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Computational Design of 3D Porous Aluminum Nitride
Assembled From AIN-Biphenylene Nanoribbons for

Reversible Hydrogen Storage

Ahmed H. Ati, Jiewei Cheng, Peng-Hu Du, Mohammed M. Obeid, and Qiang Sun*

Hydrogen fuel with zero CO, emission is of current interest for global carbon
neutralization. In this study, a 3D porous aluminum nitride (p-AIN) framework
assemble from AIN-biphenylene nanoribbons and investigate its performance
in reversible hydrogen storage is presented. Using density functional theory
(DFT), it is showed that the p-AIN is dynamically and thermally stable, and
exhibiting a semiconductor nature with a bandgap of 3.57 eV. The adsorption
energy of H, is in the range of —0.104 to —0.087 eV/H,. According to ab initio
molecular dynamics (AIMD) simulations, the H, molecules remain stable
above liquid nitrogen temperature (77 K). The studied system offers

targets of 5.5 wt.% gravimetric and 40 g L~!
volumetric capacities for hydrogen storage
systems by 2025.0%]

In this regard, storage of hydrogen in
solid state materials offers a promising so-
lution. For example, solid porous materi-
als of current interest®l such as zeolites,®]
metal-organic frameworks (MOFs),l”l and
carbon-based structures® are efficient in
hydrogen storage due to their tunable prop-
erties and large surface areas. However,

gravimetric (volumetric) capacities of 4.95 wt.% (67.86 g L") at 77 K/35 bar,
and 1.41 wt.% (18.71 g L") at 298 K/100 bar, as revealed by grand canonical
Monte Carlo (GCMC) simulations based on force field parameters fitted from

DFT results.

1. Introduction

The transition from fossil fuels to sustainable energy sources
is essential for reducing global CO, emissions and mitigating
climate change. Hydrogen, recognized for its high energy
density and zero carbon emissions, is a key candidate as an
energy carrier for future clean energy systems.[!l However, the
low gravimetric and volumetric energy densities along with
the sluggish kinetic diffusion of H, are the major hurdles
in developing efficient and safe hydrogen storage systems.[?]
Conventional storage methods, such as compressed gas under
high pressures (>350 bar) or cryogenic liquid storage at 20 K, are
limited by low energy density, high costs, and safety concerns,
prompting the need for advanced storage materials that can
safely and effectively store hydrogen at practical temperatures
and pressures.>* The U.S. Department of Energy (DOE) has set
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their performance is often limited by weak
physisorption interactions resulting from
the low polarizability of H, molecules.l) To
enhance H, interaction, researchers have
explored doping these materials with alkali,
alkaline earth, or transition metals (TMs),
which improve their chemical activity and
create more active sites that strengthen
hydrogen adsorption. Doping with TMs can improve the absorp-
tion, but the large mass of TM atoms can reduce the gravimet-
ric density. Furthermore, doping can lead to the clustering of
TM atoms.[1) Therefore, current techniques for improving the
interaction between H, and porous materials focus on design-
ing porous materials with intrinsic open metal sites. A recent
study discovered that porous TiC, has a hydrogen adsorption
energy of —0.355 eV/H,, resulting in a storage capacity of 4.0
wt.% and 106.0 g L~! at 16 bar/230 K. Such a high performance is
attributed to the Kubas interaction mechanism.!"!l Additionally,
NU-2100 (C4H,Cu,N;) recorded adsorption energy of 0.331 eV
and a storage capability of 10.4 g L~! at 100 bar/233 K.I!?l These
findings highlight the potential use of new porous materials with
intrinsic open metal sites for hydrogen storage.

Among the studied systems, aluminum (A**) -based materi-
als are of special interest.l3-1°] Al is known for being lightweight,
inexpensive, and abundant, making it an attractive option in
hydrogen storage applications. Wang et al. have explored the po-
tential in the AIN-based nanostructures in various forms, includ-
ing nanocages, nanocones, nanotubes, and nanowires. In these
structures, the Al site can bind one hydrogen molecule through
charge polarization with an adsorption energy of —0.2 eV/H, and
a capacity of 4.7 wt.%.[1%) In nanoporous materials, for example,
Al(OH)(0,C-C4H,-CO,), the storage capacity can reach to 3.8
wt.% at 1.6 MPa/77 K.'”] Additionally, Evans et al. experimentally
studied aluminum formate (Al (HCOO);), known as ALF, which
offers adsorption energy of 0.089 eV, and can uptake 12 g H, /kg
of the ALF at 25 bar/120 K.[*® Moreover, the ultraporous MOF
NU-1501-Al, designed using simulation-motivated synthesis,

© 2025 Wiley-VCH GmbH


http://www.advtheorysimul.com
mailto:sunqiang@pku.edu.cn
https://doi.org/10.1002/adts.202401402
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadts.202401402&domain=pdf&date_stamp=2025-02-27

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND
SIMULATIONS

www.advancedsciencenews.com

exhibits a high storage capacity of 14.0 wt.% (46.2 g L™!) at 100
bar/77 K, due to its low density and large surface area.["”!

To further expand the Al-based materials family for hydrogen
storage, we present a computational investigation of a 3D porous
aluminum nitride (p-AIN) structure based on AIN nanoribbons
that feature a biphenylene-like network.[?] Qur study focuses on
two questions: (1) Can an Al site bind more than one hydrogen
molecule? (2) How does the storage capacity change with thermo-
dynamic conditions, and can p-AIN exceed the capacity of MOF
NU-1501-All%1? If so, what factors contribute to this potential
improvement? To address these questions, we employed density
functional theory (DFT), ab initio molecular dynamics (AIMD),
and grand canonical Monte Carlo (GCMC) simulations, to an-
alyze the crystal geometry, electronic structures, and hydrogen
adsorption capabilities of p-AIN.

2. Computational Methods

Calculations are based on density functional theory with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation energy in
the generalized gradient approximation (GGA),*!) and van
der Waals correction (PBE-D3) to consider van der Waals
interactions,??] as implemented in the Vienna Ab initio Simu-
lation Package (VASP).[2] A plane-wave cutoff energy of 520 eV
is used for all calculations. The Brillouin zone is represented by
a2 X 2 X 6 k-mesh with a Gamma scheme. The full geometri-
cal relaxation is performed based on the conjugated-gradient al-
gorithm with a force of 107* eV A~! and a total energy of 10~
eV. The dynamical stability of the optimized structureina 1 x 1
% 3 supercell was validated by phonon spectrum with finite dis-
placements using the Phonopy package.l?*! The Heyd-Scuseria-
Ernzerhof (HSE06) hybrid scheme is employed to address the
issue of underestimating the electronic band structure.[®! An ab
initio molecular dynamics (AIMD) simulation is used to confirm
the thermal stability of the proposed structure with the canonical
(NVT) ensemble using Nose -Hoover thermostat.[?*) The AIMD
simulation is performed with 1 X 1 X 3 supercells at 300 K for
pristine p-AIN and at 77 and 150 K with adsorbed H, molecules
for 5 ps with a time step of 1 fs.

The cohesive energy of the p-AlN is calculated by using the
following formula:

Eow= (XEAI + yEy — E(AlZ4N24)) /(x+Yy) (1)

Here, E, and E,; are the energies of isolated Al and N atoms,
E(ananns) is the total energy of the p-AIN system, and x and y rep-
resent the number of Al and N atoms in the p-AIN system, re-
spectively.

The adsorption energy (E, ;) of H, molecules is calculated us-
ing the following equation:

Eun,ean — Ean — nEy,

Eads = n (2)

where E,y is the total energy of the p-AlN structure, E,;; @ i8
the total energy after the adsorption of nH, molecules, and Ej;,
is the energy of a free H, molecule.
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To evaluate the performance of hydrogen storage materials, the
gravimetric (G,) and volumetric (V,) capacities are calculated us-
ing the following formulas:

nmy
G, = | ———1 x100% (3)
nmy, + My
nm
Vo= —2 (4)
%

sys

where my; and m,y are the masses of adsorbed H, molecules
and the AIN system, and V,, is the total volume of the p-AIN.

To optimize hydrogen storage materials, it is crucial to under-
stand how temperature and pressure influence hydrogen adsorp-
tion. We calculate the desorption temperature using the Van't
Hoff equation(?’):

E -1
T, = ',c—dl 52 - (P ©)

where kj is the Boltzmann constant (1.38 X 10~ ] K™!), AS rep-
resents the entropy change of H, from gas to liquid phase (75.44
J mol~1.K~1),11:28.29] R is the gas constant (8.314 ] mol~!.K~1), and
P is the equilibrium pressure set at 1 atm.

We performed grand canonical Monte Carlo (GCMC) simu-
lations by using the RASPA 2.0 package,[*”) to investigate the
adsorption isotherms of H, molecules in the p-AIN. The accu-
racy of these simulations relies on the structural integrity of the
porous crystal and the selected interatomic potentials.?! So that
tomodel H,—H, interactions, we employ the YZ LJ-2S mode,[3233]
while the non-bonded interactions between H, and p-AlN are de-
scribed using the Morse potential, based on DFT adsorption en-
ergies. We explore the potential energy landscape by randomly
placing a hydrogen molecule in a 1 x 1 x 2 supercell of p-AIN
and optimizing its position over 30 steps, and keeping the p-AIN
atoms fixed. This method allowed us to accurately fit the Morse
potential between the center of the hydrogen molecule (H
and the porous atoms from 955 configurations.

com)

Uj=¢, [(1 — e M) )2 - 1] (6)

here, £, and k define as the depth and width of the potential well,
respectively, while 1 is the interaction distance, and o is the dis-
tance at which the potential energy is zero. We used a force field
cutoff of 12.8 A for interactions and employed Ewald summation
methods to accurately compute Coulomb potentials.[**] Each sim-
ulation consists of 5000 equilibration cycles followed by 5000 pro-
duction cycles. During these cycles, Monte Carlo moves includ-
ing insertion, deletion, translation, rotation, and re-insertion are
employed. The number of Monte Carlo moves (N) for each cycle
is determined by taking the larger value between 20 and the total
number of adsorbent molecules.
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Figure 1. a) AIN nanoribbons as building units, b) unit cell of p-AIN, c) phonon spectrum, and d) potential energy fluctuation during AIMD simulations

at room temperature.

3. Results and Discussion

3.1. Structure and Stability

Since Fan et al. successfully fabricated an ultraflat biphenylene
carbon sheet in (2021),12] researchers have designed 2D-AIN and
conducted theoretical studies to explore its properties. Based on
this, we designed the p-AIN structure, which is assembled from
AIN nanoribbons as building blocks to form a 3D framework.
The unit cell with lattice constants a = b = 14.982 A, and ¢
= 5.592 A comprises Al,,N,, atoms with a P4/nbm symmetry
group (no. 125). Each Al and N atoms have 3 inequivalent sites in
the structure (Table S1, Supporting Information). The optimized
bond lengths for p-AIN are illustrated in (Figure 1b). The p-AIN
structure has a density of 1.301 g cm~> and a pore size of 11.298
A, making it suitable for hydrogen storage, as experimental
results show that storage capacity is limited when pore sizes
exceed 1.5 nm.1]

The stability of sorbent materials is crucial for effective hydro-
gen storage, as it directly affects the system’s structural integrity
and adsorption capacity. To evaluate the energetic stability of p-
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AIN, we calculate its cohesive energy, which is 5.40 eV atom™'.

This value is comparable with that of other AIN structures, in-
cluding 5.89 eV atom™' for the 2D AlIN-biphenylene sheet,¢]
5.76, 5.759, and 5.497 eV atom™! for wurtzite, zinc-blende, and
rocksalt phases of bulk AIN, respectively.l’”] Additionally, we as-
sessed the dynamical stability by calculating phonon dispersions,
which revealed no negative frequency (Figure 1c), confirming it
is dynamically stable. Furthermore, we assess the thermal stabil-
ity of p-AIN through AIMD simulations using a 1 X 1 X 3 super-
cell with 144 atoms to minimize lattice translational constraints.
The fluctuation of total potential energy over time is shown in
(Figure 1d), which indicates that p-AIN remains stable at room
temperature (300 K) as the potential energy fluctuates around a
constant level and the structure is almost intact.

3.2. Electronic Properties
To explore the electronic properties of the p-AlN, we calculated

the electronic band structure using HSE06 hybrid functional
(Figure 2a). The results revealed a direct band gap of 3.57 eV at
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Figure 2. a) Electronic band structure and projected density of states (PDOS) for Al and N atoms in p-AlN, calculated with HSEO06 hybrid functional. b)
Electron localization function (ELF) distribution across two slices of the p-AIN.

I' point, confirming the semiconducting nature of the system,
which is higher than that of 3D porous of h-BC,N (0.43 eV),38!
1z1-BN (0.80 eV),??) and penta-MgN, (1.35 €V),[?®] as well as
higher from than that of 2D AIN-based biphenylene (3.2 eV).3¢!
The projected density of states (PDOS) analysis indicated that
N, with 5 valence electrons, contributes more to the electronic
states near the Fermi level than Al with 3 valence electrons. To
investigate the bonding characteristics in p-AIN, we analyzed the
electron localization function (ELF), as shown in Figure 2b. The
ELF values range from 0.0 to 1.0, with 0.0 indicating low elec-
tron density, 1.0 representing fully localized electrons, and 0.5
suggesting metallic bonding. Our analysis shows that the ELF
values between Al-N pairs in p-AlN are above 0.6, confirming the
feature of ionic bonding. On the other hand, the electron density
difference, as shown in Figure S1 (Supporting Information), and
Bader charge analysis clearly support the ionic bond between Al
and N atoms. The Bader analysis shows that 2.22 electrons are
transferred from each Al atom to the N atom, confirming this
bonding nature.

3.3. Hydrogen Storage in p-AIN
The ability of a material to store hydrogen depends on its capacity

to adsorb H, molecules. In our study, we considered two config-
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urations: B1 (each Al site adsorbing one H, molecule), and B2
(each Al site adsorbing 1.5 H, molecules), as shown in Figure 3.
After relaxation, the average Al-H, distances were 3.020 A for B1
and 3.235 A for B2 configurations. The calculated adsorption en-
ergies are —0.104 eV/H, for B1 and —0.087 eV/H, for B2, suggest-
ing weak physisorption dominated by van der Waals forces. These
findings suggest that Al sites can indeed bind more than one hy-
drogen molecule, which is primarily attributed to the pore size ef-
fects and framework topology of p-AIN. However, it is higher than
the experimental work of ALF, which has an adsorption energy of
0.089 eV.18]

The gravimetric capacity (G.) and volumetric capacity (V)
are two key parameters for assessing the performance of the
hydrogen storage materials. In the B1 configuration, G, is 4.68
wt.%, and V. is 63.98 g L~!. The B2 configuration shows an
improvement, with G_ increasing to 6.87 wt.%, and V. rising to
9551 g L.

The desorption temperature (Ty) is essential for hydro-
gen storage in solid materials because it directly impacts the
efficiency of hydrogen release. For the B1 and B2 configu-
rations in p-AIN, the average T, at 1 atm pressure is 133
and 111 K, respectively. This means that hydrogen can be
released at temperatures above these values. Notably, both
configurations exceed the boiling point of liquid nitrogen
(77 K).
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(a)
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Figure 3. Optimized configuration of H, adsorption in p-AIN with ratio: a) TH, for B1 configuration, and b) 1.5H, for B2 configuration.

AIMD simulations are performed for evaluating the hydrogen  age. In contrast, at 150 K, some H, molecules begin to desorb
storage capabilities of materials by examining how H, molecules  (Figure 4b,d), demonstrating the system’s ability to facilitate con-
behave under various conditions. For effective hydrogen stor-  trolled hydrogen release when needed.
age, it is important that H, molecules remain stably adsorbed at GCMC simulations are conducted to study the adsorption of
room temperature or at liquid nitrogen temperature, while also  H, in p-AIN at various pressures and temperatures. To derive
allowing for controlled desorption at higher temperatures. At 77  the interaction parameters between H, and p-AlN, we fitted the
K, all H, molecules remain adsorbed on p-AlIN after 5 ps, see ~ Morse potential to DFT data, as detailed in Table 1. The p-AIN
(Figure 4a,c), which is advantageous for efficient hydrogen stor-  consists of six distinct atom types: All, Al2, Al3, N1, N2, and
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Figure 4. AIMD simulation snapshots of H, adsorption in p-AIN at 77 and 150 K. It illustrates the total energy fluctuations for two configurations: a,b)
B1 configuration with a single H, molecule, and c,d) B2 configuration with 1.5 H, molecules.
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Table 1. Fitted parameters of Morse potential for interaction between H,
and p-AIN.

www.advtheorysimul.com

Table 2. Comparison of gravimetric storage capacity of p-AIN with some
porous materials including Al in the structure under different conditions.

term H g- e (K) k[A"] oA System Ref G, [wt.%] TIK] P [bar]
Al 182.637 1.3279 3.8782 ALF [18] 1.20 120 25
A2 1417.2622 3.2936 21176 Al (OH)(0,C-C4H,-CO,) n7 3.80 77 16
Al3 1075.6919 6.2064 2.5142 CYCU-3 [40] 1.64 77 100
N1 107.8007 1.3899 3.8707 MIL-120 [41] 1.30 77 30
N2 53.2964 0.4889 4.6786 MIL-96 [42] 1.91 77 3.0
N3 3.9255 2.6233 3.8846 AIN this work 4.95 77 35

N3, illustrated in (Figure 5a). The fitting of the Morse poten-
tial yielded a high coefficient of determination (R?> = 0.82) and
a low mean absolute error (MAE = 0.12 kcal mol~!), as shown in
(Figure 5b).

The H, adsorption isotherms of p-AIN at 77, 150, and 298 Kas a
function of pressure are shown in (Figure 5c,d). The highest pre-
dicted excess gravimetric (volumetric) capacities 4.95 wt.% (67.86
gL 1) at77 K/35 bar,and 1.41 wt.% (18.71 g L™!) at 298 K/100 bar.
The low adsorption energy of p-AlN limits its effectiveness for hy-
drogen storage at near-ambient temperatures. As temperatures
rise, H, molecules are released from p-AlIN, leading to a decrease
in its storage capacity. The gravimetric capacity of p-AIN was
compared to other porous materials containing Al, as listed in

®) oM enoN

'
'
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'
'
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'
'
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'
'
'
'
'
'
'
'
'
'
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H, excess uptake (wt %)
W

0 20 40 60 80 100
P(bar)

Table 2. However, the higher density of p-AIN (1.301 g cm™3) re-
sults in lower hydrogen storage capacities compared to NU-1500-
Al (0.498 g cm~3), which stores 8.2 wt.% (44.6 g L™1), and NU-
1501-Al (0.283 g cm™3), which stores 14.0 wt.% (46.2 g L7!) at
77 K/100 bar.["! This demonstrates the influence of framework
density on the hydrogen storage capacity of these materials com-
parable to p-AIN.

Furthermore, we tested the reliability of the 5000 cycles by
increasing the equilibration and production cycles to 10 000
(Figure S2, Supporting Information), and the results are iden-
tical to those obtained at 5000 cycles (Figure 5c,d), con-
firming that the system has reached equilibrium at 5000
cycles
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Figure 5. a) Crystal structure with six distinct Al and N sites, b) Comparison of Morse potential energies with DFT energies, and c) and d) Gravimetric
and volumetric densities of H, adsorption isotherms at 77, 150, and 298 K. These densities were calculated using GCMC simulations based on the

Morse force field potential with 5000 cycles.
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4, Conclusion

In summary, we investigated the hydrogen storage performance
of 3D porous p-AIN assembled from AIN-biphenylene nanorib-
bons. The resulting structure with a band gap of 3.57 eV is found
to be dynamically and thermally stable. The adsorption energy of
H, on Al sites is in the range of —0.104 to —0.087 eV/H,. AIMD
simulations demonstrated stable behavior of H, molecules dur-
ing adsorption and desorption at 77 K. Using DFT-derived force
fields, GCMC simulations are carried out for assessing hydrogen
storage capabilities at various pressures and temperatures (77,
150, and 298 K), our results show gravimetric (volumetric) capac-
ities 0f 4.95 wt.% (67.86g L™') at 77 K/35 bar, and 1.41 wt.% (18.71
g L71) at 298 K/100 bar. These findings suggest that porous -AIN
structures have the potential to serve as promising materials for
hydrogen storage applications.
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