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Efficient hydrogen storage is essential for advancing clean energy technologies. In this study, based on
density functional theory (DFT), we report the hydrogen storage functionality of the post-transition
metal dichalcogenides including SnS, and SnSe, monolayers modified by decoration with alkali (Li, Na,
K) and alkaline-earth (Mg, Ca) metals. We reveal that Ca-decorated SnS, and SnSe, offer the
most favorable hydrogen adsorption, with binding energies of approximately —0.15 eV per H, via strong
physisorption. These systems can accordingly achieve the maximum gravimetric storage capacities
ranging from 2.67 to 4.64 wt%. We further assess the key practical parameters relevant to storage
capacities, including pressure, desorption temperature, and the influence of an external electric field. At
a hydrogen pressure of 100 bar, the desorption temperatures for Ca—-SnS, and Ca—SnSe, are calculated
to be ~226 K and ~229 K, respectively. These values particularly approach the lower operational
threshold of proton exchange membrane (PEM) fuel cells (~233 K). Additionally, the desorption tem-
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dichalcogenides as promising candidates for hydrogen storage, offering tunable performance through

metal doping and external electric field control.
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properties.®® For instance, carbon-based materials like gra-
phene, porous graphene, and carbon nanotubes have shown
enhanced hydrogen adsorption when decorated with

1. Introduction

The global transition toward sustainable energy has positioned

hydrogen as a promising clean energy carrier capable of signifi-
cantly reducing carbon emissions." With its high gravimetric
energy density and water as its only byproduct, hydrogen offers
a compelling alternative to fossil fuels.>® However, safe, effi-
cient, and economically viable hydrogen storage remains a key
challenge. Conventional storage methods—such as high-pressure
gas cylinders and cryogenic tanks—not only pose safety risks but
also require substantial energy input, limiting the practicality and
scalability of hydrogen-based energy systems.” These challenges
have spurred intensive research into solid-state hydrogen storage
materials that promise more stable, compact, and safer solutions.’

Two-dimensional (2D) materials have emerged as attractive
candidates for solid-state hydrogen storage due to their large
surface areas, reduced dimensionality, and tunable electronic
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metals.>'®"® Similarly, carbon-nitride frameworks (e.g., C,N,
C;N)"*7'° and other 2D systems such as boron carbon-nitride,"”
borophene,'® silicene,'® and BeN,>°>* have demonstrated pro-
mise not only for hydrogen but also for other gas-molecule
adsorption.”** Despite these advances, many 2D materials still
do not achieve the optimal hydrogen binding energies neces-
sary for practical storage applications.

Recently, transition metal dichalcogenides (TMDs) have
gained attention as potential platforms for hydrogen evolu-
tion*>*?® and storage.””*® Well-known for their catalytic, elec-
tronic, and optoelectronic properties, TMDs such as MoS, and
WS, typically exhibit weak interactions with H, molecules in
their pristine form, resulting in limited hydrogen uptake.””
Metal atom decoration—particularly with alkali and alkaline-
earth metals—has been proposed as a strategy to overcome this
limitation.>*° The metal atoms donate electrons to the TMD
substrate, thereby modifying its local electronic structure to
create more favorable adsorption sites for hydrogen molecules,
enhancing binding energies and charge transfer interactions.
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In addition to hydrogen-related applications, recent density
functional theory (DFT) studies have demonstrated that 2D
transition metal dichalcogenides (TMDs) such as MoS, and
WSe, exhibit tunable electrochemical behavior under external
electric fields, showing strong ion adsorption, excellent struc-
tural stability, and reduced diffusion barriers for charge
carriers.>" These results further emphasize that surface mod-
ification and field effects can significantly tailor the adsorption
energetics and charge-transport characteristics in 2D TMD
systems, providing valuable benchmarks for investigating
post-transition-metal dichalcogenides like SnS, and SnSe,.

Beyond these conventional TMDs, recent DFT studies have
demonstrated that metal or cluster decoration can substantially
modify hydrogen-related activity on 2D surfaces. For example,
Au-cluster-decorated MoS, exhibits nearly thermoneutral hydrogen
adsorption free energy and enhanced electronic transport proper-
ties relevant to hydrogen electrocatalysis, emphasizing how surface
decoration tunes H-surface interactions and charge transfer
on TMDs.*?

In this study, we focus on SnS, and SnSe, monolayers, two
members of the TMD family that have received limited atten-
tion for hydrogen storage applications. Experimentally, the
synthesis of SnS, and SnSe, monolayers has been successfully
demonstrated using techniques such as chemical vapor deposi-
tion (CVD), vapor-phase deposition, and molecular beam epitaxy
(MBE).>*>® For instance, high-quality SnSe, monolayers with
excellent uniformity and crystallinity have been fabricated using
CVD, highlighting their potential for practical applications.*
In addition, exfoliation methods have also been employed to
isolate monolayer and few-layer SnS, and SnSe,, leveraging
their intrinsic layered structure and weak interlayer van der
Waals interactions.>® These well-established synthesis routes
provide strong experimental support for the viability of SnX,
monolayers as a platform for further surface modification and
functionalization. While direct experimental reports of metal-
atom decoration on SnX, specifically for hydrogen storage are
currently limited, the successful synthesis and stability of these
monolayers suggest that such functionalization is feasible.

While SnX, monolayers share the layered structure of con-
ventional TMDs, their electronic properties and interaction
with hydrogen can be significantly modified by metal decora-
tion. These materials have been more extensively studied
for applications such as Na-ion battery anodes®’° and gas
sensors,***! and for tuning their electronic and optical proper-
ties through structural modifications.*>*> Due to several key
advantages, alkali (Li, Na, K) and alkaline-earth (Mg, Ca) metals
were selected as decorating elements. First, these metals are light-
weight, which helps maintain a low overall system mass—an
essential criterion for achieving favorable gravimetric hydrogen
storage capacity.**** Second, their relatively low cohesive energies
reduce the likelihood of metal clustering on the substrate,
improving the stability and dispersion of single metal atoms
on the SnX, surface.’®*® Third, these metals readily donate
electrons to the substrate, modifying the local charge distribution
and creating favorable adsorption sites for molecular hydro-
gen through polarization and electrostatic interactions.*®*’

This journal is © the Owner Societies 2025

PCCP

Collectively, these properties make alkali and alkaline-earth
elements excellent candidates for enhancing hydrogen adsorp-
tion in 2D materials. Here, we use density functional theory
(DFT) calculations to systematically investigate the effects of
alkali and alkaline-earth metal decoration on hydrogen adsorp-
tion in SnS, and SnSe, monolayers.

To assess the practical viability of these materials for hydro-
gen storage, we further examine the influence of temperature,
pressure, and external electric fields on hydrogen adsorption
and desorption. The Gibbs free energy of adsorption is evalu-
ated to determine the stability of hydrogen adsorption under
realistic operating conditions, such as those required for pro-
ton exchange membrane (PEM) fuel cells. Additionally, the
impact of an external electric field is explored to tune adsorp-
tion properties, offering a potential strategy for improving
hydrogen storage performance. Our findings provide valuable
insights into the adsorption behavior, thermodynamic stability,
and tunability of metal-decorated SnS, and SnSe, monolayers
for hydrogen storage applications. This study establishes a
foundation for advancing experimental and theoretical appro-
aches to optimize 2D materials for clean energy technologies by
identifying crucial factors influencing hydrogen adsorption.
The findings emphasize the promise of SnS, and SnSe, mono-
layers as adjustable platforms for next-generation solid-state
hydrogen storage devices, offering theoretical insights that may
inform future experimental efforts for effective energy storage
applications.

2. Computational details

Our first-principles calculations were performed using density
functional theory (DFT) implemented in the Vienna ab initio
Simulation Package (VASP).***° The projector augmented-wave
(PAW) method described the interactions between core and
valence electrons. The exchange-correlation interactions were
treated using the Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA).>°
To consider van der Waals (vdW) interactions, we utilized the
DFT-D3 method with Becke-Johnson damping proposed by
Grimme.?" In some systems, we also tested other approaches
that account for vdW interactions, such as DFT-D2,%> DFT-D4,>?
and the Tkatchenko-Scheffler method,>* including another
functional, i.e., local-density approximation (LDA), which was
also used to investigate H, adsorption on the graphene and
related materials as for comparison with the GGA functio-
nals.>®”® For all calculations, a plane-wave energy cutoff of
500 eV was applied. The Brillouin zone integrations utilized a
Monkhorst-Pack k-point mesh of 12 x 12 x 1 for the primitive
unit cell calculations and 3 x 3 x 1 for the supercell. A3 x 3 x 1
supercell was used for metal binding and H, adsorption
studies, ensuring adequate separation between periodic images.
Structural relaxations were performed until the forces on each
atom were less than 0.02 eV A™', and the energy convergence
criterion was set to 107> eV. A uniform field was applied
perpendicular to the slab (along z) using the finite-field method
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implemented in VASP®” with dipole correction to avoid interac-
tions between the periodically repeated images. A vacuum layer of
30 A was applied in the normal direction to the monolayers to
prevent interactions between layers.

3. Results and discussion
3.1 SnS, and SnSe, monolayers

In principle, both SnS, and SnSe,, a family of TMDs (e.g:, Mo0S,,
MoSe,, WS,, and WSe,), can exist in trigonal (1T) and hexagonal
(2H) phases. Unlike 2H MoS, with a space group P6s/mmc, the 1T
phase of SnS, and SnSe,, with the space group notation of P3m1
(no. 164), is energetically more stable than the 2H phase.***® The
monolayer structures comprise a layer of tin (Sn) atoms surrounded
by two layers of chalcogen atoms (S or Se), creating a trigonal
prismatic coordination around the Sn atoms, as shown in Fig. 1(a).
The structural and electronic properties of SnS, and SnSe,
monolayers are summarized in Table 1. The lattice constants of
3.68 A for SnS, and 3.84 A for SnSe, reflect the larger atomic
radius of selenium, with corresponding Sn-X bond lengths
of 2.59 A (SnS,) and 2.73 A (SnSe,). These lattice constants
and bond lengths are consistent with previously reported
values.*>*” We calculated the cohesive energy of the SnX,
(where X = S, Se) monolayer using the following equation:

Esnx, — (nsn X Esp + nx x Ex) (1)
N b

Ecoh =

Fig. 1 Optimized atomic structures and charge difference distributions
for pristine and metal-decorated SnS, monolayers. (a) Pristine SnS, mono-
layer showing the two potential adsorption sites: the M site (above the Sn
atom) and the J site (above the lower-layer S atom). Panels (b)—-(f) show the
optimized structures of SnS, with adsorbed Li, Na, K, Mg, and Ca atoms,
respectively, occupying the M site. The overlaid charge difference maps
depict regions of charge accumulation (yellow) and charge depletion
(blue), illustrating the redistribution of electron density upon metal adsorp-
tion (isosurface value is 20% of the maximum value).
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Table 1 Calculated lattice parameters (a), cohesive energies (Ecop), SN—X
bond lengths (ds,—x. X = S, Se), thickness (dinici). and band gaps (Eg) for
SnS, and SnSe, monolayers

Property sSnS, SnSe,
a(A) 3.68 3.84
dsnx (A) 2.59 2.73
Econ (eV per atom) —3.68 —3.36
diniek (A) 2.96 3.19
Eq (eV) 1.57 0.77

where Eg,x, is the total energy of SnX, monolayer, ng,, and nx
are the total numbers of tin (Sn), and chalcogens (S, Se) atoms
in the monolayer. Es,,, and Ex denote the energies of isolated Sn
and X atoms, respectively, and N is the total number of atoms of
the monolayer. The cohesive energies of —3.68 eV per atom
for SnS, and —3.36 eV per atom for SnSe, indicate that SnS, is
slightly more stable.

In addition, the phonon dispersion spectra exhibit no
imaginary frequencies across the Brillouin zone for either
SnS, or SnSe,, demonstrating that both monolayers are dyna-
mically stable (see SI, Fig. S1). This finding confirms their
structural robustness and supports their feasibility as candi-
dates for hydrogen storage applications.

Our GGA-PBE calculated band gaps are underestimated
compared to HSE results, but align well with previously
reported values.®” According to HSE06 hybrid functional calcu-
lations, SnS, has a wider indirect band gap of approximately
2.40 eV,*® which is characteristic of semiconductors with
relatively low electrical conductivity due to limited thermally
excited charge carriers at room temperature.

Conversely, SnSe, possesses a narrower indirect band gap of
about 1.41 eV,*® implying enhanced electrical conductivity. The
smaller band gap allows more electrons to be thermally excited
from the valence band to the conduction band, increasing the
intrinsic carrier concentration. This significant difference in band
gap sizes influences their electronic properties during adsorption
processes. The higher conductivity of SnSe, may facilitate better
charge transfer interactions with adsorbates like hydrogen mole-
cules, potentially improving adsorption performance and making
it a more favorable candidate for hydrogen storage applications.

3.2 Adsorption of metal atoms on SnS, and SnSe, monolayers

Decorating two-dimensional (2D) materials with metal atoms is
a promising strategy to enhance their hydrogen storage cap-
abilities by introducing active sites and modifying electronic
properties. Here, we investigate the adsorption behavior of alkali
metals (Li, Na, K) and alkaline earth metals (Mg, Ca) on SnS, and
SnSe, monolayers using DFT-D3 calculations. Understanding the
binding characteristics and stability of these metal atoms on the
monolayer surfaces is crucial for evaluating their potential as
efficient hydrogen storage materials.

The metal binding energy (Epina) Was calculated to assess
the interaction between the metal atoms and the SnS, or SnSe,
monolayers. The binding energy is defined as:

Epinda = Em-snx, — (Esnx, + Em), (2)
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where Ey_snx, is the total energy of the SnX, monolayer with an
adsorbed metal atom M, and Egnx, is the total energy of the
pristine SnX, monolayer. Ey is the total energy of an isolated
metal atom M. A negative value of E;,q indicates that the
adsorption of the metal atom onto the monolayer is exothermic
and energetically favorable. We examined two potential adsorp-
tion sites for metal atoms on SnX,: (i) the site located directly
above the Sn atom, positioned at the center of the equilateral
triangle formed by the upper layer of S atoms, and (ii) the site
directly above the X atoms in the bottom layer. These sites are
commonly referred to as the M site (above the Sn atom) and the
J site (above the lower X atoms), following designations used in
previous studies.®” Based on our calculated binding energies in
Table S1, all examined metal atoms exhibit a clear preference
for binding at the M site rather than the J site on both SnS, and
SnSe, monolayers. Specifically, the calculated binding energies
at the M site are consistently lower (more negative) than those
at the J site, indicating stronger metal-substrate interactions.
The only exceptions occur for Li atoms on SnS, and SnSe,, and
Na atoms on SnS,, where the metal atoms remain bound to the
J site after geometry optimization. Nevertheless, even in these
cases, the binding energies at the M and ] sites are very close,
reflecting a subtle balance of stability between the two posi-
tions. Furthermore, the calculated binding energies are signifi-
cantly more negative than the corresponding cohesive energies
of these metals, confirming that isolated metal atoms will
preferentially bind to the SnS, and SnSe, surfaces rather than
forming metal clusters. Moreover, formation energies defined
as Etorm = Emesnx, — Esnx, — tm Where py is the chemical
potential referenced to the metal atom in the bulk on SnX,, are
all negative, confirming that the metal atoms are thermodyna-
mically stable when adsorbed on SnX, surfaces, as shown in
Table S2.

Fig. 1(a) shows the pristine SnS, structure with M and ] sites
labeled, while panels (b) through (f) display the optimized
structures of SnS, with Li, Na, K, Mg, and Ca adsorbed at the
M site. The accompanying charge density difference (CDD)
distributions (Ap) illustrate regions of charge accumulation
(vellow) and charge depletion (blue) due to metal adsorption.
These charge distributions help us understand the electronic
interactions between the adsorbed metals and the SnS, surface,
providing insight into the strength and nature of the metal-
SnS, bonds. A similar illustration for pristine and metal-
decorated SnSe, is shown in Fig. S2 in the SI.

The charge difference maps in Fig. 1 reveal distinct charge
redistribution patterns for each metal. We observe moderate
charge accumulation around the metal atoms for Li and Na
(Fig. 1(b) and (c)), indicating relatively weak but stable binding.
In contrast, K (Fig. 1d) shows less pronounced charge accumu-
lation, consistent with its relatively weak binding energy on
SnS,, as discussed earlier. This weaker binding is further
evidenced by the larger K-S distance compared to Li and Na,
suggesting K interacts less strongly with the SnS, surface.

For the alkaline-earth metals, Mg and Ca (Fig. 1(e) and (f)),
the charge difference maps show significant charge redistribu-
tion, particularly around Ca. The charge accumulation around
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Table 2 Summarizes the average metal-chalcogen bond distances and
the Bader charge (Qum) on the metal atoms adsorbed on SnS, and SnSe,
monolayers

Metal dri-s (A) dyise (A) Qwm-sns, (€) Qwm-snse, (€)
Ca 2.649 2.760 +1.013 +0.859
K 3.126 3.233 +0.783 +0.714
Li 2.431 2.531 +0.416 +0.350
Mg 2.408 2.527 +0.618 +0.494
Na 2.751 2.863 +0.671 +0.492

Ca is more pronounced than Mg, reflecting Ca’s higher binding
energy. This suggests that Ca forms a more stable and stronger
interaction with the SnS, surface than the other studied metals.
The Bader charge analysis in Table 2 shows that the relatively
high charge transfer from Ca to the SnS, monolayer further
supports this strong binding interaction.

The binding energies for these metal atoms, presented in
Fig. 2, reveal distinct trends across both monolayers. The
binding energies are generally more negative for SnSe, than
SnS,, indicating stronger interactions with SnSe,. The results
indicate that all metal atoms exhibit strong exothermic adsorp-
tion on SnS, and SnSe, monolayers. Among the alkali metals, Li
shows the most negative binding energies, suggesting the most
potent interaction with the monolayers. Calcium exhibits the
most negative binding energies for the alkaline earth metals,
indicating a robust adsorption affinity. Comparatively, the
binding energies on SnSe, are slightly more negative than
those on SnS, for all metals studied, suggesting that SnSe,
may interact more strongly with metal atoms than SnS,.

To assess the likelihood of metal atom clustering on the
monolayer surfaces, we compare the calculated binding ener-
gies to the cohesive energies (E.on) of the corresponding bulk
metals, as shown in Fig. 2. For all metal atoms, the binding
energies on both monolayers are more negative than their
respective cohesive energies (Eping < Econ)- This indicates that
it is energetically more favorable for the metal atoms to remain
adsorbed on the monolayer surfaces rather than clustering to
form bulk metal. For example, the binding energy of Ca on SnS,
is —3.80 eV, which is significantly more negative than its
cohesive energy of —1.98 eV. This thermodynamic preference
for adsorption over clustering ensures a high dispersion of
metal atoms on the monolayer surfaces, which is beneficial for
maximizing hydrogen adsorption sites.

Interestingly, the bond distances between metals and Se are
consistently longer than between metals and S, yet the binding
energies are still more negative on SnSe,. Moreover, the Bader
charge analysis shows that the charge transfer from the metals
to the monolayers is lower on SnSe, than on SnS,. This suggests
that factors such as electronic structure and lattice flexibility
likely contribute to the stronger adsorption observed on SnSe,
despite the longer bond distances and lower charge transfer.

To evaluate the thermal and structural stability under rea-
listic operating conditions, we conducted ab initio molecular
dynamics (AIMD) simulations for representative metal-decorated
SnS, and SnSe, monolayers at 300 K for 10 ps. For single-metal-
atom decoration, the AIMD results showed excellent structural
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Fig. 2 Binding energies of alkali and alkaline-earth metals (Li, Na, Mg, K,
Ca) adsorbed on SnS, (blue bars) and SnSe, (green bars) monolayers
are compared with the cohesive energies of the metals (red circles). The
dashed line only serves to guide the eyes.

integrity with negligible displacement of the decorated atoms,
indicating robust adsorption sites and minimal risk of clustering
or migration (see Fig. S3-S12 in SI). Thus, these structures
demonstrate sufficient stability for practical hydrogen storage
applications. However, upon increasing the decoration density
to multiple metal atoms per supercell, only Li and Na decorations
maintained structural stability with minimal distortion. Conver-
sely, K, Mg, and Ca decorated systems exhibited noticeable
structural distortions, although significantly, no metal atoms
detached from the SnX, substrates. The observed structural dis-
tortions at higher coverages suggest that metal loading and
distribution must be optimized for practical application. Strategies
such as vacancy engineering, co-doping, or controlled placement
of metal atoms could mitigate these issues, thereby enhancing
structural robustness under realistic operational conditions.

3.3 Hydrogen adsorption on pristine and metal-decorated
SnS, and SnSe,

To establish a baseline for hydrogen uptake, we initially exam-
ined pristine SnS, and SnSe, monolayers. In these systems, H,
molecules generally orient themselves above the Sn center
(M-site). Our DFT calculations yield adsorption energies of
approximately —0.051 eV for SnS, and —0.055 eV for SnSe,,
indicating slightly stronger H, binding in SnSe,. These values
are used as criteria to determine the maximum number of
adsorbed H, molecules for each system in Table 4. Neverthe-
less, both values reflect weak physisorption, dominated by van
der Waals interactions rather than substantial charge transfer.
Such weak adsorption suggests that pristine SnS, and SnSe,
alone are not optimal for hydrogen storage, underscoring the
need for material engineering—such as metal decoration—to
enhance adsorption energetics.

We subsequently investigated hydrogen adsorption on Li-,
Na-, K-, and Ca-decorated SnS, and SnSe, monolayers, system-
atically placing H, molecules near the adsorbed metals. After
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optimizing each geometry. To comprehensively examine the
adsorption configurations, several initial orientations of H,
molecules were considered for each metal-decorated SnS, and
SnSe, monolayer, including (i) parallel (side-on) to the surface,
(ii) perpendicular (end-on) to the surface, and (iii) tilted orien-
tations relative to the metal atom. The H, molecules were
initially placed sufficiently far apart from one another to
minimize intermolecular interactions. All configurations were
fully relaxed without any geometric constraints, and the opti-
mized H-H bond lengths (~0.75-0.76 A) confirm that the
adsorption is dominated by weak physisorption rather than
chemisorption, we calculated the consecutive adsorption ener-
gies to evaluate how each additional H, molecule modifies the
binding environment. We define the consecutive adsorption
energy Ejnq, for the n-th H, molecule as follows:

Egas = EM+SnX2+nH2 - ESnX2+M+(n71)H2 - EHZ; 3)

where Enisnx,+nm, and Esnx, mv+(n—1)n, are the total energy of the
metal-decorated SnX, monolayer with n and n — 1 adsorbed H,
molecules, respectively. Ey is the total energy of an isolated H,
molecule in the gas phase.

Fig. 3 presents these adsorption energies for 1-5 H, mole-
cules on (a) SnS, and (b) SnSe,, with horizontal dotted lines
indicating the adsorption energies of H, on the pristine mono-
layers. A few important trends emerge. First, the initially
adsorbed H, molecules often exhibit more negative (i.e., stron-
ger) adsorption energies, typically falling in the range of about
—0.15 to —0.20 eV per H, for certain metal dopants. These
values lie between typical physisorption (below —0.10 eV) and
chemisorption (often above —0.50 eV), suggesting a blend of
interactions. Specifically, partial charge transfer from the deco-
rated metal to the substrate creates localized charges or polarized
sites on the surface, which can induce Coulombic (electrostatic)
attraction and polarization effects in the H, molecules. While
these mechanisms exceed the strength of purely non-specific van
der Waals interactions, they do not amount to complete orbital
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Fig. 3 Adsorption energies of individual H, molecules on metal-decora-
ted (a) SnS; and (b) SnSe, monolayers. The adsorption energies are shown
for up to five hydrogen molecules on surfaces decorated with Li (blue
circles), Na (orange squares), K (green triangles), and Ca (red diamonds).
The horizontal dotted lines show the adsorption energies of a H, molecule
on pristine SnS; and SnSe,.
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hybridization or bond formation, placing the adsorption in the
regime sometimes referred to as strong physisorption.

As additional H, molecules adsorb, Li and Na systems often
experience a gradual decrease in adsorption energy, indicating
a saturation effect or mutual repulsion between adsorbates. In
contrast, Ca-decorated monolayers exhibit relatively consistent
adsorption energies at higher coverages, highlighting their
capacity to accommodate multiple H, molecules with a lower
penalty in binding strength. Subtle differences between SnS,
(Fig. 3(a)) and SnSe, (Fig. 3(b)) also appear—likely due to
variations in their electronic structures. The overall trends
remain similar. In both materials, Ca emerges as a standout
dopant, balancing favorable H, adsorption with the ability to
maintain exothermic adsorption across several molecules.

Fig. 4 shows the maximum-coverage configuration for
Ca-decorated SnS, with five adsorbed H, molecules. Panels
(a) and (b) present the side and top views of the CDD plots,
revealing clear electron depletion around the Ca atom and
accumulation on adjacent Sn-S bonds. This indicates that Ca
donates charge to the substrate, while the H, molecules exhibit
only weak polarization, with minor charge redistribution along
the H-H axis but no charge accumulation between H and Ca.
These results confirm that the H-H covalent bonds remain
intact and that adsorption arises primarily from electrostatic
polarization rather than covalent bonding. The optimized
geometry shows H,-Ca distances ranging from 2.73 A to
3.35 A (averaging ~ 3.0 A), while the H-H bond length remains
nearly unchanged at ~0.76 A, consistent with strong physisorp-
tion. The average metal-H, distances and bond lengths across
different decorated systems are summarized in Table 3.

Fig. 4(c) provides the corresponding density of states (DOS),
decomposed into the Ca 3d (red) and H 1s (blue) contributions,
with the dashed line representing the Fermi energy. The minimal
overlap between these states corroborates the interpretation of a
weakly chemisorbed or “enhanced physisorption” regime. The
lack of significant new bonding peaks near the Fermi level further
underscores that hydrogen remains physisorbed on the surface,

() —TotalDOS M Ca-3d H-1s

A U‘

©

o

Density of States (a.u.)

0 2
Energy (cV)

Fig. 4 (a) Side view and (b) top view of the charge density difference
(CDD) distribution for Ca-decorated SnS, with five adsorbed H, molecules.
Yellow and cyan regions denote charge accumulation and depletion,
respectively (isosurface value is 5% of the maximum value). (c) Total and
projected density of states (PDOS) showing contributions from Ca-3d (red)
and H-1s (blue) orbitals. The dashed line indicates the Fermi energy.
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Table 3 Average metal-H, distances (dm-n,) and H, bond lengths (dy)
for adsorbed H, on metal-decorated SnSe, and SnS, systems under
0.0 VA™'and 0.5V A" electric fields (£

du, (A) Ay, (A)
Metal Ef=0.0 Ef=—0.5 E¢=0.0 Ef=—0.5
SnSe, Ca 0.76 0.76 2.97 2.84
K 0.75 0.75 3.09 3.02
Li 0.75 0.76 2.62 2.53
Mg 0.75 0.75 3.57 3.45
Na 0.75 0.75 2.78 2.67
SnS, Ca 0.76 0.76 3.00 2.90
K 0.75 0.75 3.07 3.03
Li 0.75 0.75 3.04 2.89
Mg 0.75 0.76 3.45 3.19
Na 0.75 0.75 2.76 2.66

lacking the strong Kubas-type interactions observed in other
systems (e.g., Ca-decorated porous graphene)."® Such moderate
binding strengths are advantageous for hydrogen storage, enabling
stable adsorption while maintaining the possibility of release
under practical conditions. The maximum-coverage configura-
tions, corresponding DOS, and CDD plots for other metal-SnX,
systems are provided in the SI (Fig. S18-S26).

To further assess the viability of metal-decorated SnX,
monolayers for hydrogen storage, Table 4 summarizes three
key properties for each system: the maximum number of
adsorbed H, molecules, the corresponding average adsorption
energy per H,, and the maximum gravimetric hydrogen capa-
city expressed in weight percent (wt%). We define the average
adsorption energy (E.qs) per H, when nH, molecules are
adsorbed as

EMisnX,+nHy — Esnx,+M — nEH,

E ads — n (4)

Since the decorating metal favors the M site (above the Sn
atom), assuming that every Sn atom will serve as the binding
site for two metal atoms (if both sides of the SnX, are deco-
rated) is impractical. This is because the decorating metal
atoms would be too close together, leading to metal clustering,
significant host lattice distortion, or metal-SnX, separation.
To estimate the maximum gravimetric capacity, we assume

Table 4 Maximum number of adsorbed H, (nnax), average adsorption

energy (Eags), gravimetric hydrogen capacity, and volumetric for metal-
decorated SnSe, and SnS, monolayers

Metal Mimax Eads (€V) GCrnax (Wt%) Cy(gL™
SnS,, Li 5 —0.107 4.65 55.09
Na 5 —0.110 4.04 55.52
K 5 —0.096 3.58 40.93
Mg 5 —0.107 4.00 53.08
Ca 5 —0.138 3.55 42.97
SnSe, Li 5 —0.094 3.24 52.80
Na 5 —0.106 2.94 44.95
K 5 —0.094 2.68 39.91
Mg 5 —0.094 2.91 51.80
Ca 5 —0.136 2.67 47.58
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every two SnX, primitive cells may contain only two metal
atoms (utilize both sides of SnX,). We calculate the gravimetric
capacity (GC) and volumetric capacity of hydrogen as:

21’11{2 WH
nsn Wsn + nx Wx + ny W + 2nu, W

GC (wth) = x 100 (5)
where 7y, nsn, nx, and ny is the number of adsorbed H,
molecules, Sn, X, and metal atoms in the supercell. Wy, Wg,,
Wy, Wy are the atomic mass of H, Sn, X (S or Se), and metal,
respectively.

c, =" (6)

where my, represents the mass of stored hydrogen and V denotes
the system volume.

For SnSe, and SnS,, most decorated surfaces can accom-
modate up to five hydrogen molecules per metal site, except for
Li on SnSe,, which saturates at four H,. While five is the most
common upper limit across the systems studied, this difference
suggests that Li on SnSe, may reach a point of steric or
electronic saturation slightly sooner than the other metals.
The average adsorption energies, ranging approximately from
—0.094 eV (Mg on SnSe,) to —0.136 eV (Ca on SnSe,), place
these systems in the strong physisorption regime. This energy
range implies that hydrogen remains stably bound yet can still
be released under moderate conditions without extreme diffi-
culty. Notably, Ca on SnSe, shows the most negative average
adsorption energy (—0.136 eV), which correlates well with
Ca’s tendency to donate charge and form moderately strong
electrostatic interactions with H,.

It is crucial to recognize that the computed adsorption
energies depend on the chosen exchange-correlation func-
tional and van der Waals treatment. Our test calculations
shown in Fig. 5 illustrate that the computed adsorption ener-
gies of H, molecules on Li-decorated SnS, and SnSe, are
sensitive to the chosen exchange-correlation functional and

(b) SnSe,
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DFT-D3
>~ DFT-D4
Tkatchenko —0.05 Tkatchenko
LDA LDA

0.00 0.00
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Fig. 5 Comparison of the average H, adsorption energies on Li-decorated
(a) SnS; and (b) SnSe; using different van der Waals treatments and functional
(e.g., DFT-D2, DFT-D3, DFT-D4, Tkatchenko—Scheffler, and LDA).
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van der Waals treatment. Notably, DFT-D2 and LDA predict
more negative (i.e., stronger) adsorption energies than the
other methods, implying a higher theoretical hydrogen storage
capacity. However, it is well-known that both DFT-D2 and
LDA can overestimate binding by ascribing too much weight
to short-range correlation effects. In contrast, more advanced
schemes (e.g., DFT-D3, DFT-D4, and Tkatchenko-Scheffler) are
often considered more balanced for physisorption-dominated
systems. Without direct experimental measurements on Li-
decorated SnS, or SnSe,, there is no definitive “true” adsorp-
tion energy for comparison. Consequently, these results high-
light both the flexibility and the uncertainty of computational
predictions: different dispersion corrections can shift the
estimated adsorption energies—and hence apparent storage
efficiencies—by tens of meV per H,. This underlines the
importance of carefully benchmarking computational appro-
aches and emphasizes the need for complementary experi-
mental studies to validate which method best captures the
actual adsorption behavior in these 2D materials.'>'822:59
We noted that several recent DFT calculations related to the
adsorption of H, on metal-decorated 2D materials employed
the DFT-D2 method to correct for van der Waals dispersion. If
we use the DFT-D2 method for this correction, our calculated
average H, adsorption energy on metal-decorated SnX, mono-
layers in this work is expected to be more negative (indicating
stronger adsorption) by several meV per H,. Our calculated
adsorption energies for H, adsorption on alkaline and alkaline-
earth metal-decorated SnX, are comparable to other widely
studied 2D materials decorated with alkaline or alkaline-earth
metals, such as graphene and its derivatives (e.g., porous
graphene,’® defective graphene,®® and W-graphene®'), graphitic
carbon nitride (C;N, C,N)*®%?), which adopted different levels
of van der Waals dispersion. Our results for Li decorated SnX,
using DFT-D2 yield higher H, adsorption energy than DFT-D3,
DFT-D4, and Tkatchenko-Scheffler dispersions (Fig. 5). The
adsorption energies match well with those obtained by DFT-D2
in Li-decorated 2D systems.

Regarding gravimetric capacity, the SnS,-based systems
consistently exhibit higher weight percentages than their SnSe,
counterparts, mainly due to the lower atomic mass of sulfur
compared to selenium. For example, Li-decorated SnS, achieves
approximately 4.65 wt%, whereas Li-decorated SnSe, reaches
only 3.24 wt%. Although these values remain below stringent
benchmarks, such as those set by the U.S. Department of
Energy for on-board applications, they underscore the pro-
nounced influence of both metal dopants and chalcogen com-
position on hydrogen uptake. This finding highlights potential
avenues for further material optimization to bridge the gap
toward practical hydrogen storage.

Although the calculated gravimetric capacities (up to
~4.65 wt%) do not meet current Department of Energy
(DOE) benchmarks for on-board hydrogen storage, these find-
ings offer key insights into how metal dopants and chalcogen
composition influence adsorption energetics. By pinpointing
factors such as electron donation, weak chemisorption, and
substrate-dependent charge redistribution, this study provides
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Table 5 Comparison of gravimetric hydrogen storage capacities predicted
from DFT calculations for various metal-decorated two-dimensional materi-
als. The applied van der Waals correction scheme used to account for weak
dispersion interactions is also indicated

Van der Waals Gravimetric
System correction capacity (wt%) Ref.
Li@CgO¢Lig-4H, DFT-D3 10.00 63
Na@CeOeLig-5H, 9.52
K@CeOcLig-6H, 9.75
Y@MosS, DFT-D2 4.56 29
Li@MoS, DFT-D2 4.4 64
1T-WS,(H,) LDA (no vdw) 2.7 65
2H-WS,(H,) 2.4
Li@SnS,-5H, DFT-D3 4.65 This work
Na@SnS,-5H, 4.04 This work
Ca@SnS,-5H, 3.55 This work

a valuable framework for targeted material optimization.
Future efforts—such as co-doping, strain engineering, or exter-
nal field application—could further elevate both adsorption
energies and capacities, bridging the gap toward practical
hydrogen storage while preserving reversibility and manageable
operating conditions. To further contextualize the performance
of our systems, Table 5 compares the gravimetric hydrogen
capacities obtained in this work with those reported for other
2D hydrogen-storage materials.

3.4 Effects of external electric field on H, adsorption

Applying an external electric field to metal-decorated materials
has been previously shown to effectively tune H, adsorption
energies by enhancing polarization-induced electrostatic inter-
actions between the adsorbed hydrogen molecules and sub-
strate atoms.*”°®%” It has been demonstrated that substrates
such as metal-decorated graphene and BN sheets significantly
enhance their hydrogen storage capabilities under an applied
electric field, primarily due to increased polarization of H,
molecules and substrate atoms, resulting in stronger adsorp-
tion interactions. Inspired by these findings, we systematically
investigate how external electric fields influence the H, adsorp-
tion behavior on alkali- and alkaline-earth metal-decorated
SnS, and SnSe, monolayers.

In this study, the applied electric field is imposed in the
perpendicular direction, either downward (negative values) or
upward (positive values), to the metal-decorated SnS, and SnSe,
monolayers. The dispersion correction (DFT-D3) for van der
Waals interactions was also included in the calculations for H,
adsorption energy.

Fig. 6(a) and (b) illustrate the variation in adsorption energy
per H, molecule as a function of external electric field strength
for metal-decorated SnS, and SnSe, monolayers. Across all
systems, the adsorption energies become more negative under
negative electric fields (—0.5 V A™') and less negative under
positive fields (+0.5 V A™"), demonstrating that external fields
can modulate the interaction strength. This trend is attributed
to charge redistribution effects at the dopant-H, interface,
where negative fields enhance polarization-driven stabili-
zation while positive fields reduce it. Among the dopants, Ca
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Fig. 6 Adsorption energy of H, molecules as a function of the external
electric field (—0.5 V A™* to +0.5 V A1) for metal-decorated (a) SnS, and
(b) SnSe, monolayers. Results are shown for Li (blue circles), Na (orange
squares), K (green triangles), Mg (purple crosses), and Ca (red diamonds).

consistently exhibits the most negative adsorption energies,
highlighting its strong interaction with H, and its potential for
field-tunable applications.

The observed increase in adsorption energy under a negative
external electric field can be attributed to the polarization of H,
molecules. As shown in Table 3, the H,-metal distances
decrease under the —0.50 V A™! field for all systems, with
reductions ranging from 0.04 A (K on SnS,) to 0.25 A (Mg on
SnS,). This reduction indicates that the induced dipole
moment in the H, molecule strengthens its electrostatic inter-
action with the decorated metal atom on the SnX, monolayer.
For example, in the case of Ca on SnSe,, the H,-metal distance
decreases from 2.97 A to 2.84 A under the field, highlighting
how the field enhances attraction between the polarized H,
molecule and the metal dopant. Despite this closer interaction,
the H, bond length remains largely unaffected, with values
consistently around 0.75-0.76 A across all systems, suggesting
that the molecule retains its structural integrity. This polarization-
driven reduction in equilibrium distance increases the overlap
between the molecule’s electron cloud and the local electro-
static potential, leading to more negative adsorption energies
and stronger binding. These results underscore the role of
external electric fields in fine-tuning hydrogen adsorption
properties by modulating dipole-induced interactions and
adsorption distances.

To assess the thermal and field-induced stability, ab initio
molecular dynamics (AIMD) simulations were performed at
300 K under an external electric field of —0.5 V A~" for 10 ps.
The results reveal that decoration on both sides or at higher
adatom densities leads to noticeable adatom-adatom interac-
tions and surface distortions, as evidenced by increased total
energies and unstable AIMD trajectories. These effects are
most pronounced for the Mg-SnX, systems, which undergo
structural deformation during thermal-field simulations,
whereas other metal-SnX, systems (Li, Na, K, and Ca) remain
structurally stable (Fig. S13-S17). Such behavior suggests that
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excessive Mg loading could reduce the achievable hydrogen
storage capacity by destabilizing the host lattice under realistic
operating conditions.

The sensitivity of adsorption energies to the electric field is
metal-specific, with more substantial effects observed for Ca
and Li compared to K and Mg. SnS, generally provides stronger
binding than SnSe, for all dopants, though the relative trends
remain consistent. The ability to modulate adsorption energies
by ~0.05-0.10 eV with realistic electric fields underscores
the utility of this approach for tuning hydrogen storage and
release. These findings highlight the promise of combining
metal decoration with external electric field control for next-
generation hydrogen storage systems.

4. Thermodynamic stability: effect of
temperature and pressure

To access the practical hydrogen storage capability of the SnX,
monolayers, we consider the effects of temperature and pres-
sure on the adsorption and desorption of the stored hydrogen
through the average Gibbs free energy (AG,qs) of the adsorbed
H, molecule, defined as

n[EH2 + .qu(Tip)]’ (7)

where Enpisnx,+nm,y Esnx,+m, and Ey, are the total energy of the
metal-decorated SnX, with n adsorbed H, molecules, the metal-
decorated SnX, without adsorbed H, molecules, and the iso-
lated H, molecule, respectively. The effects of temperature (7)
and pressure (P) are included in the chemical potential of the
H, molecule uy (T,P) as follows,

AGags = Ensnx,+nn, — Esnx,+m —

P
”Hz(Tv P) =AH — TAS +kgT In (F) (8)
0

where AH and AS are the changes of enthalpy and entropy of
hydrogen, derived from the thermochemical tables of hydrogen
in the gas phase.'®®® P, and kg denote the standard atmo-
spheric pressure (0.1 MPa) and the Boltzmann constant. Fig. 7
represents the temperature dependence of AG.qs for 1-5 H,
molecules adsorbed on Ca-decorated SnS, at three different
pressures: (a) 0.1 MPa, (b) 1 MPa, and (c) 10 MPa. A negative
AG,qs indicates that the H, adsorbed system is thermodynami-
cally favorable, while positive values suggest spontaneous
desorption.

According to the United States Department of Energy (DOE),
the desorption temperature of polymer electrolyte membrane
(PEM) fuel cells is influenced by the operating temperature of
the proton exchange membrane, which typically ranges from
approximately 233 to 473 K*° or, depending on the specific
design of the cell, from 270 to 390 K.”® The typical operating
pressure of a PEM fuel cell is approximately 3 bars (0.3 MPa) of
H, pressure, meaning that the storage material needs to main-
tain a higher H, pressure to supply H, to the fuel cell effectively.
Additionally, a maximum limit of 100 bars (10 MPa) has been
suggested for the H, vapor to prevent similar technological
issues as those encountered with pressurized gas containment.
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Fig. 7 Average Gibbs free energy of nH, adsorbed on Ca-decorated SnS,
under (a) standard atmospheric pressure, P = 0.1 MPa, (b) P = 1 MPa, and
(c) P = 10 MPa. The shaded area indicates the operating temperature of the
fuel cell (233-473 K).

At low pressure (0.1 MPa), the calculated desorption tem-
peratures (Tag=o) for Ca-decorated SnS, range from 141 K to
171 K across all coverages (n = 1-5), with single H, adsorption
(n = 1) being slightly more stable (Tag=o & 167 K). Desorption
occurs at progressively lower temperatures for higher H,
coverages (n = 2-5). Similarly, for SnSe,, the desorption tem-
peratures range from 140 K (5H,) to 170 K (2H,), indicating
weak binding similar to SnS, (see Table S3 in the SI). The low
desorption temperatures at 0.1 MPa underscore the inability of Ca-
decorated SnX, to retain hydrogen at temperatures relevant for
practical applications, such as PEM fuel cells, which typically
operate between 233 K and 473 K. This suggests that higher
pressures are essential for stabilizing hydrogen adsorption.
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At moderate pressure (1 MPa), the desorption temperatures
increase significantly, providing improved thermodynamic
stability. For SnS,, Tag-o ranges from 171 K (5H,) to 205 K
(2H,), with single H, adsorption (n = 1) remaining stable up to
~201 K. In SnSe,, the desorption temperatures also improve,
ranging from 168 K (5H,) to 203 K (2H,). Although adsorption
stability improves compared to 0.1 MPa, the desorption tem-
peratures are still below the operational range of PEM fuel cells,
limiting the utility of Ca-decorated SnS, and SnSe, at moderate
pressures.

At high pressure (10 MPa), the desorption temperatures shift
into a range more suitable for practical applications. For SnS,,
Tag=o ranges from 212 K (5H,) to 252 K (2H,), with single H,
adsorption (n = 1) stable up to ~246 K. Similary, for SnSe,,
Tag-o ranges from 210 K (5H,) to 250 K (2H,). At this pressure,
the system can maintain thermodynamically favorable adsorp-
tion up to the lower end of the PEM fuel cell operating range
(~233 K). These results suggest that Ca-decorated SnS, can
store hydrogen effectively under high-pressure conditions,
meeting the DOE’s operational pressure limit of 10 MPa.
However, the desorption temperatures for higher H, coverages
(n = 3-5) remain near or below the PEM operating range,
highlighting the need for additional optimization.

5. Effect of external electric fields on
desorption temperatures

According to Section 3.4, the negative electric field of —0.5 A™*
primarily enhances the H, adsorption energy for all metal-
decorated SnX, systems. It is, therefore, expected that applying
an external electric field can also increase the desorption
temperature. When an external electric field of —0.5 eV A~ is
applied, the desorption temperatures of hydrogen molecules on
metal-decorated SnS, and SnSe, monolayers rise at all pres-
sures, as shown in Table 6. This enhancement indicates that
the field strengthens hydrogen adsorption by inducing dipole
moments in the H, molecules, which improves their inter-
action with the metal-decorated monolayer. The increase in

Table 6 Desorption temperatures in Kelvin for maximum H, molecules
adsorbed on metal-decorated SnX, monolayer without (E; = 0.0 VA~ and
with an electric field (E; = —0.5 V A% at pressures (P) in MPa

SnS, SnSe,
Metal P=01 P=1 P=10 P=01 P=1 P=10
E;=0.0VA?
Li 115 139 174 104 125 157
Na 117 140 176 114 137 172
K 106 127 159 104 125 157
Mg 115 138 173 104 125 157
Ca 141 170 212 140 168 210
Er=—05VA?
Li 122 146 184 109 132 165
Na 118 142 178 119 143 180
K 101 121 152 101 121 152
Mg 134 161 202 116 140 175
Ca 152 183 226 154 185 229
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desorption temperature is more pronounced for Ca- and Mg-
decorated systems, where stronger electrostatic interactions
lead to greater field sensitivity. For example, in Ca-decorated
SnS, at 10 MPa, the desorption temperature increases from
211 K to 226 K, while in SnSe,, it rises from 209 K to 229 K.

In contrast, alkali metal-doped systems (Li, Na, K) show
smaller temperature shifts, with K-decorated SnS, exhibiting a
slight decrease in desorption temperature, suggesting a weaker
influence of the electric field on these systems. This trend
indicates that alkali metals, which already exhibit weaker
charge transfer interactions, do not benefit as significantly
from the applied field compared to alkaline-earth metals. The
combination of higher pressure and an external electric field
provides a synergistic effect, further stabilizing hydrogen
adsorption. However, despite this improvement, desorption
temperatures at moderate pressures (1 MPa) remain below
the typical PEM fuel cell operating range (~233-473 K), indi-
cating that while an external field enhances adsorption, addi-
tional modifications, such as co-doping or stronger fields, may
be necessary for practical hydrogen storage applications. These
findings demonstrate that external electric fields can serve
as a tunable parameter to improve hydrogen storage stability
in metal-decorated SnS, and SnSe, monolayers, providing a
potential strategy for optimizing 2D materials for hydrogen
storage technologies.

Conclusions

This study uses disperon-corrected DFT calculations to investi-
gate hydrogen adsorption on SnS, and SnSe, monolayers
decorated with alkali (Li, Na, K) and alkaline-earth (Mg, Ca)
metals. The results demonstrate that metal decoration signifi-
cantly enhances hydrogen adsorption capacity, with Ca exhibit-
ing the strongest interaction and the ability to accommodate
multiple hydrogen molecules. The adsorption energies primar-
ily fall within the strong physisorption regime, balancing
stability and desorption feasibility. The maximum gravimetric
storage capacities range from 2.67 to 4.64 wt%.

The effects of temperature, pressure, and external electric
fields were analyzed to assess the practical feasibility of hydro-
gen storage in these systems. Increasing pressure stabilizes
hydrogen adsorption, with desorption temperatures at 10 MPa
reaching the lower operational limits of PEM fuel cells (~233 K).
Applying an external electric field (—0.5 V A™*) further enhances
adsorption stability, increasing desorption temperatures by 10-
20 K due to dipole-induced interactions. Despite these improve-
ments, moderate-pressure conditions (1 MPa) remain insufficient
for practical storage, suggesting that additional strategies such as
co-doping, defect engineering, or stronger electric fields may be
required to enhance adsorption strength. Although our results
currently fall below the DOE gravimetric and operational targets,
this study clearly demonstrates an effective route toward enhan-
cing hydrogen adsorption performance through strategic metal
decoration and external field tuning. The present findings thus
provide valuable theoretical guidance for future studies aimed at
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achieving or surpassing DOE hydrogen storage benchmarks. These
findings demonstrate the tunability of metal-decorated SnX,
monolayers for hydrogen storage and provide insights into their
potential for future applications in clean energy technologies.
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