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Alkali metal decorated 2D materials represent a promising approach for reversible hydrogen storage, a
critical component in the transition to clean energy sources. This study investigates PHE-graphene, comprising
5-, 6- and 9-membered carbon rings, as sodium (Na)-decorated substrate for hydrogen storage applications.
The structural, mechanical, and electronic properties of PHE-graphene were analyzed using density functional
theory calculations. The lattice decoration with Na was found to promote ideal physical adsorption of H,

molecules, with adsorption energies ranging from —0.33 to —0.23 eV, achieving a gravimetric hydrogen storage
capacity of up to 8.79 wt%, exceeding the U.S. Department of Energy (DOE) target. Ab initio molecular
dynamics simulations confirmed the thermal stability of the system, while desorption temperature calculations
highlighted favorable conditions for reversible H, storage. These findings position Na-decorated PHE-graphene
as a promising and efficient solution for sustainable hydrogen systems.

1. Introduction

Carbon is a versatile element, capable of forming chemical bonds
through different hybridization states (sp, sp?, and sp®) [1]. This
adaptability enables the formation of a wide range of nanostructures
across different dimensions: zero-dimensional (0D) like carbon dots
and fullerenes [2], one-dimensional (1D) forms such as carbon nan-
otubes and nanoribbons [3], two-dimensional (2D) materials including
graphene and graphynes [4], and three-dimensional (3D) structures like
graphite and diamond [5].

Graphene, in particular, has been extensively studied due to its
unique electronic, optical, and mechanical properties [6]. In addition,
several 2D carbon allotropes have been proposed, some also exhibit-
ing metallic behavior, such as the biphenylene network (BPN) [7],
T-graphene [8], Irida-graphene [9], and DHP-graphene [10]. Oth-
ers, in contrast, demonstrate semiconducting characteristics, including
penta-graphene [11], the monolayer fullerene network (2D-Cgqy) [12],
graphenylene [13], and graphenyldiene [14,15]. The discovery and
synthesis of new carbon-based materials have often relied on molec-
ular precursors [16-18]. For example, systems such as 2D-Cq, and
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biphenylene have been successfully synthesized utilizing the controlled
polymerization of small carbon-based molecules [7,12,19,20].

Among the computationally predicted carbon allotropes, the C65
— also known as PHE-graphene — has gained attention due to its
structural and electronic properties [21-23]. First proposed in 2013
as C65 by Lu and Li [24], this material features a periodic network
where hexagonal (C6) units are interconnected by pentagonal (C5)
rings, resulting in a metallic and thermodynamically stable framework.
Independently, Zeng et al. [25] later rediscovered the same struc-
ture, referring to it as PHE-graphene to emphasize its composition of
pentagons (P), hexagons (H), and enneagons (E). Further theoretical
investigations suggested that PHE-graphene could enhance the perfor-
mance of lithium-sulfur (Li-S) batteries by mitigating the polysulfide
shuttle effect and improving cathode conductivity [25].

The experimental realization of PHE-graphene remains an open
avenue for exploration. Theoretical studies have investigated molec-
ular precursors that could serve as potential building blocks for such
structures [26-28]. Acepentalene, a fundamental structural motif in
this material, has been proposed as a key component for construct-
ing novel carbon architectures [26]. For instance, acepentalene-based
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nanostructures have been explored, demonstrating their stability and
potential for forming extended 2D networks with tunable electronic and
magnetic properties [27,28]. These studies provide valuable insights
into chemical routes that could enable the development of complex
carbon networks, including structures related to PHE-graphene.

Regarding the various theoretical applications proposed for PHE-
graphene, hydrogen (H,) storage has garnered particular interest. First,
Yadav et al. [22] shows a possible design of lithium-decorated PHE-
graphene to retain H, molecules. Advancing on this matter, the Ca
decoration also demonstrated to be capable of inducing a high gravi-
metric capacity on PHE-graphene, achieving 8.45 wt% [29], superior
to the target recommended by the U.S. Department of Energy (DOE)
(6.5 wt%)

In this work, we investigate the potential of sodium-decorated
PHE-graphene as a hydrogen storage material using density functional
theory (DFT) calculations. A detailed analysis of its structural, me-
chanical, and electronic properties is conducted to evaluate its suitabil-
ity for metal decoration and hydrogen adsorption. The interaction of
H, molecules with Na-decorated PHE-graphene is examined, includ-
ing adsorption energies, charge transfer, hydrogen storage capacity,
and desorption dynamics. Additionally, ab initio molecular dynamics
(AIMD) simulations are performed to assess the thermal stability of the
substrate and the feasibility of reversible hydrogen storage. This study
aims to provide new insights into the potential of PHE-graphene as an
efficient material for sustainable hydrogen storage applications.

2. Methodology

We performed first-principles calculations within the DFT frame-
work to characterize the physicochemical properties of PHE-graphene
and evaluate its potential as a hydrogen storage material. These calcula-
tions used the generalized gradient approximation (GGA) formulated by
Perdew, Burke, and Ernzerhof (PBE) [30,31]. The projector augmented
wave (PAW) method [32] was also utilized, and both approaches were
implemented within the Vienna ab initio Simulation Package (VASP).
The electronic wave functions were expanded using a plane-wave basis
set with a kinetic energy cut-off of 520 eV. A vacuum spacing of 15
A was introduced along the z-axis to mitigate interactions between
periodic images.

The structural optimization calculations and the projected density
of states (PDOS) calculations used I'-centered k-point meshes with grid
sizes of 6 X 6 x 1 and 9 X 9 X 1, respectively. Dispersion interactions
were considered using the DFT-D2 correction scheme proposed by
Grimme [33]. Structural relaxation was performed using the conjugate
gradient method, with convergence criteria requiring that total energy
variations for the atomic and lattice parameters remain below 1 x
107> eV, and the Hellmann-Feynman forces on the individual atoms did
not exceed 0.01 eV/A. Ab initio molecular dynamics (AIMD) simulations
were used to assess the thermal stability and reversibility of hydrogen
storage in sodium functionalized PHE-graphene (Na@PHE-graphene).
Furthermore, the Bader charge decomposition method analyzed the
charge transfer mechanism.

The adsorption energy (E,4;) for Na@PHE-graphene + nH, systems
was computed using the following expression:

Eugs =
1 @
. (ENa@PHE +nH, — ENa@pHE ”H2)7

where Ena@pug + o1, represents the total energy of the Na@PHE-
graphene system with n adsorbed H, molecules, Ey,@pug is the energy
of the bare Na@PHE-graphene substrate, and Ey, corresponds to the
energy of an isolated H, molecule.

The consecutive adsorption energy (E.,,) for each additional pair
of H, molecules adsorbed on the surface was determined as:

E,

con =

(2)

3 ( Na@PHE+nH, ~ ENa@PHE+(n-2)H, —~ 2EH2> .
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The hydrogen adsorption capacity (HAC) in weight percentage was
calculated as:
ny My
neMc + nyg My, + My’

HAC(wt%) = 3)
where ny and My represent the number of atoms and molar masses of
element X (X = H,C, and Na), respectively.

The hydrogen desorption temperature (7z) was estimated using the
van’t Hoff equation [34,35], assuming atmospheric pressure (1 atm):

R
Tges = | Eaqs| K45 4

where R is the universal gas constant, k is the Boltzmann constant,
and AS represents the entropy change associated with the phase transi-
tion of hydrogen from the gas phase to the liquid phase (75.44 J mol~!
K1),

A thermodynamic analysis was performed to evaluate the adsorp-
tion and desorption behavior of H, molecules under realistic conditions,
employing the grand canonical partition function Z, given by:

E?ds —u

Z=1 - ). 5
+;exp< KT ) (5)

In this equation, n denotes the total number of H, molecules that can
be adsorbed, while u represents the chemical potential of a hydrogen
molecule in the gaseous state. Here, Elf“ds corresponds to the adsorption
energy of the ith H, molecule [36,37].

Except for the evaluation of the most stable sites for Na decoration
that were performed within a supercell configuration of 2 x 2, all
other calculations presented in this study were performed within the
PHE-graphene unit cell. To enhance visualization, periodic images were
employed.

3. Results

We begin by presenting a set of structural and electronic properties
of the studied material, as shown in Fig. 1. PHE-graphene is character-
ized by a hexagonal lattice structure within the P6m2 (No. 187) space
group. This lattice features parameters with dimensions a = b = 5.73 A.
Within the lattice, there exist three non-equivalent atoms: C,, located at
coordinates (0.0000, 0.0000, 0.0000), C, (0.6592, 0.0758, 0.0000), and
C; (0.1397, 0.8603, 0.0000). The representative cell of PHE-graphene
is denoted in Fig. 1a. For a complete assessment of the thermal stability
of the monolayer, AIMD simulations were performed with a duration
of 5 ps at a temperature of 300 K, where the energy fluctuations are
represented in Fig. 1b. The energy oscillations varying around 0.5
eV indicate the stability of the material. Furthermore, there were no
detectable structural alterations or deformations, which confirms that
the thermal conditions at 300 K do not cause instability in the material.

Fig. 1c presents the band structure of PHE-graphene. This mono-
layer exhibits metallic characteristics consistent with previously re-
ported findings [25,38]. In the analysis of the PDOS (Fig. 1d), one
can observe that the bands are predominantly composed of C(p) states.
This observation indicates a pronounced r character in the bonds
in PHE-graphene. This trend corroborates the high band dispersion
demonstrated by the band structure, which denotes high carrier mo-
bility throughout the Brillouin zone (BZ). The dispersion of the phonon
band is analyzed to confirm the dynamic stability of PHE-graphene, as
shown in Fig. le. It shows a lack of negative phonon modes, as every
branch within the entire BZ region presents positive frequencies and no
imaginary modes.

The PHE-graphene membrane’s mechanical properties were inves-
tigated to assess its structural stability and response under mechanical
deformation. Our analysis indicates that the monolayer is characterized
by three distinct elastic constants: C,; = C,, =281.64 N/m, Cj, = C,; =
73.83 N/m, and Cgg = 103.90 N/m. These values are consistent with the
expected symmetry of PHE-graphene, as they satisfy the relation C;; =
C,, and 2 - Cgq = C; — Cy, [39]. These results highlight the intrinsic
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Fig. 1. PHE-graphene monolayer: (a) representative cell, (b) AIMD total energy, (c) band structure, (d) PDOS, and (e) phonon dispersion. The Fermi level (E,)

is set to 0 eV and indicated by the red dashed line in (c).

strength and structural stability of the material. Furthermore, they
comply with the Born-Huang stability criteria for hexagonal lattices,
which require conditions such as C,; > 0 and C;; > |C},| [40].

This symmetry also ensures the PHE-graphene monolayer exhibits
isotropic mechanical behavior. Specifically, it has a Young’s modulus
of Y = (C} - C2)/C,; = 2623 N/m, a shear modulus of G = Cgs =
103.90 N/m, and a Poisson’s ratio of v = C;,/C;; = 0.26, classifying
PHE-graphene as a ductile nanomaterial (v > 0.25) [41]. These results
are in agreement with previous findings in the literature [21].

To examine the Na decoration in the PHE-graphene monolayer, we
considered nine high-symmetry sites, depicted in Fig. 2. These included
three pore sites (P1, P2, and P3), three atomic sites (Al, A2, and
A3), and two bridge sites (B1, B2, and B3), to determine the most
stable adsorption configuration for the Na adatom. Table 1 presents the
adsorption energies (E,4,) and the final optimized sites. The findings
indicate that the P3 site is the most stable site for Na adsorption,
demonstrating a E,q, of —2.57 eV. This value is higher than (in the
module) the cohesive energy of the Na bulk (-1.05 eV/atom) [42], and
comparable to that observed for Ca-decorated PHE-graphene (E,45 =
—3.23 eV). In addition, elevated E,4, values were observed for sites Al
(=2.17 eV) and P1 (—2.24 eV). These observations suggest that the Na
adsorption on PHE-graphene inhibits any tendency for clusterization
and can be stable around all available surface sites.

Following the previous results, the Na loading was carried out at
the P3 site of the PHE-graphene membrane, with Na adatoms placed
up and down the monolayer plane. Subsequently, thermal stability of
Na@PHE-graphene was examined using AIMD simulations, as repre-
sented in Fig. 3. At the end of the calculation, it is confirmed that
the Na adatoms persist in their most stable locations, specifically the
P3 site. The PHE-graphene monolayer also maintains its structural
integrity without showing significant changes. These observations high-
light the robustness of Na@PHE-graphene as a substrate suitable for
hydrogen storage applications since the Na adatom is still retained in
the monolayer, preventing metal movement toward the material.

The surface mobility of adsorbed sodium atoms can lead to cluster-
ing, thereby reducing the number of active sites available for hydrogen

Fig. 2. The high-symmetry sites explored for the Na decoration on PHE-
graphene.

Table 1
Adsorption energies (E,4) and final configurations of Na adsorption sites on
PHE-graphene.

Initial site E,qs (eV) Final site
Al -2.17 Al
A2 -2.17 Al
A3 -2.17 Al
B1 -2.17 Al
B2 -2.17 Al
B3 -2.24 P1
P1 -2.24 P1
P2 -2.17 Al
P3 -2.57 P3

adsorption. To assess the likelihood of such diffusion processes, we
employed the nudged elastic band (NEB) method [43-45], as illustrated
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Fig. 3. (a) Optimized structure and (b) total energy profile from AIMD
simulation of the Na@PHE-graphene system.

in Fig. 4. Two distinct diffusion pathways were considered. The calcu-
lated diffusion barrier for sodium migration was approximately 2.87
eV, indicating a very low probability of spontaneous diffusion under
ambient conditions. This barrier is significantly higher than the thermal
energy available to a single atom at room temperature (300 K), which
can be estimated using the classical expression:

3
Ehermal = EkBT (6)

where kp = 8.617 x 1073 eV/K is the Boltzmann constant. Substituting
the temperature:

Eqpermal = % X 8.617 x 1075 x 300 ~ 0.039 eV. @

Thus, the diffusion barrier of 2.87 eV is significantly greater than
the thermal energy at 300 K, confirming that spontaneous migration
of Na atoms is thermally inaccessible under standard conditions and
would require elevated temperatures or external activation to occur.

The electronic structure of Na@PHE-graphene was investigated us-
ing the band structure and PDOS, as illustrated in Fig. 5. One can
note that Na@PHE-graphene maintains the metallic behavior exhibited
by the pristine monolayer. However, it can be verified that the Fermi
energy (Ep) (which is represented by 0 eV in the Figure, but its real
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Fig. 4. Diffusion energy profile for a Na atom migrating along Path 1 (gray)
and Path 2 (red). The diffusion energy barrier is calculated to be 2.87 eV.
(For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

value is —0.50 eV) is found in an elevated position concerning the
observed condition for the pure monolayer (—3.59 eV). As supported
by the PDOS data, these bands are also composed of Na states. This
trend indicates that the Na atoms act as electron donors, making the
unoccupied levels now occupied. For the valence band (VB), there
are no significant changes in the band dispersion. However, for the
conduction band (CB), the emergence of several new bands is notable.
As seen in PDOS, these bands possess a higher contribution of Na(s)
states, with levels immediately after E, composed of these states.
Within the range examined, it is evident that the C(p) states predom-
inantly govern the overall distribution. For Na adatoms, the primary
contributions come from the Na(s) states. Furthermore, it is evident
that there is a coupling between the C(p) and Na(s) states around the
Ej and the interaction between Na and PHE-graphene. The electronic
role mentioned of sodium in this system is desirable for further H,
adsorption, as the metal can act by modulating the charge transfer
between hydrogen and the PHE-graphene substrate.

Fig. 6 shows the charge density difference (CDD) map for the
Na@PHE-graphene system. It is observable that the regions where the
charge is depleted are situated within the plane of the monolayer,
whereas the areas where the charge accumulates are above this plane.
This observation is consistent with the previous PDOS analysis, indicat-
ing that the r states of the monolayer actively engage in interactions
with the Na adatoms. Furthermore, a Bader charge analysis revealed a
charge transfer of 0.73 |e|/Na from the Na adatoms to the monolayer.

H, saturation was carried out on the Na@PHE-graphene substrate,
as depicted in Fig. 7. The adsorption energy (E,4,), HAC, consecutive
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Fig. 5. (a) Electronic band structure and (b) PDOS of the Na@PHE-graphene
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line.

adsorption energy (E,,,), average H-H bond length (R ), and desorp-
tion temperature (Tg,) for each configuration are summarized in Table
2 and Fig. 8. The calculated E,g4  values range from —0.33 to —0.23 eV,
indicating a physisorption-dominated interaction essential to achieve
reversible hydrogen storage [46]. As observed in H, adsorption studies
on other 2D-based materials [47-49], the sequential introduction of
hydrogen molecules results in a progressive reduction of adsorption
energy, primarily due to steric effects. Furthermore, since Na decora-
tion modulates charge transfer, the electrostatic contribution further
reduces the magnitude of E,g4,, strengthening the influence of charge
redistribution on the adsorption mechanism.

The E_,, was further analyzed to determine whether adding more
H, molecules onto Na@PHE-graphene is energetically favorable. If
Econ < 0, the additional 2H, molecules are energetically favored for
adsorption and remain attracted to the substrate. Conversely, if E.,, >
0, the added 2H, molecules tend to stay free, indicating a preference
not to adhere to the substrate.

Analysis revealed that Na@PHE-graphene + 8H, exhibited the high-
est E.,, value (-0.23 eV), while Na@PHE-graphene + 2H, displayed
the lowest value (—0.66 eV). These findings indicate that additional
H, molecules do not introduce instability into the system. Regarding
HAC, Na@PHE-graphene achieves a maximum storage capacity of 8.79
wt% with 8H, molecules, reinforcing its potential as a highly promising
substrate for H, storage.

International Journal of Hydrogen Energy 178 (2025) 151442
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Fig. 6. Charge density difference map for the Na@PHE-graphene system,
shown from (a) top and (b) side views, where yellow and blue represent charge
accumulation and depletion, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Table 2

Adsorption energy (E,4), hydrogen adsorption capacity (HAC), consecutive
adsorption energy (E.,) average H-H bond length (Ry.y), and desorption
temperature (Ty.,) for Na@PHE-graphene + nH, (n =2, 4, 6, 8).

Egs (V) Egp (€V) HAC (Wt%) Ry (A) Ty (0

System

Na@PHE-graphene + 2H, -0.33 -0.33 2.35 0.76 423
Na@PHE-graphene + 4H, -0.28 -0.24 4.60 0.77 363
Na@PHE-graphene + 6H, -0.27 -0.23 6.74 0.77 339
Na@PHE-graphene + 8H, -0.23 -0.11 8.79 0.76 290

Importantly, average H-H bond length (Ryy) remains nearly con-
stant regardless of the increasing number of adsorbed H, molecules.
This consistency suggests that adsorption does not alter the struc-
tural integrity of the H, molecules, further confirming the physical
nature of the interaction. Examining the desorption temperature (Tg4eg)
indicates that relatively moderate temperatures are required for H,
release, ranging from 290 K (Na@PHE-graphene + 8H,) to 423 K
(Na@PHE-graphene + 2H,). These desorption temperatures highlight
the favorable thermodynamics and kinetics of reversible hydrogen
storage on the Na@PHE-graphene substrate.

The hydrogen storage performance of the Na@PHE-graphene sys-
tem was analyzed and compared with other systems reported in the
literature, as summarized in Table 3. This comparison considers key
parameters, including the total number of adsorbed H, molecules (n),
the absolute adsorption energy per H, (|E,q4s|), HAC, and Tgg.

One can note that Na@PHE-graphene system can hold up to 8 H,
molecules, with an adsorption energy of 0.23 eV per H,. This value
of E,4 is higher, in magnitude, than those observed in other Na-
decorated systems like Na@B,;N5 (|E,4s| = 0.20 eV) [47], Na@Irida-G
(|[Eags] = 0.14 eV) [50], and Na@IGP-SiC ([E,4s| = 0.10 eV) [48],
as well as in other alkali-based systems such as Li@a-C3N, (|E 4| =
0.22 eV) [51], Li@BsN;3 (|E,4s] = 0.21 eV) [52] and Sc@¥-graphene
(|Eaqs] = 0.16 eV) [53], demonstrating the enhanced hydrogen affin-
ity of Na@PHE-graphene. It is evident that the hydrogen adsorption
capacity measured for Na@PHE-graphene, which is 8.79 wt%, signif-
icantly exceeds that of several systems presented in Table 3, includ-
ing Na@B;N5 (7.70 wt%), Li@IGP-SiC (8.27 wt%), Li@irida-graphene
(7.06 wt%), and V@biphenylene (7.52 wt%). However, it is still lower
than the 14.08 wt% capacity found in Li@p12-borophene/graphene
bilayer.



J.A.S. Laranjeira et al. International Journal of Hydrogen Energy 178 (2025) 151442

9999, [AARS

% S %

Fig. 7. Stepwise approach to achieving maximum H, saturation on Na@PHE-graphene, where (a), (b), (¢), and (d) correspond to the system with 2, 4, 6, and 8
H, molecules, respectively. The stoichiometry reflects the H, molecules per PHE-graphene unit cell.

450 10

400 &
< - 3
3 < z6
a ¢ 350 S
b = <
= T
44
300+
24
-0.34+— T T T -0.35+— T T T 250+
2 4 6 8 2 4 6 8 8
number of H, molecules number of H, molecules number of H, molecules number of H, molecules

Fig. 8. (a) Adsorption energy (E,4), (b) consecutive adsorption energy (E.,,), (c) desorption temperature (Tg), and (d) HAC for Na@PHE-graphene + nH, (n = 2,
4, 6, 8).



J.A.S. Laranjeira et al.

International Journal of Hydrogen Energy 178 (2025) 151442

-145.0

-145.5
-146.0
-146.5
-147.0
-147.5
-148.0
-148.5
-149.0
-149.5
-150.0 + T T T T
0

Total Energy (eV)

Time (ps)

Fig. 9. Final structure of the Na@PHE-graphene + 8H, system shown from (a) top and (b) side views, along with (c) the energetic profile from AIMD simulation

at 300 K.

Table 3

Total number of adsorbed H, molecules (1), Absolute adsorption energy per
H, (|E,q4)), Hydrogen Adsorption Capacity (HAC), and Desorption temperature
(T4es) associated with configurations exhibiting complete H, coverage config-
urations in recently documented systems.

C(s) C(p,)

NEIEN Na(p,)

C(py)

Na(B,)! Na(p)

T

System n |Eqas| (eV) HAC (wt%) Tyes (K)
Na@PHE-graphene (this work) 8 0.23 8.79 290
K@PHE-graphene [54] 32 0.33 7.47 422
Na@B;N; [47] 32 0.20 7.70 257
Na@Irida-graphene [50] 32 0.14 7.82 195
Na@DHP-graphene [55] 12 0.14 11.21 -
Na@IGP-SiC [48] 48 0.10 6.78 148
Li@IGP-SiC [48] 48 0.14 8.27 191
Li@B;sN; [52] 13 0.21 6.30 267
Li@net-Y [56] 24 0.27 9.0 348
Li@a-C;N, [51] 12 0.22 5.7 285
Li@POG-B,C,N; [57] 10 0.19 8.35 245
Li@p,,-borophene [58] 4 0.10 11.59 -
V@Biphenylene [59] 5 0.51 7.52 596
Ca@PHE-graphene [29] 24 - 8.45 -
Sc@Y-graphene [53] 9 0.16 14.46 203

Regarding desorption temperature, the Na@PHE-graphene system
demonstrates a moderate value of 290 K, which is lower than those
observed in systems like Li@net-Y (348 K) and Li@irida-graphene (353
K) but similar to Li@a-C;N, (285 K) and Li@B14 (271 K). This des-
orption temperature suggests that Na@PHE-graphene is well-suited for
hydrogen storage applications requiring moderate thermal conditions
for hydrogen release. Additionally, we can observe a strong corre-
lation between adsorption energy and desorption temperature. The
V@biphenylene complex shows a higher Ty., (0.51 eV) due to stronger
H, adsorption, significantly exceeding the value for Na@PHE-graphene,
where the hydrogen-substrate interaction is more balanced. Most no-
tably, we compared our H, storage results with those reported for
K-decorated PHE-graphene. While the K-functionalized system exhib-
ited a lower storage capacity of 7.47 wt%, our Na-decorated structure
not only demonstrated higher uptake but also offered improved des-
orption kinetics and greater reversibility. This enhanced performance is
attributed to the more favorable adsorption energy range of Na (from
—0.33 to —0.23 eV/H,), which is significantly less negative than the
values reported for K (from —2.59 to —0.33 eV/H,), suggesting weaker
binding and thus more facile release of hydrogen in the Na system.

AIMD simulations were performed at 300 K for 5 ps, as shown in
Fig. 9, which provides top and side views of the final structure along
with the corresponding energy fluctuations. The results reveal that
the Na adatoms remain stable in their positions after the simulation,
indicating that the configuration is stable even in the absence of H,
molecules. This feature suggests that H, adsorption does not desta-
bilize the Na@PHE-graphene substrate. Furthermore, our results are
consistent with the previously obtained T4, data, showing that most

I

DOS (arb. unit)

Energy (eV)

Fig. 10. PDOS for (a) Na@PHE-graphene + 2H,, (b) Na@PHE-graphene +
4H,, (c) Na@PHE-graphene + 6H,, and (d) Na@PHE-graphene + 8H,. The
Fermi energy was set to 0 eV.

H, molecules desorb at 300 K, highlighting the rapid kinetics of des-
orption. Energy fluctuations further confirm that after 2 ps, significant
changes cease, supporting the stability of the final configuration at 300
K.

To investigate changes in the electronic structure induced by H,
adsorption, we calculated the PDOS for the Na@PHE-graphene + nH,
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Fig. 11. (a) Side and top views of the reduced density gradient (RDG), highlighting the nature and strength of intermolecular interactions in the Na@PHE-
graphene + 2H, system. (b) Charge density difference map of Na@PHE-graphene + 8H, shown from top and side views, where yellow and blue represent charge
accumulation and depletion, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

(n = 2,4,6,8) configurations, as illustrated in Fig. 10. The VB was
dominated by the C(p) states, with the distribution of electronic levels
not significantly altered by H, adsorption. At the CBM, the H(s) states
show a more significant contribution. For higher energy levels in CB,
the coupling between C(p), H(s), and Na(s, and p) is elevated. Specif-
ically, the appearance of a band gap energy is noticeable, with values
of 0.44 eV (2H,), 0.72 eV (4H,), 0.06 eV (6H,), and 0.50 eV (8H,).
These findings highlight the ability of Na@PHE-graphene to serve as a
substrate for potential applications in H, sensor-based devices.

Now, we discuss the electronic modifications induced by the in-
troduction of hydrogen molecules. To this end, the charge density
difference (CDD), and reduced density gradient (RDG) maps are pre-
sented in Fig. 11. The RDG map was calculated for Na@PHE-graphene
+ 2H,, as denoted in Fig. 11a. It can be noticed that the interaction
between the H, molecules and the substrate lies between strong attrac-
tion and van der Waals interaction. This aligns with the adsorption
energies measured, which fall below —-0.1 eV/H,, ruling out pure
physisorption, and are substantially higher than —0.6 eV/H,, also ruling
out chemisorption. Thus, we can classify the interaction between the H,
and substrate as a reversible chemisorption.

The CDD map, as shown in Fig. 11b, was employed to investigate
the dynamics of charge redistribution. The CDD map reveals simulta-
neous zones of charge accumulation (yellow) and depletion (blue) for
H, molecules, indicating polarization. Moreover, regions where small
charges accumulate have been observed in PHE-graphene. This obser-
vation suggests that when Na@PHE-graphene interacts, it acquires a
certain amount of charge. This charge transfer results in an upward shift
of the Fermi level (E) of 1.06 eV (the E value for Na@PHE-graphene
+ 8H, system is equal to 0.56 eV), leading to a transition of the
material to a semiconductor state. The Bader charge analysis reinforces
these findings by demonstrating that the monolayer charge amounts
to —1.46|e|. This value is higher in magnitude than that observed for
Na@PHE-graphene case. Specifically, the charge associated with Na
adatoms is +0.82|e|/Na, while the charge exhibited by the H, molecules
is —0.08 [e|/H,.

The minimally significant charge of the H, molecules aligns with
the physical adsorption, as indicated by the E,4, values. These results

highlight the influence of Na adatoms in facilitating the H, molecule
retention under a reversible regime on the substrate.

Finally, Fig. 12 presents an analysis of the thermodynamics con-
cerning the number of H, molecules influenced by temperature (7') and
pressure (P). To evaluate the practical applicability of our material in
light of DOE hydrogen storage targets [60], we assessed the number of
H, molecules adsorbed under the prescribed pressure (5-12 bar) and
temperature (—40 to 85 °C) windows. Our results indicate that at the
lower temperature bound (—40 °C), the material retains a high storage
capacity, adsorbing 6.37 H, (HAC = 7.12 wt%) molecules at 5.15 atm
and 6.53 H, (HAC = 7.29 wt%) molecules at 11.97 atm. However,
at the upper temperature limit (85 °C), the number of adsorbed H,
molecules drops to 0.02 for both 5.15 and 11.97 atm. These values
are consistent with the expected thermodynamic behavior, as higher
temperatures promote desorption. Importantly, the high uptake at low
temperature and relevant pressures demonstrates that the material
satisfies the DOE’s storage window during hydrogen filling, while the
rapid release at elevated temperatures enables efficient hydrogen de-
livery, as required for onboard applications. These results underscore
that Na@PHE-graphene presents an effective hydrogen storage solution
under realistic temperature and pressure conditions.

4. Conclusions

In this work, we investigate the hydrogen storage potential of
sodium-decorated PHE-graphene using DFT. The structural, mechani-
cal, and electronic properties and interaction with H, molecules are
thoroughly analyzed. PHE-graphene demonstrates significant structural
stability, as confirmed by phonon dispersion analysis and AIMD simu-
lations at 300 K. The material exhibits remarkable mechanical robust-
ness, with a Young’s modulus of 281.64 N/m and a shear modulus of
103.90 N/m, ensuring its integrity under functionalization. Electroni-
cally, sodium-decorated PHE-graphene retains metallic characteristics
with pronounced band dispersion near the Fermi level. Functional-
ization with sodium improves the adsorption energy, ranging from
—0.33 to —0.23 eV, enabling a gravimetric storage capacity of up to
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Fig. 12. The average number of adsorbed H, on Na@PHE-graphene at various
temperatures (T) and pressures (P).

8.79 wt%, surpassing the DOE target. Desorption temperature cal-
culations reveal favorable conditions for reversible hydrogen storage
with rapid desorption kinetics under ambient conditions. Na@PHE-
graphene demonstrated semiconductor-like properties when exposed to
H, adsorption, with a band gap of 0.50 eV. This observation suggests
the potential of the substrate as an alternative solution for hydrogen
storage and in the detection of H, molecules. These findings position
PHE-graphene as a promising and efficient candidate for sustainable
hydrogen storage applications.
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