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ARTICLE INFO ABSTRACT

Keywords: Fuel-cell vehicles (FCVs) offer compelling advantages for sustainable transportation, including rapid refueling,
Hydrogen storage extended driving range, and zero CO5 emissions. However, the current reliance on highly pressurized hydrogen
CsN

(Hy) tanks presents significant challenges in terms of safety, operational pressure, and storage capacity. Moving
beyond conventional compressed gas storage, this study explores a solid-state Hy storage paradigm based on
light, nanoporous organic penta-carbon nitride (CsN) decorated with light transition metals (TMs). Using density
functional theory (DFT), thermodynamic analysis, and ab-initio molecular dynamics (AIMD), we show that
selected TMs, Sc, Ti, and V, can be energetically anchored onto CsN without clustering, owing to the synergy
between their strong binding energies and high diffusion barriers. The TM-decorated CsN exhibit reversible Hy
adsorption via peculiar Kubas-type interactions, achieving high theoretical gravimetric densities of 5.81, 5.73,
and 5.65 wt% for Sc, Ti, and V@CsN, respectively. These numbers surpass the U.S. Department of Energy (DOE)
target of 5.50 wt%. Notably, Sc@CsN and V@CsN also demonstrate the ability to store H, under practical ranges
of temperatures and pressures, with reversible adsorption at 5.0 bar and desorption at practically low temper-
atures (below 85.0 °C). Our findings conclusively propose TM-decorated CsN as highly promising candidates for
H, storage in FCVs.

Thermodynamic analysis
Kubas-type interaction

1. Introduction

Efficient hydrogen storage (Hj-storage) plays a central role in
hydrogen economy, enabling applications such as fuel cell vehicles
(FCVs), grid-scale energy storage, ammonia and methanol production,
steelmaking, and residential heating [1-6]. In particular, the current
storage technology for FCVs relies on carbon fiber composite tanks,
which are lightweight, extremely strong, and capable of withstanding
both internal and external pressures. Although they can store up to 5.5
wt% of Hy according to the target value set by the U.S. Department of
Energy (DOE), their high cost, extreme compression (up to 700.0 bar)
for reducing the storage size, and safety are the major hindrances
[7-10]. Beyond the conventional methods, Hy-storage based on nano-
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porous solid materials with high surface area has emerged as a prom-
ising route because of the ultra-high capacity with reduced storage size
[11,12]. Metal hydrides such as MgH» [13,14], LiBH4 [15], and NaBH4
[16] exemplify the exceptional storage capacity (5.5 to 10.0 wt%) and
safety. Despite, these materials critically suffer from the sluggish
reversible reaction kinetics during the adsorption-desorption cycles of
Hy molecules. In this regard, high temperatures or catalysts can be
employed to accelerate chemical kinetics.

The slow reaction kinetics is fundamentally attributed to the exag-
gerated chemical bonds formed between Hy molecules and the storage
materials (i.e., chemisorption). The chemisorption gives rise to the high
storage capacity because of the enhanced number of Hy molecules, but it
raises the desorption temperatures which retard the chemical kinetics.
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Fig. 1. (a) Optimized atomic structure of pristine CsN, (b) possible adsorption sites of TMs on CsN, and (c-h) binding energies of the TMs on various adsorption sites
and the corresponding structures with the strongest binding energies.
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This aspect can be resolved by using materials offering physisorption via nanotubes [20,21] are notable examples of capturing Hy molecules by
weak van der Waals (vdW) interaction to capture Hy molecules. The predominantly weak vdW forces, offering the storage capacity (2.5 to
physisorption enables rapid adsorption and desorption, ideal for effi- 7.5 wt%). Nevertheless, the physisorption usually offers a lower storage
cient cycling applications. Metal organic frameworks (MOFs) [17], co- capacity than chemisorption. Ideal storage materials should possess low

valent organic frameworks (COFs) [18], graphene [19], and carbon atomic weights to be lightweights and store Hy with moderate binding
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Fig. 2. Diffusion barriers of the metal atoms moving from the most stable position to the neighboring equivalent position along path-1 and path-2 for (a) Sc@CsN, (b)

Ti@CsN, and (c) V@CsN.

energies between weak vdW physisorption and strong chemisorption.
Hence, searching for the appropriate materials fulfilling all these re-
quirements is the critical challenge.

As described, the promising storage materials should be lightweight,
high surface area, and have appropriate binding energies. In this regard,
carbon nanomaterials have emerged as the intuitive candidates [15,16].
However, intrinsic C—C bonds show weak binding energies because of
their lower affinity toward Hy molecules. Surface modification, such as
doping, defects, and heterostructure is required to magnify H, bindings
[22-24]. Despite the satisfactory storage capacity of around 6.0 wt%
achieved, some transitional metals decorated on carbon nanomaterials
are problematic with surface clustering [22-24]. Moreover, the effective
storage under ambient conditions remains elusive. These limitations
have further driven the search for alternative light materials. Generic
two-dimensional (2D) carbon-nitrides (CyNy) have emerged as candi-
dates operating at standard pressures and temperatures mainly because
of their lightweight, ultra-high surface area, and freedom to tune
properties upon varying the x/y ratio [19,20]. In particular, the C—N
bonds are more affinitive to the functionalized surface metal dopants,
providing more stable metal decoration without aggregation [25,26].
For instance, Li@g-CaN has demonstrated a high theoretical Hy storage

capacity of 13.00 wt%, with adsorption energies ranging from —0.12 to
—0.23 eV/H; [27]. Furthermore, Al@g-CN showed significant potential,
achieving a storage capacity of 6.15 wt% with adsorption energies be-
tween —0.11 and — 0.31 eV/Hy [28]. Mg@g-C3N4 offers a storage ca-
pacity of 7.96 wt% and adsorption energies ranging from —0.10 to
—0.25 eV/Hjy [29]. Mg + Li@g-C3N4 monolayer exhibits a high storage
capacity of 10.01 wt% with adsorption energies between —0.10 and —
0.23 eV/H; [30]. Li@g-CsNg and Li@g-C19Ns have achieved storage
capacities of 5.88 and 8.00 wt% under moderate pressure, respectively
[31]. However, non-transition metal decoration (e.g, Li and Na) has
some limitations in aggregation and instability due to the low diffusion
barriers [32].

Beyond, surface decoration by transition metals (TMs) becomes a
promising alternative because of the enhanced structural stability
originating from the immense interaction of unpaired electron in C—N
bonds with the unfilled d-orbitals of TMs. Consequently, TMs dopants
possess feasible doping/synthesis techniques as endorsed by the success
of single-atom catalysts (SACs) or dual-atom catalysts (DACs) [33,34].
The partially filled d-orbitals of the anchored TMs can effectively
modulate the Hy binding to be at the appropriate range between the
chemisorption and physisorption, which is typically defined as Kubas-
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Fig. 3. Top and side views of the optimized atomic structures of (a) 6Sc@CsN, (b) 6Ti@CsN, and 6V@CsN. (c) Projected density of states (PDOS) of pristine and

6TM@CsN. The Fermi level is shown by the black dotted line.

type interaction [35,36]. This peculiar type of chemical interaction re-
lies on the energetic electron donation from the ¢ bonding orbital of the
Hy molecule to the empty d-orbitals of the TMs. Simultaneously, an
electron from the metal's d-orbital back-donates to the ¢" anti-bonding
orbital of Hy. As a result, H—H bonds of the adsorbed Hy molecules
are destabilized and elongated, but they remain undissociatively bound
in the molecular form with the appropriate binding energies for
adsorption/desorption reversibility [37]. The binding energy ranged
from 0.1 to 0.6 eV/H; is ideal for FCVs requiring reversible adsorption/
desorption cycles at moderate temperatures and pressures [10]. Ac-
cording to these reasons, various TMs-decorated C,Ny were demon-
strated as promising H-stoage avenues. For example, Ti@C2N offers the
Ha-storage capacity of 6.8 wt%, with adsorption energies falling in the
ideal range of —0.20 to —0.40 eV/H; [38]. TMs-decorated g-C3N4 could
adsorb up to four Hy molecules with adsorption energies of —0.30 to
—0.60 eV/Hj,, making them ideal for practical applications [39].
Recently, an organic 2D fused aromatic network (FAN) structure
with a CsN basal plane stoichiometry was successfully synthesized,
making it distinctive from most inorganic CxNy [40]. The study dem-
onstrates the material's exceptional electronic properties, including high
charge carrier mobilities for both electrons (996 c¢m?/V-s) and holes
(501 cm?/V-s), exceeding those of most undoped organic semi-
conductors. It also exhibits excellent thermal and chemical stability

against oxidation. The CsN monolayer is characterized as a direct
bandgap semiconductor with an energy gap of 2.63 eV, showing strong
absorption in the visible light spectrum suitable for photocatalytic
water-splitting applications [41]. Moreover, the material possesses
remarkable mechanical flexibility, with a tensile strength exceeding 10
GPa [41]. Notably, CsN exhibits a moderate lattice thermal conductivity
of approximately 9.5 W-m™! K™! at ambient temperature [41]. This
balance between electrical and thermal transport is particularly ad-
vantageous for efficient Joule heating, enabling controlled release of
adsorbed Hy molecules. Inspired by the 2D nature with high surface
area, high electrical conductivity, moderate thermal conductivity, sig-
nificant mechanical flexibility, and thermal and chemical stabilities,
organic CsN is hypothesized to be a promising Hy storage medium su-
perior to the known inorganic CxNy.

Herein, we employ theoretical approaches including density func-
tional theory (DFT), ab-initio molecular dynamics, and thermodynamics
to unravel Hy storage capacities of CsN functionalized with TMs
including Sc, Ti, and V. Our findings show that TMs-decorate CsN are
feasible Hy storage materials because they offer the high volumetric
densities of over 5.50 wt% at practical ranges of temperatures and
pressures, fulfilling U.S. Department of Energy (DOE) 2025 requirement.
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Fig. 4. (a) Bader charge analysis of charge transfer between TMs and CsN and
(b) Work functions of 6TM@CsN.

2. Computational and modeling details

Theoretical calculations were performed using Vienna Ab-initio
Simulation Package (VASP) within the framework of density functional
theory (DFT). The exchange-correlation energy was approximated by
the generalized gradient approximation of Perdew-Burke-Ernzerhof
(GGA-PBE) approach [42]. The crystal structure of CsN was modelled
according to the experimental data, which consists of 90 atoms in a unit
cell as shown in Fig. 1(a). The vacuum of 20.0 A was added in the ver-
tical direction to ensure the monolayer character. The cut-off energy of
the plane wave basis of 500 eV was used, and the Brillouin zone inte-
gration was sampled by a Monkhorst-Pack grid of 3 x 3 x 1 for opti-
mizing the atomic structures and a denser 6 x 6 x 1 for calculating the
electronic density of states (DOS). The structural optimization was
achieved when forces acting on all atoms became less than 50 meV/A.
The stopping-criterion for the electronic self-consistency loop was set to
10 %ev.

The binding energy (Ep) of TMs-decorated CsN was determined as
the following equation:

Ey, = (Em:TM@CSN —Ecn — mETM)/m 1)

where m refers to the number of TMs atoms adsorbed. Additionally,
Em:macsn,Eggn, and Ery represent the total energy of TMs-decorated
CsN, bare CsN monolayer, and isolated TMs atom, respectively. Mean-
while, the average adsorption energy (E,q4s) for nHy molecules on TMs-
decorated CsN monolayer in the unit of eV/Hy was determined as the
following equation:

Eads = (Em™macsN-nt, — Emmmacsny — NEg, )/n (2)

where EntmacsN-nH,» EmTMacsn, and Ey, are the total energy of TMs-
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decorated CsN monolayer adsorbed with nHs; molecules, bare
Em-Macsn and isolated Hy molecule, respectively. And n is the number of
adsorbed Hy molecules on TM-decorated CsN monolayer. Here, the cut-
off adsorption energy for further calculating the storage capacity is
defined as —0.15 eV/H,. In addition, Grimme method (DFT—D3)
[43,44], was used throughout the computation to treat van der Waals
(vdW) interactions predominantly existing between Hy molecules and
CsN.

Subsequently, the gravimetric storage capacity was calculated as the
following equation

wt (H2)% = nMy, /(0Mp,+ Mmtmacsn) X 100 3)

where My, and Mg,y are the molecular masses of the isolated Hj
molecule and TM-decorated CsN monolayer, respectively. Furthermore,
the volumetric capacity was calculated by the following equation

Vy, = (mass of nH, per unit cell)/(volume of unit cell). @

The thermodynamic analysis was employed to calculate the
adsorption-desorption characteristics at practical working conditions.
The effective number of stored Hy molecules (Ns) adsorbed in the host
material as a function of temperature (T) and pressure (P), which can be
calculated by

Neg (T,P) = [(Z—1)/Z]N, (5)

where Ny represents the number of Hy molecules adsorbed on the host
medium as obtained at 0.0 K (i.e., Eq. 2), and Z defines the grand ca-
nonical partition function as the following equation

n
Z(Eages T,P) = 1+ 3 e (Bl ) /o7 ©
i=1
where E!; is the average adsorption energy of the iH, molecule adsor-
bed, and the summation index i are 6, 12, 24, and 36. Note that the index
i is the multiplication of 6 because there are 6 transition metal atoms
(TMs) decorated on CsN. Each TM atom successively adsorbs 1, 2, 4, and
6 Hy molecules. Moreover, the parameter n defines the maximum
number of Hy molecules adsorbed on TMs-decorated CsN, and it was
determined according to the cut-off Eq4 of —0.15 eV/Hy. Meanwhile,
py, is and chemical potential of the gas phase of the Hy molecule. In

particular, py, , which is a function of P and T, is defined as

i, (P T) = AH(T, Py) — TAS(T, Py) + kT In (PE) @)
0

where AH represents the enthalpy change accounting for translational,
rotational, vibrational contributions of a Hy molecule, AS is the entropy
change, P is the pressure, and P, is the atmospheric pressure (1.01 x 10°
Pa). The values of AH and TAS are obtained from the experimental
database and are provided in Table S1 of the Supplementary Information
[45].

3. Results and discussion
3.1. Structural optimization and TMs-decorated CsN

The optimized lattice parameter of the pristine CsN monolayer is
calculated to be 20.92 f\, consistent with previous reports [41]. The
calculated bond lengths of C—C, C—N, and C—H are 1.44, 1.34, and
1.09 A, respectively, as illustrated in Fig. 1(a). CsN monolayer offers
nine inequivalent adsorption sites for a Hyp molecule, denoted as sites I-
IX, as shown in Fig. 1(b). These include site I (on the carbon ring), site II
(above a nitrogen atom), site III (above a carbon atom), and site IV (on a
carbon-nitrogen ring). Sites V, VI, and VII are located above the C—C,
C—N, and C—H bonds, respectively. Site VIII lies directly above a H
atom of CsN, while site IX corresponds to a hollow region adjacent to N
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atoms. The optimized molecular orientations and the corresponding E,4s
of a Hy molecule are presented in Fig. S1. At all adsorption sites, the
calculated E,q4s are less than

-0.005 eV/molecule, indicating insufficiently weak physisorption to
retain Hy molecules at practical temperatures and pressures, resembling
other 2D CxNy such as C3N4 [30] and C,N [38]. This minimal Ha-affinity
is likely attributed to the low N/C ratio with a smaller number of C—N
bonds (i.e., approaching the graphene or nano-porous graphene char-
acters, which are Hs-inactive). Hence, pristine CsN monolayer is
conclusively unsuitable for Hy-storage applications.

To magnify the Hy adsorption, surface functionalization via deco-
rating selected light TMs (namely Sc, Ti, and V) with the partially filled
d-orbitals is considered. The TMs energetically prefer to bind over CsN at
the site IX (hollow site) near N atoms with the corresponding binding
energies (E,) of Sc, Ti, and V of —4.01, —4.02, and — 3.97 eV, respec-
tively, as shown in Fig. 1(c-h). The corresponding bond lengths are 2.09
A (Sc—N), 2.03 A (Ti—N), and 1.99 A (V—N). These bond lengths are
within the sum of the atomic radii for N (0.56 f\), Sc (1.84 [o\), Ti (1.76

A), and V (1.71 f\) [46], confirming strong chemical TMs-N bonds.
Moreover, the diffusion barriers for the adsorbed TMs moving from their
most stable positions to nearby equivalent sites were calculated using
the Nudge Elastic Band (NEB) method [47]. Fig. 2 shows the possible
diffusion paths and corresponding barriers of Sc, Ti, and V. Path 1 rep-
resents the diffusion across the C—N hexagon, whereas path 2 denotes
the diffusion across the carbon hexagon. The diffusion barriers for path 1
of Sc, Ti, and V are 1.85, 1.69, and 2.16 eV, respectively. Meanwhile, the
diffusion barriers for path 2 of Sc, Ti, and V are 1.46, 1.55, and 1.96 eV,
respectively. These diffusion barriers are relatively lower than those
reported for C3N4 and CoN [48,49], likely due to the reduced number of
C—N bonds in CsN, which strongly interact with TMs. Nevertheless, the
diffusion barriers in CsN remain sufficiently high to stabilize single-atom
catalysts (SACs) or even dual-atom catalysts (DACs). Generally, TMs
tend to cluster due to their high cohesive energies. However, the clus-
tering of TMs on Hj-storage materials is undesirable because the heavy
atomic masses consequently lower the storage capacity. The combina-
tions of magnitudes of the binding energies and diffusion barriers of
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Adsorption energies (E,qs) and average bond length of H, (Ry.y) in single and double sides, and storage capacities of gravimetric and volumetric for 6TM@CsN (TM =
Sc, Ti, and V) in theory (at 0 K).

System Eags (eV/Hy) Run (A) Theoretical Storage Capacities (at 0.0 K)
Single side Double sides Single side Double sides Gravimetric (wt%) Volumetric (kg//o\3)
6Sc@CsN
6H, + 6Sc@CsN —0.2316 0.840 1.017 0.008
12H, + 6Sc@CsN —0.2578 —0.2029 0.812 0.798 2.014 0.016
24H, + 6Sc@CsN —0.2525 —0.2449 0.788 0.777 3.950 0.032
36H; + 6Sc@CsN —0.2131 —0.2051 0.785 0.778 5.810 0.049
Average —0.2387 —0.2176 0.806 0.784
6Ti@CsN
6H, + 6Ti@CsN —0.4769 0.811 - 1.003 0.008
12H, + 6Ti@CsN —0.2667 —0.3109 0.787 0.792 1.986 0.016
24H, + 6Ti@CsN —0.2704 —0.1987 0.796 0.767 3.894 0.032
36H; + 6Ti@CsN —0.2995 —0.1585 0.803 0.766 5.730 0.049
Average —0.3283 —0.2227 0.799 0.775
6 V@CsN
6H, + 6 V@CsN —0.3452 0.800 0.988 0.008
12H, + 6 V@CsN —0.1743 —0.2104 0.772 0.772 1.956 0.016
24H;, + 6 V@CsN —0.1334 —0.1690 0.764 0.786 3.837 0.032
36H; + 6 V@CsN —0.1844 —0.1424 0.783 0.773 5.647 0.049
Average —0.2093 —0.1739 0.778 0.777
( ) H:-isolated 6H; + 6Sc@CsN 6H; + 6Ti@CsN 6H; + 6V@CsN
20
— up
down
> é
@ 10 [ S ]
A
- o Lo
()} fi—
[TT] ICOHP = ICOHP = ICOHP = ICOHP =
-2.57 eV -2.24 eV -2.32 eV -2.43 eV
~10 . . N N
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DOS -pCOHP
(b) 6Sc@CsN+6H, (c) 6Ti@CsN+6H, (d) 6V@CsN+6H,

oC ON oH

Osc Q1 Qv

Fig. 6. (a) DOS and COHP analysis of isolated-H,; molecule and 6H, molecules adsorbed on 6TM@CsN. Top and side views of charge density difference (CDD) of 6H,-
adsorbed (b) 6Sc@CsN, (c) 6Ti@CsN, and (d) 6V@CsN. The isosurface here is set to 0.002 eV/A3, and the yellow (cyan) represents charge accumulation (depletion).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Sc@, Ti@, and V@CsN are 5.86, 5.98, and 6.03 eV, respectively. These
values exceed the magnitudes of their corresponding bulk cohesive en-
ergies of Sc (3.9 eV), Ti (4.85 eV), and V (5.31 eV), thus energetically
preventing the aggregation.

We subsequently investigated the maximum number of TMs that can
be adsorbed over CsN. This material can accommodate a maximum of
six TMs per unit cell, corresponding to a high 6.25 at.% doping con-
centration, which is the experimentally achievable doping concentra-
tion [50]. The optimized structures of 6TMs@CsN are shown in Fig. 3(a-
c). The average E,, values of Sc, Ti, and V are —4.13, —4.23, and — 4.03
eV/dopant, respectively, being close to the binding energies of single
dopants. Thus, the self-interactions among the dopants are clearly
minimal at doping concentration 6.25 at.%. The average bond lengths of
Sc—N, Ti—N and V—N in TMs-decorated CsN are 2.06, 2.00, and 1.98 f\,
respectively. These short bond distances incorporated by the immense
binding energies manifest that the TMs are anchored on CsN by chemical
bonds which can be further elucidated by the analysis of the electronic
properties.

3.2. Electronic properties of TMs-doped CsN

Fig. 3(d) shows the spin polarized projected density of states (PDOS).
Pristine CsN is characterized as a semiconductor with an energy band
gap of 1.93 eV based on the PBE level of theory. The valence band edge is
dominated by the C-2p orbitals which are highly delocalized because of
the delocalization of C z-electrons [40]. On the other hand, the con-
duction band edge is shared by both C-2p and N-2p orbitals. Notably, the
introduction of TMs to CsN transforms TMs@CsN to be spin-polarized.
There are states right below the Fermi energy, which are derived from
the hybridization of TM-3d states with N-2p orbitals (i.e., the formation
of TMs-N bonds). This hybridization is attributed to the charge transfer
from 3d states which is accepted by the high-lying N-2p states of CsN.
The Fermi energies of TMs@CsN are accordingly upshifted to the con-
duction band. Additionally, the PDOS of the 3d states of independent
TMs are comparatively included. There are remarkable variations of the

Table 2
Total of Bader charges analysis: Charge donor (+), and Charge acceptor (—).

Journal of Energy Storage 143 (2026) 119608

3d states before and after being decorated on CsN, consistently indi-
cating the formation of Sc—N, Ti—N, and V—N chemical bonds. The
TMs-to-CsN charge transfer mechanism is well-supported by the Bader
charge analysis [51] and the work functions (¢) as shown in Fig. 4(a-b).
Fundamentally, the work function (¢) represents the minimum energy
required to remove an electron from the Fermi level to the vacuum level
and is expressed as

(b = Viac — Ep,

where V,, is vacuum potential and Er is the Fermi level. The Fermi
energy of CsN shifts upward under n-type doping and downward under
p-type doping. In other words, the variation in the Fermi level probed by
means of the work function directly reflects the direction of charge
transfer between CsN and the adsorbed TM atom and later the H
adsorption on TMs@CsN. Thus, the work function is a useful tool for
quantifying the hydrogen storage capacity of materials. The findings
indicate that each Sc, Ti, and V donates 1.31e, 1.06e, and 0.97e¢ to CsN
upon decoration, respectively. CsN becomes n-type doped after
adsorbing TMs to decrease its work function. Consequently, the TM
dopants get polarized to be highly affinitive to adsorbing H, molecules.

3.3. Hydrogen storage on TMs@CsN

The H; adsorption process of TMs@CsN was performed in a stepwise
manner as shown in Fig. 5(a-c). First, a single Hp was introduced on each
TM dopant and the resulting structures were fully optimized. The
number of Hy was increased gradually and the corresponding E,gswere
calculated until the systems reached saturation. Here, the maximum
number of adsorbed Hy molecules (i.e., saturation) is defined by the E 4,
value, which is at least —0.15 eV/molecule to ensure the Hy-storage. We
found that each dopant could adsorb a maximum of 6Hy molecules, that
is, a maximum of 36H; on each 6TMs@CsN system as depicted in
Fig. S2-S4. The resultant gravimetric capacities of 6Sc@CsN, 6Ti@CsN,
and 6 V@CsN are 5.81, 5.73, and 5.65 wt%, respectively, surpassing the
2025 DOE target value of 5.50 wt%. Meanwhile, Table 1 compiles ob-
tained numbers for 6TMs@CsN, including the E,g4s, average bond length
of Hy (Ry.p), gravimetric capacity, and theoretical volumetric capacity
at 0.0 K. The average E,4s values of single (double) site adsorption are
—0.24 (—0.22), —0.33 (—0.22), and — 0.21 (—0.17) eV/H; for 6Sc@CsN,
6Ti@CsN, and 6V@CsN, respectively. We observe fluctuations in the
E,4s because of substantial rearrangements of the decorated TM atoms
during successive Hp adsorption, as illustrated in Fig. $2-S4. Notably, the
values of Ry.py indicate elongation from 0.750 A in an isolated H,
molecule to 0.840 A, signifying the typical Kubas-type interaction
[36,52] which can be further elucidated by the analysis of PDOS, Crystal
Orbital Hamilton Population (COHP) [53], and the charge density dif-
ference (CDD).

The Kubas-type interaction defines a unique form of Hy molecules
coordinating to a transition metal (TM) center, where the H—H bond
remains undissociated but weakened. This peculiar bond originates from
o-donation from the Hy bonding orbital to an unfilled metal d-orbital.
Afterwards, there is z-back donation from a filled metal d-orbital to the
Hj ¢ (anti-bonding) orbital. Fig. 5(d) shows the PDOS of 6Sc@CsN,

Charge AQ 6TM-decorated CsN (e) 6H, adsorbed on 6TM@CsN (e)
6Sc@CsN 6Ti@CsN 6 V@CsN 6Sc@CsN 6Ti@CsN 6 V@CsN

C -3.079 —1.586 —-1.627 —2.688 -3.162 -3.007
N -2.327 —2.348 —2.157 -1.716 —2.269 -1.594
H —2.454 —2.404 —2.060 —2.735 —1.486 —2.028
Sc 7.860 0 8.921 0 0

Ti 0 6.338 0 8.207 0

v 0 0 5.845 0 0 7.638
H, 0 0 —1.781 —1.290 —1.009
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(a) 6Sc@CsN
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(b) 6Ti@CsN

Fig. 8. Effective number of H, molecules (Ng) adsorbed on (a) 6Sc@CsN, (b) 6Ti@CsN, and (c) 6V@CsN as a function of pressures and temperatures.

Table 3
Average number of hydrogen (N.g) and ratio of gravimetric capacities.

Pressure System Temperature Ratio of gravimetric capacity
298 K 355K
Nest Gravimetric capacity (wt%) Nest Gravimetric capacity (wt%)
5 bar 6Sc@CsN 27.67 4.526 4.540 0.772 82.9 %
6Ti@CsN 35.99 5.728 35.26 5.619 1.90 %
6 V@CsN 35.22 5.532 14.85 2.410 56.4 %
12 bar 6Sc@CsN 31.99 5.197 9.250 1.560 70.0 %
6Ti@CsN 35.99 5.728 35.68 5.682 0.80 %
6 V@CsN 35.63 5.593 22.66 3.631 35.8%

6Ti@CsN, and 6V@CsN before and after being adsorbed by Hy mole-
cules. There are negligible variations in C-2p and N-2p states after Hy
adsorption because of the weak interaction of C and N atoms with a Hy
molecule. On the other hand, the ¢" anti-bonding state of a free Hj
molecule becomes distinctively broadened after being adsorbed on
6TMs@CsN, implying the charge-transfer process. This specifically co-
incides with the notable alteration of 3d-states of TMs in 6TMs@CsN. We
further elaborate on the Kubas-type interaction by analyzing COHP.
Fig. 6(a) presents the COHP of H-1s states of an independent Hy mole-
cule and the adsorbed Hy molecule on TMs-decorated CsN. The COHP of
a free Hy molecule consists of two peaks derived from the bonding and
anti-bonding states. On the other hand, the COHP of the adsorbed Hy
molecule exhibits the remarkable feature. The ¢” bonding state of the Hy

molecule is greatly perturbed, clearly indicating the reverse charge
donation from the 3d states of TMs to the Hy ¢* anti-bonding state. This
results in the weakened interaction as supported by the less negative
values of the average integrated COHP (ICOHP), i.e., —2.24, —2.32, and
— 2.43 eV/bond of the adsorbed H, molecule on 6H; + 6Sc@CsN, 6H,
+ 6Ti@CsN, and 6Hy + 6 V@CsN, respectively, as compared with
—2.57 eV/bond of an isolated Hy molecule. Additionally, we provide
insight into the electron transfer mechanism between Hy molecules and
6TM@CsN by calculating the CDD as shown in fig. 6(b-d). The Hy
molecule exhibits electron accumulation (yellow regions), suggesting
charge transfer from the TMs to the " bonding orbital of Hy. In addition,
Bader charge analysis in Hy adsorption denoted that Hy molecules gain
0.30e, 0.22¢, and 0.17e from Sc, Ti, and V, respectively, as shown in
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Fig. 7 as Table 2.

3.4. Thermodynamic analysis for Hy storage at practical pressure and
temperature and desorption

We further investigate the Ho-storage at practical ranges of temper-
ature and pressures, which establish the specific limits for hydrogen
storage systems in light-duty vehicles following the DOE target [54]. The
delivery temperature must range from —40 °C to 85 °C (233-355 K),
while the storage system should deliver hydrogen at a pressure between
5 bar and 12 bar [54]. Fig. 8(a-c) show the effective number of Hy
molecules (Negf) adsorbed on 6Sc@CsN, 6Ti@CsN, and 6V@CsN systems
as a function of temperatures and pressures according to egs. (5)—(7).
The Ne¢s values at the delivery conditions for light-duty vehicles are used
to calculate the practical gravimetric capacity as compiled in Table 3. In
particular, our findings manifest that the adsorption of Hy molecules can
occur within the DOE pressure range at ambient temperature (298.0 K).
At 5.0 bar, the gravimetric capacities of 6Sc@CsN, 6Ti@CsN, and
6V@CsN at room temperature are 4.526, 5.728, and 5.532 wt%.
Meanwhile, the storage capacities are enhanced when increasing the
pressure to 10.0 bar. The gravimetric capacities of 6Sc@CsN, 6Ti@CsN,
and 6V@CsN at room temperature are 5.197, 5.728, and 5.593 wt%,
respectively. Apparently, only the storage capacities of 6Ti@CsN, and
6V@CsN at practical conditions are satisfactory according to the target
value of DOE. For comparison, the theoretical hydrogen storage capac-
ities of some TM-decorated CyNy materials at 0.0 K and 0.0 bar have
been reported as 6.80 wt% for Ti-decorated CoN [38], 8.55 wt% for Sc-
decorated C3Ny4 [49], 8.55 wt% for Y-decorated C3Ny4 [55], and 6.11 wt%
for Ti-decorated graphene [56].

Subsequently, we investigate the storage capacities at the elevated
temperatures. Here, the ratio of gravimetric capacities between room
temperature and the maximum delivery temperature is used to quantify
the capability to release Hy molecules. Notably, the ratios of 6Sc@CsN
and 6V@CsN at 5.0 bar are 82.9 % and 56.4 %, respectively, indicating
the ability to release Hy molecules. At higher pressure of 10.0 bar, the
ability to liberate Hy molecules is relatively suppressed. The ratios of
6Sc@CsN and 6V@CsN are 70.0 % and 35.8 %, respectively. Our find-
ings thus indicate that the 6Sc@CsN and 6V@CsN exhibit excellent
reversibility, making them suitable for Hj storage in light-duty vehicles.
Note that, for 6Ti@CsN, only a small ratio of Hy molecules is released
when the temperature increases, indicating that higher temperatures are
required for efficient desorption.

Overall, considering the storage capacities at practical rages of
operational pressures and temperatures and desorption temperatures,
our findings indicate that 6Sc@CsN and 6V@CsN are suitable for effi-
cient H; storage. Specifically, 6Sc@CsN is the most promising one for
light-duty vehicles because of its high Ho molecules release rate under
desired conditions. Thus, we further assess the thermal stability of this
system at 400.0 K using AIMD for 5.0 ps according to the Nose-Hoover
thermostat control. As shown in Fig. S5, 6Sc@CsN is thermally stable
because of the minimal fluctuations in the total energy (0.08 %) and
Sc—N bond length (1.09 %).

4. Conclusion

Using various theoretical approaches including, DFT, thermody-
namics, and AIMD, this work reports the H; storage paradigm in a light
solid-state nanoporous material, i.e., organic penta-carbon nitride (CsN)
decorated with light transition metals (TMs). We show that Sc, Ti, and V
are favorably decorated in CsN without aggregation because of the
immense binding energies and diffusion barriers which exceed the
cohesive energies of the TMs. Quantitatively, Sc, Ti, and V@CsN attract
Hy molecules via the Kubas-type interaction with the storage capacities
of 5.81, 5.73, and 5.65 wt%, respectively, which exceed the 5.50 wt%
requirement set by the DOE. Specifically, Sc@CsN and V@CsN show the
potentials in storing Hy at room temperatures and low pressures with
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excellent desorption at practically low temperatures. Hence, transition
metal decorated CsN conclusively offer the promising functionality in Hp
storage.
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