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ABSTRACT

Due to Growing concerns regarding fossil fuel depletion and the environmental impact of their high
consumption necessitate intensified research into renewable and clean alternatives, such as hydrogen,
to meet Department of Energy (DOE) targets. In this study, the density functional theory calculations
applying 6-31g(d,p) at B3LYP level comprehensively investigate carbon nanocones (CNCs) doped with
Cu, Ti, Zn, and V. The analysis encompasses the electronic properties of structures featuring two
disclination angles as a function of nanocones size. Furthermore, the mechanism of monohydrogen
atom adsorption onto these doped CNC systems is examined. Computational results identify the V-
doped C75sHo structure with a 300° disclination angle as the most promising candidate for hydrogen
storage. Additionally, the adsorption of hydrogen is found to reduce the electronic band gap energy.
These findings collectively indicate that doped carbon nanocones represent a viable candidate material
for hydrogen storage applications.
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1. Introduction

Nanotechnology continues to reshape modern science and engineering, primarily through
innovations at the atomic and molecular scale. One of the most impactful developments has been the
rise of nanomaterials, which are tailored to address increasing demands for smaller, faster, and more
energy efficient technologies. A prominent class within this field is carbon based nanostructures (Iijima,
1991; Garberg et al., 2008; El-Barbary, 2016a; El-Barbary et al., 2015; Shalabi et al.,1998; EL-Barbary
and Al-Khateeb, 2021; Savini et al., 2007; Al Roman et al., 2024; Al-Khateeb and El-Barbary, 2018;
Shalabi ef al., 1999; El-Barbary, 1999; El-Barbary et al., 2010; El-Barbary et al., 2006; Heggie et al.,
2007; El-Barbary et al., 2008). Since the discovery of carbon nanotubes (CNTs) in the early 1990
(Iijima, 1991), these cylindrical carbon arrangements have drawn attention for their remarkable
strength, electrical conductivity, and heat resistance. More recently, attention has expanded to include
carbon nanocones (CNCs) conical analogues of CNTs that share many of their advantageous properties
while offering unique geometrical features that may be exploited in precision nanoscale engineering
(Heggie et al., 2004; Sattler, 1995; El-Barbary, 2025; El-Barbary et al., 2025; El-Barbary, 2024; EL-
Barbary and Adawi, 2024; El-Barbary and Shabi, 2024; El-Barbary, 2023). Simultaneously, silicon
carbide (SiC) has emerged as a cornerstone material for extreme operational environments. Its
crystalline framework consists of covalently bonded silicon and carbon atoms arranged in a tetrahedral
sp? hybridized lattice, with uniform interatomic distances of ~3.08 A across polytypes (Al-Khateeb et
al., 2023; El-Barbary and Al-Dosari, 2023). This structural rigidity underpins SiC’s exceptional thermal
stability, radiation resistance, and mechanical hardness, making it ideal for aerospace and high-energy
systems. While SiC nanotubes have been rigorously studied for their resilience under stress and heat
(Harris, 1995; Zetterling, 2002; Wu and Guo, 2007), silicon carbide nanocones (SiCNCs) remain
underexplored despite their theoretical utility (Matsunami., 2004). This oversight is notable given
empirical evidence that conical nanostructures enhance light-trapping efficiency in photovoltaics (Gali,
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2006), a critical advantage for extraterrestrial solar arrays exposed to intense radiation, thermal
extremes, and variable solar flux.

Parallel advancements in energy storage have spotlighted nanostructured carbon materials as viable
substrates for hydrogen containment. CNTs, graphene derivatives, and porous carbon matrices are
under investigation for their adsorption capacities, leveraging high surface-area-to-volume ratios and
tunable pore architectures (Alfieri and Kimoto, 2009; Mavrandonakis et al., 2006; Zhu et al., 2009; El-
Barbary, 2019; El-Barbary, 2016b; El-Barbary, 2018; El-Barbary, 2015; EL-Barbary and Hindi, 2015;
EL-Barbary, 2017; EL-Barbary et al., 2007; EL-Barbary, 2016c¢).

CNTs, with their hollow cylindrical morphology and low mass density, enable efficient hydrogen
physisorption and chemisorption, offering scalable solutions for vehicular fuel storage (EL-Barbary,
2015; Berry and Aceves, 1998; Chen et al., 1998). Storage dynamics in these systems are intrinsically
temperature-dependent, permitting precise control over hydrogen uptake and release (Liu and Cheng,
2005; Strobel et al., 2006). Recent mechanistic insights reveal that hydrogen storage involves catalytic
dissociation of H, molecules at metal nanoparticle sites (often residual from synthesis), followed by
atomic hydrogen migration onto the carbon scaffold (Baughman et al., 2002; Yang and Yang, 2002;
Zhao et al., 2005; Yang et al., 2006). This process underscores the synergistic role of catalytic impurities
and nanomaterial design in optimizing storage efficiency, guiding future innovations in clean energy
infrastructure.

In this work we investigate carbon nanocones (CNCs) with 60° and 300° disclination angles, both
pure and doped Cu, Ti, Zn, and V as potential hydrogen storage materials. Computational analyses
focus on adsorption energies, HOMO-LUMO gaps, density of states (DOS), and surface reactivity. By
probing these properties, we aim to elucidate the mechanisms by which Cu, Ti, Zn, and V dopants
enhances hydrogen storage capacity in nanocones architectures, advancing their viability for energy
applications.

2. Methods

DFT calculations used the B3LYP functional (Becke 3-parameter hybrid) with the B3 correlation,
employing the 6-31G (d,p) basis set in Gaussian 09W and Gauss View 5 facilitated visualization
(Becke., 1993; Vosko et al., 1980; Frisch et al., 2010; Frisch et al., 2009). DOS and Fermi levels were
computed with Gauss Sum 2.2.5 (O’Boyle et al., 2008). The study focuses on doped CNNCs and mono-
hydrogenated versions, using Cu, Ti, Zn, and V dopants at 60° and 300° disclination angles; fully
optimized structures are shown in Figures 1 and 2.

Fig. 1: The fully optimized structures of doped nanocones with disclination angle 60° (a) CgoHzo -Cu,
(b) CsoHzo -Ti, (¢) CgoHzo -Zn, (d) CsoHzo -V, yellow atom represent copper atom, gray atom represent
titanium atom, blue atom represent zinc atom, and silver atom represent vanadium atom.
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Fig: 2: The fully optimized structures of doped nanocones with disclination angle 300° (a) C;sHo -Cu,
(b) Cy5Ho -Ti, (c) CssHy -Zn, (d) CssHs -V, yellow atom represent copper atom, gray atom represent
titanium atom, blue atom represent zinc atom, and silver atom represent vanadium atom.

3. Results and Discussion
3.1. Adsorption Energy

To enhance carbon nanocones (CNCs) for hydrogen storage, hydrogen adsorption on doped metal
CNCs was investigated. Fully optimized configurations for hydrogen adsorption on Cu, Zn, Ti, and V-
doped CNCs with disclination angles of 60° and 300° were examined for CgoHz and CssHo,
respectively, with results presented in Figure 3 and Figure 4. The hydrogen adsorption energy, (EX, ),
for doping CNCs with angles 60° and 300° was calculated as:

E¥}s = Excemy— Excy — Em)

where (Ecnesn) 18 the energy of the optimized mono-hydrogenated doped CNCs, (Ecncs) is the energy
of the optimized doped CNCs, and (Eg) is the energy of a hydrogen atom.

(b) (d)

Fig. 3: The fully optimized structures of hydrogen adsorption on the doped nanocones with disclination
angle 60° (a) CsoHao -Cu, (b) CsoHao -Ti, (¢) CsoHzo -Zn, (d) CsoHzo -V, yellow atom represent copper
atom, gray atom represent titanium atom, blue atom represent zinc atom, and silver atom represent
vanadium atom.
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Fig. 4: The fully optimized structures of hydrogen adsorption on the doped nanocones with disclination
angle 300° (a) C7sHy -Cu, (b) C75Hy -Ti, (c) CssHo -Zn, (d) C7sHy -V, yellow atom represent copper
atom, gray atom represent titanium atom, blue atom represent zinc atom, and silver atom represent
vanadium atom.

Similarly, the hydrogen adsorption energy for doped Cu, Ti, Zn, and V at 60° and 300° is obtained
from the energy difference between the optimized hydrogenated doped CNCs and the sum of the
energies of the doped CNCs and the hydrogen atom. The adsorption energies for disclination angles of
60° and 300° are shown in Table 1. The hydrogen adsorption of pure CNCs with disclination angle 300°
( -4.27 eV) is more favorable than those with disclination angle 60° (-2.13 eV). We also assess the
hydrogen storage potential of Cu, Ti, Zn, and V-doped CNCs by their adsorption energies. From Table
1, the strongest adsorption energies are —7.22 eV and —6.07 eV for mono-hydrogenated Cu- and Zn-
doped C7sHo with a 300° disclination angle. Notably, for all mono-hydrogenated Cu, Ti, Zn, and V-
doped C7sHo with a 300° disclination angle, the adsorption energies are consistently lower (more
favorable) than those for mono-hydrogenated Cu and Zn-doped CsoHzo with a 60° disclination angle.
One can conclude that doping CNCs with Cu, Ti, Zn, or V is likely to enhance hydrogen storage,
consistent with recent graphene/dopant studies (Alshareef, 2020). The most favorable system is C7sHo—
Cu at 300°, due to curvature effects and carbon properties with potential for microelectronics,
optoelectronics, and nanocomposites (El-Barbary, 2019; El-Barbary, 2016a; El-Barbary, 2018; El-
Barbary, 2015; EL-Barbary and Hindi, 2015; EL-Barbary, 2017; EL-Barbary et al., 2007; EL-Barbary,
2016c¢c; EL-Barbary, 2016d).

Table 1: The calculated adsorption energy (EH;.)of hydrogenated doped Cu, Ti, Zn, V-CNCs, with
disclination angles 60° and 300°. All energies are given by eV.

Angle 60° E™,_(eV) Angle 300° E™,_(eV)
CsoHzo 2.13 CrsHo -4.27
CsoHzo - Cu -3.23 C7sHo - Cu -7.22
CsoHao - Ti -2.73 C7sHo - Ti -4.31
CsoHz0- Zn -2.16 Cs5Ho - Zn -6.07
CsoH- V -2.61 CrsHy - V -5.09
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3.2. Surface Reactivity

The surface reactivity of both pure and hydrogenated Cu, Ti, Zn, and V-doped CNNCs with
disclination angles of 60° (CsoHz0) and 300° (C5Ho) was analyzed, with dipole moments calculated as
indicators of surface reactivity (El-Nahass et al., 2013; Kotz et al., 2006) and summarized in Table 2.
Higher dipole moments generally correspond to higher surface reactivity, and surface reactivity
increases with different dopants and larger disclination angles, since increasing the nanocone surface
area via dopant type and disclination angle can enhance the rate of chemical reactions, suggesting more
hydrogen adsorption on the surface. Mono-hydrogenated CNNCs show enhanced reactivity with
diverse dopants and larger disclination angles, and among hydrogenated systems, C7sHo—Cu with a 300°
disclination angle exhibits the highest reactivity (dipole moment = 25.31 Debye) while CsoHz0—V with
a 60° disclination angle shows the lowest reactivity (dipole moment = 8.56 Debye); overall. The surface
reactivity for mono-hydrogenated CNNCs increases with doping type and disclination angle, and
hydrogenation further enhances reactivity, with the peak value observed for C;sHo—Cu under
hydrogenation on the doped atom, in agreement with previous experimental findings that curvature
enhances hydrogen storage capacity in nanotubes (over 7 wt %) due to reversible hydrogen bonds
(Nikitin ef al., 2008).

Table 2: The dipole moments of hydrogenated doped Cu, Ti, Zn, V-CNCs, with disclination angles 60°
and 300°. The dipole moment is given by Debye.

Angle 60° Dip(()]l)eell:l;;lent éggle Dip;)]l;egl;er;lent
CsoH2o 1.84 C75Ho 4.52
CsoHzo - Cu 11.78 Cs5sHy - Cu 25.31
CsoHzo- Ti 10.64 CysHo - Ti 16.26
CsoH20- Zn 9.07 CssHo - Zn 17.48
CsoHzo - V 8.56 CssHy -V 10.35

3.3. Energy Gap and Molecular Orbitals

The energy gaps of hydrogenated Cu, Ti, Zn, and V-doped CNNCs were examined including CgoHao
with a 60° disclination and C7sHg with a 300° disclination (Table 3). Zn-doped CsoHzo consistently
shows smaller gaps than the Ti, Cu, or V counterparts. The smallest and largest gaps are 0.01 eV (C7sHo—
Zn, 300°) and 0.07 eV (CsoH20—V, 60°), respectively. In addition, it can be reported that the consistent
reduction in energy gaps following hydrogen adsorption compared to the pre-adsorption state was
observed, aligning with established findings (EL-Barbary, 2016d; EL-Barbary, 2015). Figure 5 shows
a positive correlation between the disclination angle and surface chemical reactivity. This enhancement
arises because larger disclination angles induce greater structural strain within the nanocones,
consequently elevating reactivity.

Table 3: The energy gaps of hydrogenated doped Cu, Ti, Zn, V-CNCs, with disclination angles 60° and
300°. The energy gap is given by eV.

Angle 60° E.g (eV) Angle 300° E.g (eV)
CsoH2o 0.07 CrsHo 0.02
CsoHz0 - Cu 0.06 C75Hy - Cu 0.05
CsoHazo - Ti 0.05 CssHo - Ti 0.01
CsoHz0- Zn 0.02 C75Ho - Zn 0.02
CsoHz20- V 0.07 CsisHo -V 0.05
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Doping atoms also significantly influence the system by locally augmenting electron density around
their lattice sites. This increased electron density facilitates stronger hydrogen adsorption interactions
and improves hydrogen storage potential. Consequently, the results demonstrate that the storage
capacity of hydrogen, particularly in the C;5Hy structure, increases with a greater disclination angle and
the incorporation of dopant atoms into the nanocones lattice. These findings are consistent with prior
research (Al-Khateeb et al., 2023; Zhu et al., 2009; Al-Khateeb and El-Barbary., 2020; Savini et al.,
2007).

LUMO

HOMO

Fig. 5: The molecular orbital of LUMOs and HOMOs for hydrogenated doped Ti-CNCs (a) CsoHzo-Ti
with disclination angle 60 and (b) C7sHo-Ti with disclination angle 300°.

4. Conclusion

We have computational analysis via Density Functional Theory (DFT) was employed to investigate
the adsorption energetics and electronic structure of hydrogenated carbon nanocones (CNCs). It is found
the calculations reveal an inverse relationship between hydrogen adsorption strength and CNC
size/disclination angle. Specifically, the system exhibiting the strongest adsorption (most negative
adsorption energy of (-7.22 eV) was the mono-hydrogenated C7sHo nanocones doped with Copper (Cu)
and possessing a 300° disclination angle. Furthermore, a systematic difference in electronic band gaps
was observed based on the dopant site for hydrogen adsorption. Mono-hydrogenation at titanium (Ti)
dopant sites consistently resulted in smaller band gaps compared to hydrogenation at (Cu, Zn, V) dopant
sites. The smallest calculated band gap (0.01 eV) occurred for the Ti-doped C;5Ho system with a 300°
disclination angle. Finally, Hydrogenation was found to enhance surface reactivity, quantified by the
dipole moment. The highest reactivity (25.31 Debye) was calculated for the Copper (Cu)-doped C7sHy
nanocones when hydrogen was adsorbed onto a Copper (Cu) dopant atom. The high specific surface
area inherent to doped CNC structures is a critical factor for their potential application in hydrogen
storage devices. This property enables the design of lightweight storage systems with improved
hydrogen uptake characteristics. Consequently, further investigation is warranted to explore the
capabilities of doping CNCs in key physicochemical processes relevant to hydrogen storage, such as
detailed surface interactions and hydrogen dissociation mechanisms.
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