases rapidly and approaches a near-constant value of

approximately 140 cal/mol K at high temperatures, in

accordance with the Dulong-Petit law [42–44].

The incorporation of the lighter K atom in place of Rb is

expected to influence the vibrational spectrum, leading to a

modification of the thermal properties compared to the

parent compound. This is reflected in the calculated Debye

temperature (HD), shown in Fig. 10. The value of HD,

which is a measure of the lattice stiffness and the maximum

phonon frequency, stabilizes at higher temperatures, indi-

cating robust thermal stability of the crystal lattice over a

wide temperature range [45]. This thermal stability is a

desirable property for hydrogen storage materials, as it

suggests that the material can maintain its structural

integrity during repeated hydrogen adsorption and des-

orption cycles, which involve temperature variations.

3.7. Hydrogen storage properties

The hydrogen storage potential of K-doped Rb7KSn4H16

was evaluated based on its stoichiometry and the calculated

physical properties discussed in previous sections. The

gravimetric hydrogen storage capacity was calculated to be

approximately 2.88 wt%, according to the standard gravi-

metric capacity equation [46]. This value is competitive for

complex hydrides and meets one of the preliminary

benchmarks for practical solid-state hydrogen storage

systems.

This storage capacity, coupled with the material’s fun-

damental properties, underscores its promise. The com-

pound is thermodynamically stable (negative formation

energy), mechanically stable (satisfies Born criteria), and

dynamically stable (no soft phonon modes). Crucially, the

thermal analysis indicates high thermal stability over a

wide temperature range (Figs. 9 and 10). A stable Debye

temperature (HD) profile at elevated temperatures suggests

that the crystal lattice can withstand thermal stresses,

which is essential for the structural integrity of a material

undergoing repeated hydrogen adsorption and desorption

cycles.

Furthermore, the constituent elements (K, Rb, Sn) are

generally considered to have low environmental toxicity.

Unlike some other hydrogen storage materials, such as

NH3BH3 which releases toxic ammonia upon decomposi-

tion, Rb7KSn4H16 is not expected to produce highly

harmful byproducts during hydrogen release. This combi-

nation of a respectable theoretical capacity, multifaceted

stability, and a relatively benign environmental profile

positions K-doped Rb7KSn4H16 as a promising and sus-

tainable candidate for further investigation in solid-state

Table 3 The independent elastic constants (Cij in GPa) for K-doped Rb7KSn4H16 compound

Material C11 C12 C13 C15 C23 C25 C35 Functional

Rb7KSn4H16 13.299 2.422 1.326 2.391 23.419 0.097 2.390 GGA-PBE present

C46 C22 C33 C44 C55 C66

0.714 10.810 26.477 8.597 5.853 5.996

Table 4 The calculated mechanical properties (Bulk modulus B, Shear modulus G, Young’s modulus E in GPa), B/G ratio, Zener anisotropy

factor (A), Poisson’s ratio (m) for K-doped Rb7KSn4H16 compound

Material (GPa) B G E B=G A t Functional

Rb7KSn4H16 10.493 11.229 24.831 0.934 1.581 0.106 GGA-PBE present

First-principles investigation of K-doped Rb7KSn4H16



hydrogen storage applications, such as in fuel cells and

renewable energy storage systems.

Although the calculated gravimetric hydrogen storage

capacity of Rb7KSn4H16 (2.88 wt%) demonstrates the

potential of alkali-metal substitution for tuning complex

hydrides, this value remains below the current U.S.

Department of Energy (DOE) target (* 5.5 wt%) for

practical onboard hydrogen storage systems. In addition,

important practical parameters such as hydrogen desorp-

tion temperature, adsorption/desorption kinetics,

reversibility, and cycling stability were not evaluated in the

present theoretical study. Therefore, further experimental

and advanced computational investigations are necessary

to fully assess the practical applicability of this material for

real hydrogen storage technologies.

For a more comprehensive assessment, the hydrogen

storage capacity of Rb7KSn4H16 (2.88 wt%) can be com-

pared with both the U.S. DOE target (* 5.5 wt%) and

other representative complex hydrides reported in the lit-

erature. For instance, several alkali-metal-based hydrides

and doped systems typically exhibit hydrogen storage

capacities in the range of 1–5 wt%, depending on their

structural and chemical composition. Although the present

compound does not yet reach the DOE target, its perfor-

mance is comparable to many recently reported theoretical

hydride systems, particularly those investigated via first-

principles calculations. When combined with its thermo-

dynamic, mechanical, and dynamical stability, this com-

parison suggests that Rb7KSn4H16 may serve as a useful

reference system for further compositional engineering

aimed at improving hydrogen storage performance.

Fig. 4 The optical dielectric function for K-doped Rb7KSn4H16

compound

Fig. 5 The optical conductivity (1/fs) for K-doped Rb7KSn4H16

compound
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Fig. 6 The optical reflectivity for K-doped Rb7KSn4H16 compound
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Fig. 7 The optical absorption (cm-1) for K-doped Rb7KSn4H16

compound
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To provide a clearer perspective on the performance of

the present compound, a comparative summary of

Rb7KSn4H16 with representative hydrogen storage materi-

als is presented in Table 5. The comparison includes key

parameters such as hydrogen storage capacity, electronic

band gap, and stability characteristics.

As seen in Table 5, the hydrogen storage capacity of

Rb7KSn4H16 (2.88 wt%) is comparable to several reported

complex hydrides, including Rb2SnH4 and Mg-based

hydrides, while remaining lower than highly optimized

systems such as certain XGaH5 (X=Ca, Mg) compounds.

Despite this moderate storage capacity, Rb7KSn4H16

demonstrates a balanced combination of thermodynamic,

mechanical, and dynamical stability, which is not always

simultaneously achieved in many higher-capacity hydride

systems. In addition, its relatively narrow band gap

(0.722 eV) suggests favorable electronic tunability

compared to wider-gap hydrides such as XGaH5 com-

pounds. Overall, this comparison indicates that while the

hydrogen storage capacity is not among the highest

reported values, the multifunctional stability and consistent

physical properties position Rb7KSn4H16 as a structurally

robust candidate for further materials design strategies.

4. Conclusions

In this study, we presented a comprehensive first-principles

investigation of the structural, electronic, mechanical,

optical, dynamic, thermal, and hydrogen storage properties

of the K-doped rubidium tin hydride, Rb7KSn4H16.

Our calculations confirm that the compound is thermo-

dynamically stable, as evidenced by its negative formation

energy. Electronic structure analysis reveals a direct band

gap of 0.722 eV, characteristic of a semiconductor.

Mechanically, the compound is stable according to the

Born criteria for monoclinic crystals and exhibits brittle

behavior with predominantly covalent bonding, as indi-

cated by a Pugh’s ratio (B/G) of 0.934 and a Poisson’s ratio

of 0.106. The optical properties demonstrate strong low-

energy features, including high reflectivity and conductiv-

ity, suggesting potential for optoelectronic applications in

the infrared regime.

Crucially, the compound’s dynamic stability is con-

firmed by the absence of imaginary frequencies in its

phonon dispersion spectrum. Thermal property calculations

indicate a high heat capacity, saturating at approximately

140 cal/mol K, and a stable Debye temperature profile,

both signifying robust thermal stability over a wide tem-

perature range. This is a key attribute for a material

intended for cyclic hydrogen storage and release

operations.

Fig. 8 Variation of phonon frequencies along high-symmetry points

for K-doped Rb7KSn4H16 compound

Fig. 9 The heat capacity curve for K-doped Rb7KSn4H16 compound

Fig. 10 The Debye temperature curve for K-doped Rb7KSn4H16

compound

First-principles investigation of K-doped Rb7KSn4H16



Most significantly, the compound exhibits a gravimetric

hydrogen storage capacity of 2.88 wt%, demonstrating the

influence of alkali-metal substitution on tuning the prop-

erties of complex hydrides. Although this value remains

below the current U.S. DOE target for practical hydrogen

storage applications, the combined thermodynamic,

mechanical, and dynamical stability of K-doped

Rb7KSn4H16 suggests that it may serve as a useful candi-

date for further theoretical and experimental investigations

in solid-state hydrogen storage research.
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