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HIGHLIGHTS

¢ Penta-sheet and nanotube for hydrogen storage.

e Each Ni site in the penta-NiN, sheet can only adsorb two H, molecules.

e The perfect penta-NiN, sheet can't reach the DOE target for H, storage.
e N-vacancy, Ni replacement, and grain boundary need to be introduced to enhance the adsorption energy and capacity.
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Stimulated by the recent synthesis of penta-NiN, sheet [ACS Nano 2021, 15, 13,539], we
study the hydrogen adsorption on the sheet and the derived nanotubes by using density
functional theory with the correction of van der Waals interactions. We have found that
each Ni site can only adsorb two hydrogen molecules as expected from the 18-electron
rule, the corresponding capacity is 4.44 wt%. As more H, molecules are introduced, H,
can only be very weakly adsorbed on N sites. When the sheet is curved into nanotubes, the
Ni—N distance is enlarged due to the stress, which weakens the orbital hybridizations
between Ni and N, and reduces the charge transfer from Ni to N. The Ni ion with a less
charge on the tube shows weak polarizing ability for H, molecule.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Solid materials for hydrogen storage via absorption and
adsorption are of current interest as required by the green
renewable energy technology. Materials suitable for hydrogen
storage must meet specific requirements, such as an optimal
adsorption energy window (0.1-0.6 eV/H,) [1], and high
gravimetric (5.5%) and volumetric (40 g/L) capacity targets set
by the United States Department of Energy [2]. However, it is

challenging to reach these targets, which motivates scientists
to design new materials.

Since the proposal of penta-graphene (PG) [3], pentagon
becomes an important structural unit that has led to a para-
digm shift in new materials design and synthesis. So far, more
than 150 penta-sheets have been proposed [4] exhibiting
unique geometry and novel properties as compared with
graphene, MXene, black phosphorus, dichalcogenides, and tri-
chalcogenides. Pentagon-based 2D sheets significantly
expanded the 2D materials family with additional new
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features for many potential applications. One of them is for
hydrogen storage [5]. For example, Zhang et al. found that Li-
decorated double-sided penta-silicene could achieve an
average adsorption energy of —0.22 eV/H, and a hydrogen
uptake capacity of 6.42 wt% [6]; Hao et al. also studied lithium-
decorated nitrogen-doped PG and observed gravimetric den-
sities of up to 7.88 wt% with average adsorption energies
within the range of physical adsorption processes (0.1-0.4 eV)
[7]; Shajahan et al. explored zirconium-decorated PG with an
average adsorption energy of —0.42 eV, where electrons were
transferred from Zr 3d orbital to hydrogen 1s orbital, followed
by back donation from H 1s to Zr 3 d orbital, leading to a
gravimetric hydrogen uptake of 14.8 wt% [8]; Bi et al. examined
penta-octa-graphene adorned with various metals and
demonstrated that Li and Ti could adsorb up to 3 and 5
hydrogen molecules, respectively, resulting in gravimetric
capacities of up to 9.9 wt% and 6.5 wt% [9]. Additionally, Ma
et al. identified Li-doped defective CN, sheets as having a high
hydrogen storage capacity of up to 10.90 wt% [10]. However, in
all these theoretical predictions of the hydrogen storage on
penta-sheets reported so far, none of the sheets have been
synthesized. Among the synthesized 2D pentagonal sheets,
penta-NiN, is the first system synthesized with high pressure
[11], where Ni is intrinsically in the structure, there is no need
to introduce metal doping and avoided the clustering prob-
lem. In addition, Ni atoms have been widely introduced to Ceo,
BN cage, SiC cage, BN sheet and BN nanotube for H, storage
[12—17]. Furthermore, the Ni-dihydrogen complex has been
observed in experiment [18]. These research advances moti-
vate us to carry out this study on exploring H, adsorption on
penta-NiN, monolayer and its nanotubes.

Computational details

All computations are performed using density functional
theory as implemented in the Vienna ab initio simulation
(VASP) package [19]. The electron-ion interactions are
described using the projector augmented wave approach [20]
with energy cutoff of 550 eV, and the electron exchange-
correlation interactions are treated with Perdew-Burke-
Ernzerhof functional [21] for geometry optimization, and
HSEO06 hybrid density functional [22] is employed for an ac-
curate electronic band structure, while the semi-empirical
Grimme (DFT-D3) dispersion correction is applied to account
for long-range interactions in adsorption [23]. The Brillouin
Zone (BZ) is sampled using the Monkhorste-Pack approach
with mesh of 5 x 10 x 1 and 1 x 1 x 8 for the monolayer and
nanotubes, respectively [24]. The convergence criterion is
1077 eV and 0.01 eV/A for energy and force, respectively. To
avoid image interactions due to periodicity, a vacuum space of
15 A is introduced in the out-of-plane direction along the z-
axis for the monolayer and along the x- and y-axis for nano-
tubes. The dynamic stability of the nanotubes is verified via
vibrational spectrum simulations, and the energetic stability
is checked by formation energy from the monolayer [25]:
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where Eyr, Eqap are the total energy, and n is the number of
chemical formula units in the nanotube and slab supercell,
respectively.

The maximum adsorbed hydrogen molecules on transition
metal site are typically determined using 18-electron rule
[26—28], as the following:

(2

[18-ny -4
=[]

where n is the maximum number of adsorbed H molecules, n,
is the number of valence electrons of metal atom (here Ni),
and 4 is the number of electrons contributed by the ring (the
number of Ni—N bonds in the pentagonal ring).

The average adsorption energy (E.q4s) is defined as [29-31]:

Eoge = {Esystem — Eadsorbent — nEHQ} (3)
n
where Egyseem and Eagsomen: are the energy of the whole
adsorption system with/without hydrogen molecules and Ey,
is the total energy of the free H, molecule calculated in a big
box, where (a = b = ¢ = 15 A) with T'-point sampling in BZ.
The gravimetric hydrogen capacity (wt%) is calculated as:
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where My, and My, are the mass of hydrogen molecules
adsorbed and p-NiN, system adsorbent, respectively.

The desorption temperature (Tq4) is calculated from the
Vant-Hoff equation [32], as the following:
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where kg is the Boltzmann constant (1.38 x 10723 J/K), AS de-
notes the change in H, entropy from the gas to liquid phase
(75.44 J/mol.K) [33—36], R is the gas constant (8.314 J/mol.K)
and P is the equilibrium pressure, which is selected to be
1 atm.

Results and discussions

Geometries and electronic properties of the penta-NiN, sheet
and the derived nanotubes

The penta-NiN, monolayer has the space group of P4-mpm (IT
number: 127) with the optimized Ilattice constant of
a=Db =4.531 A as shown in Fig. 1a, where the Ni—N and N—N
bond lengths are 1.878 and 1.243 A, respectively, which agree
well with previous studies [11, 37]. In terms of electronic
properties, calculation at PBE level suggests a narrow energy
gap of 0.04 eV, which becomes 1.10 eV at HSE06 level as shown
in Fig. 1b.

Penta-NiN, nanotubes are built by rolling the optimized
penta-NiN, monolayer for different chiral indices (4, 0), (5, 0),
and (8, 0), as illustrated in Fig. 2. The Ni—-N and N—N bond
lengths in nanotubes are elongated or compressed under the
influence of curvature as listed in Table 1. As the tube diam-
eter D increases, the bond lengths approach to that of
monolayer as expected.
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Fig. 1 — (a) Top and side views of the optimized monolayer p-NiN, in 4 x 2 x 1 supercell, (b) the electronic band structure and
total density of states of the p-NiN, monolayer system. The Fermi level (E) is set to zero. The red and pink spheres represent
Ni and N atoms, respectively. (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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Fig. 2 — (a) Rolling up penta-NiN, monolayer into nanotubes with various chiral indices, (b) zigzag tube of (4, 0); (c) (5, 0); (d) (8,
0).

To check the dynamic stability of the nanotubes, phonon
spectra are calculated as plotted in Fig. 3, where there are no
imaginary phonon modes in the (4, 0) and (8, 0) nanotubes,
while (5, 0) shows slight negative mode due to a numerical
error in frequency calculation of low-dimensional, which
would not affect our judgment about the stability of this ma-

Table 1 — The lattice constant (A), bond lengths (dy;.n) and

(dn-n) in (A), diameter (D) (A), and strain energy E,, (eV) of
the p-NiN, nanotubes (4, 0), (5, 0), and (8, 0).

Chirality a=b (A) ¢ (A) D (A) dnin (A) dan (A) Ese (€V)

(4, 0) 21.90 453 583 1.901 1.235 0.117 terial. We also performed a calculation of the strain energy in
(5, 0) 2298 454 732 188 1246 0134 Equation (1) to evaluate the energetic stability. Because of the
8,0) 28.35 4.53 11.55 1.881 1.242 0.085

stronger curvature effect, penta-NiN, nanotubes show
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Fig. 3 — Phonon dispersion of the zigzag NTs-NiN,: (a) (4, 0); (b) (5, 0); (c) (8, 0).

positive strain energies, suggesting that the penta-NiN,
monolayer is energetically more stable than the nanotubes,
see Table 1.

The electronic band structures of nanotubes are further
studied as shown in Fig. 4, displaying semiconducting features
with bandgap of 0.321, 0.343, and 0.07 eV at PBE level, and 0.57
1.41 and 1.01 eV at HSEO6 level for (4, 0), (5, 0), and (8, 0) NTs,
respectively. The valence band maximum and conduction
band minimum of NTs (4, 0) and (8, 0) are located at X and I
points, respectively, while in nanotube (5, 0) the valence band
maximum and conduction band minimum are between I"' and
X points, see Fig. 4b-d. Due to the decrease in curvature with
increases diameter D, the band gap of NTs (8,0) already ap-
proaches to that of penta-NiN, sheet, indicating that the band
gap converges quickly from tube to sheet.

Hydrogen adsorption

In this section, we first study the hydrogen adsorption on the
penta-NiNj, sheet. In the initial structure, hydrogen molecules
were placed in side-on configuration on Ni sites. We have
tested three cases: (1) 1-0 configuration: one H, on one-Ni site
at one side; (2) 1-1 configuration: one H, on one-Ni site at two
sides; (3) 2—1 configuration: two H, at one side and one H, at
the other side. When fully optimized, all the side-on configu-
rations become end-on configurations, as shown in Fig. 5. In
1-0 configuration, the equilibrium distance between H, and
the sheetis 2.566 A, the adsorption energy per H, is 102.8 meV,
based on the Bader charge analysis about 0.006 electrons are
transferred to the antibonding orbital of H, molecule, which
activates the H—H bond to be 0.754 A; In 1-1 configuration, the
corresponding values are 2.632 A, 102.1 meV, 0.005 and
0.754 A, and the capacity is 4.44 wt%. While for the optimized
2—1 configuration, two H, molecules are on one Ni site in end-
on configuration with 2.606 A from the substrate, and one H,
molecule is on N—N bridge site with 4.97 A from the sheet.
Namely, the maximum number of adsorbed hydrogen

molecule on each Ni site is two, which is in agreement with
the 18-electron rule as stated in Equation (2). Because of this
reason, the average adsorption energy is significantly reduced
to 63.4 meV. One can see that from 1-0, to 1-1 and 2—1 con-
figurations, as the number of H, molecule increases, the
adsorption becomes weaker. Accordingly, the desorption
temperature decreases from 131 to 130 and 115 K, as shown in
Table 2.

Next, we take (4,0) nanotube as an example to study the H,
adsorption. There are outside and inside surfaces in the nano-
tube. Due to the small radius, the inside surface doesn't have
enough space for H,. Here we only consider the adsorption on
the outside surface. Similar to the configuration labelling in the
sheet discussed above, we also test three configurations: (1) 1-0
configuration: one H, on each Ni site on the outside surface; (2)
2—0 configuration: two H, on each Nisite on the outside surface;
(3) 3-0-configuration: three H, on each Ni site on the outside
surface. For the fully optimized structures as shown in Fig. 6, we
found that in the 1-0 and 2—0 configurations, the adsorption
distance is 2.808 and 2.863 A, respectively. The corresponding
adsorption energy is 82.1 and 71.6 meV. While in 3—0 configu-
ration, due to the steric hindrance between H, molecules, the
adsorbed H, molecules form two layers with distance of 2.912
and 5.20 A to the tube outside surface, namely, each Ni site can
only adsorb two H, molecules as restricted by the 18-electron
rule. The calculated parameters are listed in Table 2. When
compared with the situation of the sheet, the adsorption of H,
on the (4,0) tube is weaker with larger distance from the sub-
strate and lower desorption temperature. The underlying
reason is the longer Ni—N bond length due to the stress in the
curved tube, which reduces the charges on Ni ions.

From above discussions, one can see that H, molecules can
be quasi-molecularly adsorbed on the penta-NiN, sheet and
tube, where the positively charged Ni ion produces an electric
field which polarizes H, molecules. Such mechanism can be
visualized with charge density difference as shown in Fig. 7,
where one can clearly see that the charge density difference is
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Fig. 4 — (a) Energy dispersion of the monolayer p-NiN, with the highest occupied state and lowest unoccupied states over the
Brillouin zone. The electronic band structure of p-NiN, nanotubes: (b) (4, 0), (c) (5, 0), (d) (8, 0). The Fermi level is represented by a
horizontal dotted line. (PBE-GGA) is represented by the blue line, while HSE06 is represented by the red line, respectively. (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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Fig. 5 — Relaxed structures (top and side views) of the adsorbed hydrogen molecules with 1-0 (a), 1-1 (b) and 2—1 (c)
configurations on penta-NiN, sheet.
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Table 2 — The average distance Ni—H, (Dni-u2, the number in parentheses is for the second layer H,), adsorption energy per

H; (Eaq), the average charge transfer from monolayer to per H, molecule (Qg.ir, nH,) according to Bader charge analysis, and
desorption temperature (Tg).

System Config Dni-n2(A) E.q(meV) QgainnHy Ta(K)

Monolayer 1-0 2.566 102.8 —0.006 131
1-1 2632 1021 —0.005 130
2-1 2606 (4.97) 902 —0.003 115

Nanotube 1-0 2.808 82.1 —0.003 105
2-0 2863 716 —0.002 90
3-0 2.912 (5.20) 63.4 —0.002 81

(a) (b) ©

Fig. 6 — Relaxed structure of H, adsorption with 1-0 (a), 2—0 (b) and 3-0 (c) configuration on penta-NiN, (4,0) nanotube.

O] (&)

Fig. 7 — Charge density difference of H, adsorbed on the penta-NiN, sheet with 1-0 (a), 1-1 (b) and 2—1 (c) configurations, and
on (4,0) nanotube with 1-0 (d), 2—0 (e), and 3—0 (f) configuration. The yellow and gray represent the accumulation and
depletion of electron density, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)


https://doi.org/10.1016/j.ijhydene.2023.06.120
https://doi.org/10.1016/j.ijhydene.2023.06.120

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 52 (9094) T9T*T98 197

zero for the second layer of H, on the sheet (Fig. 7 ¢) and on the
tube (Fig. 7 f), suggesting that the weak adsorption of the
second layer of H; is due to the weak polarization.

Conclusion

In summary, first-principles calculations were performed to
study H, adsorption on penta-NiN, sheet which was experi-
mentally synthesized recently. For comparison, penta-NiN,
nanotubes were also studied. The following conclusions can
be obtained: (1) The positively charged Ni ions are the
adsorption centers that polarize hydrogen molecules; (2) As
limited by the 18-electron rule, each Ni ion can only adsorb
two H, molecules with suitable adsorption energy that is
within the required energy window, exhibiting a capacity of
4.44 wt%; (3) As the number of H, molecules increases, the
adsorption energy reduces, accordingly, the desorption tem-
perature decreases; (4) The H, adsorption on penta-NiN,
nanotube with a small radius is weaker than the adsorption
on the penta-NiN, sheet. In short, the perfect penta-NiN,
sheet and tube are not suitable for H, storage with the
required high performance, some kind of defects such as N-
vacancy, Ni replacement with Sc and grain boundary need to
be introduced for enhancing the adsorption energy as well as
the capacity.
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