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Abstract: The interaction of Ni with (6,0) and (8,0) zigzag carbon nanotube exterior surfaces containing
two vacancies was studied using density functional theory (DFT). A two-vacancy defect was analysed
in order to anchor Ni, and the pristine nanotube was also considered as a reference for each chirality.
The adsorbed Ni stability and the nanotube’s geometry and electronic structure were analysed
before and after the adsorption. We compared calculations performed using a general gradient
functional with those conducted using two semi-classical dispersion methods to assess the van
der Waals forces (PBE-D2 and PBE-D3). In addition, the inclusion of the Hubbard parameter for
the correction of Ni d electron self-interaction energy was included, and we evaluated energy and
electronic structure changes through atomic-level calculations. Adsorption energy, the density
of states, and the charge distribution were obtained to establish the Ni binding on the defective
nanotube’s dominating mechanisms. The effect of curvature and applied functional influence was
also considered. Furthermore, a bonding analysis was performed to complement our comprehension
of the interaction between Ni and the nanotube surfaces. The electronic results show that Ni-doped
two-vacancy (6,0) and (8,0) carbon nanotubes can be applied for the development of low-resistance
contact materials and spintronic devices, respectively.

Keywords: SWCNT; vacancy; Ni; adsorption; DFT

1. Introduction

Carbon nanotubes (CNTs) are one-dimensional carbon structures with sp2 hybridisa-
tion in their carbon bonds resulting from the rolling up of graphene planes, an attribute
which confers on them extraordinary mechanical properties [1]. Also, they possess a great
variety of properties like high thermal conductivity, good electrical conductivity, a high
melting point, low density (1.2–2.6 g/cc), and a large surface area (∼1000 m2/g) [2]. These
physical chemical properties make this kind of carbon material useful for many applica-
tions. For instance, it is an ideal additive for use in the fabrication of anode and cathode
electrodes for Li-ion batteries with improved electrochemical characteristics, such as energy
conversion and storage capacities [3]. Another promising use of CNTs is the sensing of
gases produced by the burning of fossil fuels, including NO, NO2, CO, CO2, and SO2. These
gases pollute the environment and cause harmful effects on human health. Additionally, in
the field of sensors, Yusfi et al. used DFT [4] to study the adsorption of C2H2 and C2H4
gas molecules on Nidoped CNTs. Regarding fuel cells, transition metal (TM) and nitrogen
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co-doped carbide-derived carbon/carbon nanotube composites have been prepared for use
as cathodes in anion-exchange membrane fuel cells [5]. CNTs doped with transition metals
(TMs) show good properties for the capture of gases like CO, CO2, N2O, and CH4 and are
used to reduce pollution [6]. Moreover, TM nanometre clusters encapsulated in nitrogen-
doped CNTs were used for efficient CO2 capture. In the electronic field, the exploration
of the properties of TMs in CNTs resulted in the development of promising materials for
spintronic devices [7] and contact with low and high levels of resistance [8]. The study of
the adsorption of atoms on nanotube surfaces is essential to achieve low-resistance ohmic
contact with nanotubes, to produce nanowires with controllable sizes, and to fabricate
functional nanodevices.

Doping constitutes one of the most used techniques to modify electronic structures
and, as a result, the properties of carbon materials. Some examples and other applications
have already been produced and are available in the literature. For instance, in the case
of CNTs, Abbasi et al. [9] study the appropriate combination of N and B dopants for the
detection and removal of CO gas. Other works explore different possibilities, such as the use
of N-doped single-walled carbon nanotubes (SWCNTs) for heat transfer applications and B,
N, or P doping for quantum capacitance, with significant importance for the development
of supercapacitors in commercial use [10,11]. Additionally, electrical and mechanical
properties are commonly modified through the use of dopants such as iodine [12]. An
interesting route to achieve the desired physical–chemical characteristics, such as electrical
conductivity, mechanical properties, catalyst performance, and sorption ability, is the use
of TMs as dopants [13–17]. For instance, the single-walled carbon nanotube doped with
Pt was effective in the adsorption of molecules such as glucose and carbonyl sulphide
(COS) [18,19].

Regarding TM atoms, Ni doping on CNTs was widely studied from an experimental
and theoretical point of view because of its good performance in many processes, such as in
the sensing of SF6, CO, and NO; the development of low-weight hydrocarbons; hydrogen
adsorption and storage; oxygen adsorption and dissociation; CO2 adsorption and activation;
and the production of single-atom catalysts (SACs) [20–26]. All these outstanding properties
could have a potential impact in many real-world applications, such as the development
of new materials for hydrogen storage that can be used as fuels in cars; the detection
of substances like SF6, which are important as electric insulators for high-power tension
transformers; and the activation of CO2, which is fundamental in the catalysis field and
participates in the process of many important reactions, such as the catalytic hydrogenation
of CO2 for methane production. However, the models used for the evaluation of the Ni and
SWCNT interaction usually carry out doping with Ni through substitutions or adsorption
on pristine or doped single-walled carbon nanotubes (SWCNTs) [20–25,27] and are focused
on the evaluation of the interaction between a molecule of interest, such as SO2, NO, CO2,
or H2, and decomposition products of insulated SF6 during discharge [24,27–31]. Another
example of this kind of study is the mentioned DFT evaluation of Ni-doped (10,0) SWCNTs
to sense C2H2 and C2H4 gases [4].

Theoretical works that mainly analyse the interaction between Ni and SWCNT were
performed, also considering many other TMs, but for (5,5) chirality and with only a single
vacancy and without defects [7,32,33]. Additionally, the inclusion of 3D TMs like Co, Fe,
and Ni in SWCNTs was studied via a first-principles approach on (4,4) and (8,8) chiralities.
We examined the effect of curvature on the interaction but without the inclusion of vacancy
defects [34]. Regarding SWCNT (n,0) zigzag nanostructures, the Ni interaction with the
surface was studied using pristine (10,0) SWCNTs [35]. For the (6,0) SWCNT chirality, we
analysed the interactions with TMs, but only for Cu, Ag, and Au [36]. To the best of our
knowledge, the analysis of the Ni stability and its binding properties on SWCNT with two
vacancies was not performed using a systematic approach.

The (8,0) SWCNT is a semiconductor SWCNT with high curvature. This fact means
that the (8,0) SWCNT can be applied in several areas, such as electronic devices, hydrogen
storage, the production of cathodes for lithium-ion batteries, and gas sensing. It has been
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demonstrated that the conductivity of semiconducting SWCNTs undergoes a rapid change
in response to the adsorption of the gas. Furthermore, the adsorption of gases is enhanced
when the SWCNTs are decorated with impurities (e.g., transition or alkali metals) or exhibit
structural defects. The (8,0) SWCNT has been the subject of extensive study and presents
a number of interesting physical and chemical properties, due to its status as one of the
smallest-diameter semiconductor carbon nanotubes [37,38]. These studies demonstrate a
substantial alteration in the electronic configuration of the CNT after the adsorption of CO,
O2, and H2 molecules. For these reasons, we selected (8,0) SWCNT as our support, and
because its active electronic properties could prevent changes caused by interaction with
the environment [39]. Given that the (8,0) CNT has a diameter of 6.37 Å, we selected the (6,0)
CNT for comparison, given its smaller diameter of 4.76 Å [40]. Additionally, the isolated
(6,0) SWCNT is a metallic material, while the isolated (8,0) SWCNT is a semiconductor.

A recent publication addresses the study of multi-vacancy formation, the most stable
configuration and chirality effect of bare SWCNTs [41], which was considered an excellent
starting point for further studies of this type of structure with Ni. The present work
addresses the lack of a systematic study that evaluates the mechanisms and interactions
participating in the adsorption of Ni over the exterior surface of SWCNT in depth. To this
end, we performed a DFT investigation of the interaction of a Ni atom with two vacancies
on (6,0) and (8,0) SWCNTs. Furthermore, we include the adsorption of Ni on pristine
(6,0) and (8,0) SWCNTs in order to achieve benchmark results. Our aim is to elucidate the
stability, adsorption geometry, curvature effects, and electronic and magnetic properties
of these systems. Also, a detailed examination of the model’s sensitivity to semi-classical
dispersion forces and the impact on the adsorption of localised Ni atomic orbitals, treated
with and without the Hubbard parameter scheme, is conducted.

2. Computational Method

The calculations were performed using the DFT method, implemented in the Vienna
Ab Initio Simulation Package (VASP, vs. 6.4.2) [42,43]. To solve the Kohn–Sham equations,
a variational approach was employed utilising a periodic supercell method, whereby the
wave functions were expanded in a plane–wave basis set. In order to evaluate the quantum
effects and the pseudopotential that could be used to replace the core states density, a
Perdew, Burke, and Ernzerhof (PBE)-gradient-corrected approximation functional [44] and a
projector-augmented wave (PAW) method [45,46] were used. Also, to incorporate solutions
with reasonable kinetic energy, a cutoff energy of 500 eV was established to restrict the
plane–wave basis set expansion, utilising a gamma-centred Monkhorst–Pack scheme [47].
This value is 20% and 46% larger than the maximum cutoff energy corresponding to the
pseudopotential employed for Ni and C atoms, respectively. In all the calculations, spin
polarisation was accounted for, and a Gaussian smearing of 0.05 eV was employed.

The geometry optimisations were conducted using a 1 × 1 × 1 and 1 × 1 × 3 k-point
grids for the integration over the Brillouin zone, with the objective of minimising the
total energy of the supercell. This was achieved through the application of a conjugated
gradient algorithm to facilitate the relaxation of ions [48]. The selection of the geometry
optimisations is based on the length of all the lattice vectors of the supercell, which will be
described in this Section. A tolerance criterion of 10−4 eV was applied for the electronic
minimisation convergence, and a magnitude of 0.01 eV/Å was used for the forces on
each ion in the structure relaxation. The k-point grids used were sufficient to obtain well-
converged calculations with variations on the adsorption energies of the order of 10−3 eV.
Grimme’s DFT D2 and D3 with zero damping methods were employed to account for the
PBE functional the van der Waal (vdW) dispersion interactions, which were optimised for
several DFT functionals [49,50]. To perform the relaxation calculations of the structure and
obtain the equilibrium positions of the atoms, the PBE-D2 and PBE-D3 functionals were
employed. Nevertheless, only minor alterations were observed in the equilibrium atoms
positions of the atoms, with bond distances exhibiting minimal variation in the first or
second decimal place.
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This study is primarily based on two models representing the surface of a SWCNT. A
straightforward model was devised to facilitate a comparative analysis of the adsorption
energies, electronic structure, bonding calculations, and effective potentials associated with
Ni adatom adsorption on pristine (6,0) and (8,0) SWCNTs. In order to model the pristine
SWCNT, a periodic supercell of 8.52 Å along the z-axis was constructed, comprising 48 and
64 atoms for the (6,0) and (8,0) types, respectively (see Figure 1a,c). A 20 Å vacuum distance
was maintained perpendicular to the nanotube axis. Additionally, a defected SWCNT
supercell was constructed based on the methodology proposed by Jia et al. [41], comprising
120 and 160 carbon atoms for the (6,0) and (8,0) type zigzag tubes, respectively. In this
second model, a length of 21.3 Å along the SWCNT axis was set, represented by the z-axis
and considered periodic (see Figure 1b,d). To avoid interactions between defect images
along the perpendicular directions (x and y axes) of the supercell, a vacuum extension of
20 Å was introduced. Furthermore, two atoms were removed along the z-axis direction
in the SWCNTs, which has been identified as the most stable di-vacancy configuration in
previous research [41]. The optimised defected SWCNTs served as the basis for evaluating
the interactions between Ni and SWCNTs. The vacancy formation energy (E f ormation) was
calculated using the following Equation:

E f ormation =
(
Evac + 2µc − Epristine

)
/2 (1)

where Evac and Epristine are the total energy of a SWCNT with two vacancies and without
defects, and µc is the chemical potential of a single C atom, which was calculated as the
magnitude of Epristine divided by the number of atoms of the entire pristine SWCNT system.

The vacancy formation energy values of 1.35 eV, 1.74 eV (DFT-D2) and 1.39 eV, 1.76 eV
(DFT-D3) obtained for (6,0) and (8,0), respectively, are in good agreement with the theoreti-
cal results, with differences in the order of 0.3 and 0.1 eV [41]. Furthermore, the impact of
the Hubbard parameter on the energy and electronic states of the localised Ni d electrons
was evaluated through a DFT + U approach, in accordance with methodology proposed by
Dudarev et al. [51]. This is based on the Hubbard model, which describes the two-electrons
potential term on the assumption that the Coulomb interaction is significant between two
electrons occupying the same site (orbital). Consequently, these electrons interact through a
constant potential energy, U. In this approach, only the difference Ueff = U − J is taken into
account, where U and J parameters express the influence of the effective on-site Coulomb
interactions and on-site exchange interactions, respectively. In the present work, a value of
Ueff = 2 eV is employed, which, as evidenced in previous studies [52,53], effectively repre-
sents the electronic behaviour due to the localisation effect of d orbitals of TMs. The results
obtained with the two dispersion methods and without Ueff parameter were compared to
establish the sensitivity of the system to these effects.

Following the optimisation process, the adsorption energy of Ni atom on SWCNT
(Eads) was calculated using the following Equation:

Eads = ENi−SWCNT − ESWCNT − ENi (2)

In this Equation, ENi−SWCNT and ESWCNT represent the total energy of the SWCNT
with and without adsorbed Ni, respectively. Additionally, ESWCNT represents the energy
of the clean SWCNT, including or excluding any defects. ENi represents the energy of an
isolated Ni atom, for the most stable triplet ground state. A negative value of this Equation
indicates a stable configuration.

The electronic structure was analysed by performing a number of calculations, in-
cluding the calculation of the density of states (DOS), partial density of states (PDOS),
Bader charges [54], overlap population (OP), and bond order (BO) values, in order to gain
insight into the bonding. OP and BO calculations were performed using the Chargemol
code [55–57].
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The charge density difference was computed using the following Equation:

∆ρ = ρ[Ni − (n, 0) SWCNT]− ρ[(n, 0) SWCNT]− ρ[Ni] (3)

where the first two terms, ρ[Ni − (n, 0) SWCNT] and ρ[(n, 0) SWCNT], represent the elec-
tron densities of the systems (n,0) SWCNT with or without defects after and before the Ni
adsorption, respectively. These terms employ the atom positions for the relaxed Ni-(n,0)
SWCNT structures. The term ρ[Ni] represents the density of Ni at the adsorption position,
without the (n,0) SWCNT. The calculations were performed for n equal to 6 and 8.
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Figure 1. This Figure presents front, lateral, and top views of the optimised structures for a Ni atom
adsorbed on (a) pristine (6,0) SWCNT, (b) di-vacancy (6,0) SWCNT, (c) pristine (8,0) SWCNT, and
(d) di-vacancy (8,0) SWCNT. The optimisation was performed with PBE-D2 functional.
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3. Results and Discussion
3.1. Geometry Structure, Adsorption Energy, and Magnetization

Figure 1 illustrates the optimised structures after the interaction with a Ni atom. De-
spite the Ni-C bond distance being lower for the adsorbed Ni atom on the pristine SWCNT,
at 1.89 Å and 1.90 Å ((6,0) and (8,0), respectively) compared to 2.04 Å and 2.09 Å (for the
nearest C atoms) on SWCNTs with di-vacancies ((6,0) and (8,0), respectively), there is a
larger coordination when the vacancy defect is present. The values obtained for the pristine
SWCNT are in good agreement with those reported in the literature for chiralities (5,0), (5,5),
and (8,0) with PBE and also with local density approximation functionals [25,27,58], falling
within the range of 1.91–1.98 Å. To the best of our knowledge, there are no reported data
concerning Ni-C bond distances for Ni interaction with two vacancies. Xiao et al. employed
DFT calculations to demonstrate that functionalised carbon nanotubes containing Ni, Rh,
or Pd exhibit enhanced hydrogen adsorption properties [27]. Chen et al. investigated the
adsorption of several TMs adsorbed on CNTs [33]. The length of the TM–carbon bond
decreases from Sc to Fe and then increases from Co to the last element in this row, Zn. The
Cu- and Zn-doped SWCNTs exhibit exceptionally long TM–carbon bonds. In the case of
Ni-, Pd-, and Pt-doped SWCNTs, the Pd-C bond is observed to be longer than the Pt-C
bond. Furthermore, both of these bonds are still longer than the Ni-C bond, which can
be attributed to the phenomenon of lanthanide contraction. The V-, Cr-, and Mn-doped
SWCNTs exhibit comparable TM–carbon bond lengths, due to the formation of chemical
bonds [33]. Our Ni-C distance is consistent with the findings of a previous systematic study
of the adsorption of single atoms on the (8,0) and (6,6) SWCNTs [58].

In the case of Ni adsorbed at the vacancy site (see Figure 1b,d), it can be observed that
the preferred position is at the centre. However, based on the observed structure, the bond
between Ni and the carbon atoms in the pentagons is more favourable than that with those
in the hexagons, resulting in Ni remaining in closer proximity to the pentagons.

In the case of the pristine (6,0) SWCNT (Figure 1a), the adsorption of a nickel (Ni) atom
at the bridge site results in an increase in the diameter of the SWCNT. The average diameter
increases from 4.86 Å to 5.00 Å (+2.88%), and the diameter of the rings in closest proximity
to the Ni atom, highlighted in orange in the figure, rises from 4.86 Å to 5.13 Å (+5.56%). A
comparable pattern is evident when Ni adsorbs onto the pristine (8,0) SWCNT, wherein
the bridge site is once again the most favourable (Figure 1c). This results in an increase
in the average diameter from 6.35 Å to 6.45 Å (+1.57%) and in the diameter of the rings
closest to the Ni atom, highlighted in orange, from 6.35 Å to 6.57 Å (+3.46%). The bridge
site has been identified as the preferred site for pristine SWCNTs in previous studies [25,58].
Additionally, previous studies [59,60] have reported a diameter of 6.37–6.38 Å for the
pristine (8,0) SWCNT, which aligns closely with our findings.

With regard to the (8,0) SWCNT with a di-vacancy, the largest diameter is observed
in the carbon rings highlighted in red in Figure 1d, which increases from 6.61 Å before
Ni adsorption to 6.70 Å subsequently (+1.36%). Furthermore, the average diameter of
this SWCNT also exhibits an increase from 6.37 Å to 6.43 Å (+0.94%), while the smallest
diameter, identified in the rings proximate to the vacancy (highlighted in light-blue in
Figure 1d), demonstrates a rise from 5.35 Å to 5.38 Å (+0.56%). A comparable trend is
observed for the (6,0) SWCNT with a di-vacancy, whereby all reference rings exhibit an
increase in diameter following adsorption, albeit to a lesser extent. The rings marked in
red, which represent the largest diameter in this SWCNT, exhibit an increase from 5.03 Å
to 5.09 Å (+1.19%), while the average diameter shows a slight rise from 4.83 Å to 4.85 Å
(+0.41%); in contrast, the light-blue rings, which have the smallest diameter, demonstrate
the minimal increase from 3.68 Å to 3.69 Å (+0.27%) (Figure 1b).

Table 1 presents the calculated adsorption energies and the magnetisation before and
after the adsorption process for the optimised geometries, as reported for the four used
functionals.
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Table 1. The adsorption energy (Eads/eV) and magnetisation (µB) values for the four Ni-SWCNT
systems studied before and after the adsorption process, with all used functionals. The symbol ‘U’
denotes the Hubbard parameter.

System Functional Eads/eV µB (After) †

Ni-(6,0) SWCNT:
Adsorbed Ni atom on

the pristine (6,0)
SWCNT

PBE-D2 −2.63 0.0
PBE-D3 −2.54 0.0

PBE + U-D2 −2.79 0.0
PBE + U-D3 −2.70 0.0

Ni-(8,0) SWCNT:
Adsorbed Ni atom on

the pristine (8,0)
SWCNT

PBE-D2 −2.16 0.0
PBE-D3 −2.01 0.3

PBE + U-D2 −2.34 0.0
PBE + U-D3 −2.25 0.0

Ni-2vac-(6,0) SWCNT:
Adsorbed Ni atom on
the (6,0) SWCNT with

a di-vacancy

PBE-D2 −3.34 0.0
PBE-D3 −3.20 0.0

PBE + U-D2 −3.41 0.0
PBE + U-D3 −3.27 0.0

Ni-2vac-(8,0) SWCNT:
Adsorbed Ni atom on
the (8,0) SWCNT with

a di-vacancy

PBE-D2 −2.85 1.4
PBE-D3 −2.71 1.3

PBE + U-D2 −3.16 1.5
PBE + U-D3 −3.02 1.3

† µB (before adsorption) = 0.

The pronounced curvature of SWCNTs markedly augments the adsorption energy,
thereby facilitating more robust binding interactions between the Ni atom and the SWCNT.
To illustrate, employing the identical functional, for instance, in PBE-D2 (see Table 1), the
adsorption energy of Ni on pristine SWCNTs is found to be −2.16 eV for the (8,0) SWCNT
and −2.63 eV for the (6,0) SWCNT. The value of the (8,0) SWCNT is in excellent agreement
with the value of −2.41 and −2.4 eV obtained for the PBE-D2 functional with (5,5) and (8,0)
chirality, as reported in references [27,58]. Similarly, in the case of adsorption on SWCNTs
with a di-vacancy, the adsorption energy is observed to be −2.85 eV for the (8,0) SWCNT
and −3.34 eV for the (6,0) SWCNT. This effect indicates that structural curvature plays a
pivotal role in stabilising adsorption sites, particularly for TM atoms such as Ni.

In a previous study, Ambrusi et al. [61] investigated the deposition of Ni on multiva-
cancy graphene using the PBE-D2 functional. The two-vacancy graphene structure was not
the subject of this study; however, it was considered to be a graphene structure with four
vacancies doped with a single Ni atom. This structure provides a valuable opportunity to
compare the interaction of Ni with a flat carbon layer and with 2vac-(n,0) SWCNTs (n = 6,8);
as in all the cases, the C atoms reconstruct, forming non-dangling bonds. Furthermore,
the adsorption of Ni on vacancy-defected graphene occurs in a manner that deviates for
the central location, with a C-Ni bond distance of 1.87 Å. In contrast, on the defected (n,0)
SWCNT (n = 6,8), the bond distance is observed to be between 2.09 and 2.76 Å. Neverthe-
less, the adsorption energy was found to be −2.2 eV for the flat carbon surface (graphene),
which is 0.65 eV and 1.14 eV more positive than the Ni adsorption energy on (8,0) and
(6,0) SWCNTs. This phenomenon also occurs in the case of pristine graphene, where the
adsorption energy of Ni is observed to be −1.75 eV. In contrast, the adsorption energy on
pristine (6,0) and (8,0) SWCNT is found to be −2.63 eV and −2.16 eV, respectively.

As anticipated, the introduction of a vacancy defect results in an enhanced Ni binding
affinity relative to the pristine SWCNT, when employing identical functionals and zigzag
(n,0) type SWCNTs (n = 6,8). The most stable site configurations indicate that Ni binds
more favourably to defective structures than to defect-free SWCNTs. To illustrate, the
PBE-D2 functional (see Table 1) reveals that Ni adsorbs onto the pristine (8,0) SWCNT with
an adsorption energy of −2.16 eV, while on the (8,0) SWCNT with a di-vacancy defect,
the adsorption energy is −2.85 eV. Similarly, for the pristine (6,0) SWCNT, Ni exhibits an
adsorption energy of −2.63 eV, while on the (6,0) SWCNT with a di-vacancy defect, this
value is −3.34 eV.
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In general, the assessment of dispersion energy through the utilisation of the DFT-D3
methodology has been observed to yield lower adsorption energies in comparison to the
DFT-D2 approach. This reduction can be attributed to the inclusion of a repulsive term in
the D3 formalism, which is absent in D2. As demonstrated in Table 1, the PBE-D3 functional
yields lower adsorption energies than the PBE-D2 functional for the four systems under
consideration. In addition, the binding pattern observed with the di-vacancy defect is
consistently reproduced upon the inclusion of the Hubbard parameter. This trend provides
further evidence that the defect has a beneficial effect on Ni adsorption, which reinforces
the observed stability trends. Moreover, the majority of cases exhibit no magnetisation,
with the exception of Ni adsorbed on the di-vacancy (8,0) SWCNT, as evidenced in Table 1.

The incorporation of the Hubbard parameter has been observed to enhance the ad-
sorption energies, which can be related to the more precise treatment of localised Ni d-state.
By reducing the self-interaction of d-electron, this method enhances the interaction of Ni
d-states with the p-states of surface C atoms, thereby stabilising the system at lower ener-
gies. To illustrate, Table 1 presents the adsorption energy for Ni on the (8,0) SWCNT with a
di-vacancy defect. Upon incorporation of the Hubbard parameter the adsorption energy for
the D2 functional decreases from −2.85 eV to −3.16 eV. A similar trend is observed for the
D3 functional, with a decrease from −2.71 eV to −3.02 eV; this effect is more pronounced
in SWCNTs with larger diameters.

3.2. Electronic Structure

A detailed examination of the electronic structure was conducted to enhance compre-
hension of the interaction between Ni and SWCNT and the impact of utilising a distinct
functional for the dispersion and localised d-orbitals representations. Figures 2 and 3 show
the total DOS for pristine and defected (6,0) and (8,0) SWCNTs, respectively, with PBE-D2
and PBE-D3 functionals.
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Figure 2. DOS of the pristine (6,0) SWCNT, calculated with (a) the PBE-D2 functional and (b) the
PBE-D3 functional; and the (6,0) SWCNT with a di-vacancy defect, calculated with (c) the PBE-D2
functional and (d) the PBE-D3 functional.
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1 
 

 

Figure 3. DOS of the pristine SWCNT (8,0), calculated with (a) the PBE-D2 functional and (b) the
PBE-D3 functional; and the SWCNT (8,0) with a di-vacancy defect, calculated with: (c) the PBE-D2
functional and (d) the PBE-D3 functional.

The introduction of two vacancy defects generally results in an increase in the number
of states within the energy range under analysis. It is not worthy that the number of states
around the Fermi level has increased. This observation may be indicative of a more reactive
structure, which could prove advantageous for doping purposes. The DOS obtained with
the PBE-D2 and PBE-D3 dispersion methods exhibit minimal discrepancy, which is likely
attributable to the limited variation in atomic positions after relaxation with each dispersion
method in the absence of Ni.

It is noteworthy that, for the pristine (6,0) SWCNT, the number of states is not zero
around the Fermi level. Matsuda et al. [62] demonstrated that the pristine (6,0) SWCNT
exhibits a conductor behaviour without a band gap. The authors posit that this can be
understood due to the π–π* coupling in this 3n (n = 2 . . . 10) zigzag SWCNT. Additionally,
other research [63] suggests that for small nanotubes, the curvature is so strong that
rehybridisation occurs between σ and π states, resulting in band overlap and a metallic
behaviour for pristine (6,0) SWCNT.

In contrast to the pristine (6,0) SWCNT, the (8,0) SWCNT exhibits a band gap of
approximately 0.53 eV for both the PBE-D2 and D3 approaches. The accuracy of this
value is beyond the scope of the present work, which could prove challenging with a PBE
functional. For instance, with a (9,0) chirality SWCNT, the resulting value of 0.003 eV
differs from the experimental value of 0.08 eV [62]. It can be stated that, in contrast to the
(6,0) chirality, the (8,0) type SWCNT presents a band gap, given that the PBE functional
typically underestimates band gaps. Moreover, an increase in the number of states within
the specified energy range is observed when comparing the two-vacancy (8,0) SWCNT
with the pristine (8,0) SWCNT. The introduction of vacancies results in a reduction in the
band gap, which is 0.13 eV for the 2vac-(8,0) SWCNT using the PBE-D2 functional. The gap
remains largely unchanged when the PBE-D3 functional is employed. Additionally, the
discrepancy between the DOS curves obtained with PBE-D2 and PBE-D3 remains minimal,
with only slight alterations in selected peaks. Therefore, both functionals are effective
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in achieving the final equilibrium structure used to study the electronic structure when
relaxing the SWCNT with or without defect.

Figures 4 and 5 illustrate the total DOS and PDOS of Ni adsorbed on pristine and
defective SWCNTs of (6,0) and (8,0) type, with PBE-D2 and PBE-D3 functionals with and
without the Ueff parameter.
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Figure 4. The total DOS of the most stable geometry of a Ni atom adsorbed on a pristine (6,0) SWCNT
is illustrated in grey, the PDOS onto the C atoms in brown, and the PDOS onto the Ni atom in blue,
calculated with (a) the PBE-D2 functional, (b) the PBE-D3 functional, (c) the PBE + U-D2 functional,
and (d) the PBE + U-D3 functional.

The DOS curves displayed on Figures 4 and 5 illustrate an increase in the number of
states around the Fermi level within the valence band. The observed effect can be attributed
to the hybridisation between Ni and C orbitals, in the energy range between −2 and 0 eV,
with a negligible contribution at energies lower than −2 eV. This hybridisation around the
Fermi level was observed for Ni and other TMs interacting with other chiralities of SWCNTs
because the C p and TM d states were previously reported in the literature [7,25,32]. Zhuang
et al. conducted a study examining the interactions between TMs, including Ni, and
defective CNTs. The same conclusion regarding hybridisation is reached by these authors
through an analysis of the band structures of metal-adsorbed on pristine and defective (5,5)
CNT [7]. Seenithurai et al. reached the same conclusion in the case of H2 adsorption on Ni
and passivated Ni doped (5,0) SWCNT [25], while Mashapa and Ray analysed the case of
low-concentration substitutional doping of TM on armchair (5,5) SWCNT [32].
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Figure 5. Total DOS of the most stable geometry of a Ni atom adsorbed on a pristine (8,0) SWCNT is
illustrated in grey, the PDOS onto the C atoms in brown, and the PDOS onto the Ni atom in blue,
calculated with (a) the PBE-D2 functional, (b) the PBE-D3 functional, (c) the PBE + U-D2 functional,
and (d) the PBE + U-D3 functional.

Figures 6 and 7 illustrate the total DOS and PDOS of Ni adsorbed on defected SWCNTs
of (6,0) and (8,0) types, employing the PBE-D2 and PBE-D3 functionals with and without
the Ueff parameter.

In general, when a Ni atom is adsorbed on a SWCNT surface with two vacancies, the
overlapped projected states on Ni and C exhibit a greater degree of energy dispersion than
those observed in the Ni adsorbed on pristine SWCNTs. This can be corroborated by a
comparison of the PDOS on Ni and C of Ni-2vac-(6,0) SWCNT (Figure 6), which demon-
strates a pronounced hybridisation between Ni and C states that are not only predominately
observed in the −2 to 0 eV range as seen in the case of Ni adsorbed on pristine (6,0) SWCNT
(Figure 4) but also at lower energies. Figure 6 also illustrates the presence of overlapped
states between −3 and −2 eV for the Ni-2vac-(6,0) SWCNT. Moreover, the electronic states
of Ni are shifted to lower energies in comparison with the states of isolated Ni, indicating
enhanced stability of Ni after adsorption. Furthermore, the Ni atom electronic states are
shifted to lower energies, indicating a stabilisation after adsorption. Additionally, the
isolated states of the Ni atom are located at specific energy values, in contrast to adsorbed
Ni, concluding that the interaction of Ni with the SWCNT surface is considerable. It is
observed that the notable peak at the Fermi level of isolated Ni effectively vanishes and
that numerous peaks at lower energies are superimposed with the C states ones. In ad-
dition, a comparison of the DOS and PDOS for the Ni-(6,0) SWCNT (Figure 4) and the
Ni-2vac-(6,0) SWCNT (Figure 6) reveals a greater number of peaks for the latter system
which are indicative of stronger interactions. Nevertheless, the adsorbed Ni exhibits states
that are symmetric with respect to spin up and down, resulting in a lack of magnetisation
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in comparison with the asymmetric isolated Ni states, which have a magnetisation of 2 µB
for the most stable triplet ground state.
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Figure 6. The total DOS of a Ni atom adsorbed on a (6,0) SWCNT with a di-vacancy is illustrated in
grey, the PDOS onto the C atoms in brown, the PDOS onto the Ni atom in blue, and the DOS of the
isolated Ni atom in light-blue dashed lines, calculated with (a) the PBE-D2 functional, (b) the PBE-D3
functional, (c) the PBE + U-D2 functional, and (d) the PBE + U-D3 functional.

The aforementioned overlap between Ni and C orbitals is responsible for the ob-
served increase in states around the Fermi level of the total DOS for Ni-2vac-(6,0) SWCNT
(Figure 6). Additionally, there is a hybridisation of the projected metal and carbon states
in the conduction band, which is likely associated with the antibonding orbitals due to
the interaction between these atoms. This further enhances the conductor behaviour that
was also observed for pristine (6,0) SWCNT. Consequently, a potential application of this
material is for low-resistance contact.

An important result to highlight is that regardless of the functional applied with
or without Ueff, the interaction of Ni with the (6,0) SWCNT type does not present a
considerable variation on projected states of Ni that arise from the interactions with states
of the C atom. In general, the total DOS and PDOS are very similar, with differences in the
shapes of some peaks but not in the positions and appearance of new peaks.

Similarly to the previous behaviour observed for Ni-2vac-(6,0) SWCNT, the PDOS on
Ni and C orbitals results in an increase in the total DOS for Ni-2vac-(8,0) SWCNT, which
exhibits a higher number of peaks compared with Ni adatom on pristine (8,0) SWCNT
(Figure 5). This can be observed by comparing it with Figure 7. In the case of Ni-(8,0)
SWCNT, the Ni and C state peaks overlap for the first time in the energy region from
−2 to 0 eV. This is a more localised phenomenon than that observed for Ni-2vac-(8,0)
SWCNT, which may contribute to the observed weak interaction between Ni and C from
the energetic perspective for the adsorption on pristine SWCNT. Also, the band gap is
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reduced in the (8,0) SWCNT due to this overlap around the Fermi level. The aggregation
of Ni in pristine (8,0) SWCNT results in a reduction in the band gap, which nevertheless
remains present with a value of 0.18, 0.19, 0.47, and 0.49 eV for PBE-D2, PBE-D3, PBE +
U-D2, and PBE + U-D3, respectively (see Figure 5a, Figure 5b, Figure 5c and Figure 5d).
The band gap of Ni-2vac-(8,0) SWCNT is approximately 0.38 up (0.25 down), 0.28 up (0.26
down), 0.38 up (0.18 down) eV, and 0.37 up (0.17 down) eV for PBE-D2, PBE-D3, PBE +
U-D2, and PBE + U-D3, respectively (see Figure 7a, Figure 7b, Figure 7c and Figure 7d).
Moreover, an examination of the PDOS curves of Ni and C surface on Ni-2vac-(6,0) SWCNT
and Ni-2vac-(8,0) SWCNT reveals that the peaks of the latter are sharper and more localised.
This observation supports the idea of a weaker adsorption energy of Ni-2vac-(8,0) SWCNT,
as previously stated from adsorption energy analysis.
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Figure 7. Total DOS of a Ni atom adsorbed on an (8,0) SWCNT with a di-vacancy is illustrated in
grey, the PDOS onto the C atoms in brown, the PDOS onto the Ni atom in blue, and the DOS of the
isolated Ni atom in light-blue dashed lines, calculated with (a) the PBE-D2 functional, (b) the PBE-D3
functional, (c) the PBE + U-D2 functional, and (d) the PBE + U-D3 functional.

In contrast to the Ni-2vac-(6,0) SWCNT, the inclusion of the Ueff results in alterations
to the total DOS and PDOS for the PBE-D2 and PBE-D3. The total DOS for PBE-D2 and
PBE-D3 exhibit minimal variation, beyond some changes that can be attributed to slight
atomic positional shifts during the relaxation process. The inclusion of the Hubbard
parameter results in a reduction in the band gap of the Ni-2vac-(8,0) SWCNT by 28%
relative to the pristine (8,0) SWCNT, and it increases by 38% to the 2vac-(8,0) SWCNT.
Moreover, a reduction of 0.1 eV is observed for Ni-(8,0) SWCNT, which can be related
to the concurrent hybridisation of valence states and the clear overlap of metal and C
orbitals in the conduction band at a lower energy than the peak of isolated Ni, which is
approximately 0.5 eV. Another consequence of the interaction between the Ni states and the
C states is the magnetisation observed in Ni adsorbed on defected (8,0) SWCNT with all the
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functionals applied. This effect is not observed in the defected (6,0) SWCNT. In light of these
findings, the Ni doping of the defected (8,0) SWCNT represents a promising avenue for the
development of spintronic devices, offering the potential to combine different conductivities
(different band gaps) for spin up and down and magnetisation. The alteration of the band
gap resulting from the incorporation of TM impurities was also observed in other materials.
For instance, Soussi et al. [64] demonstrated that the band gap is reduced in SnO2 doped
with Al.

Moreover, the incorporation of the Hubbard parameter enables the emergence of Ni
states at lower energies. Peaks in the range between −3 and −2 eV occur with and without
Ueff, but their intensity is greater. This is likely due to the correction of the self-interaction
energy accounted for in the Hartree potential as a result of localised unpaired electrons [65].
If the Ueff corrects for some of this spurious Coulomb repulsion, it leads to more stable
orbitals that can interact at lower energies. This effect was not fully recognised for Ni-2vac-
(6,0) SWCNT, potentially because its states are more dispersed in energy, as evidenced by
broader peaks in the DOS and PDOS, particularly at the Fermi level, which corresponds to
unpaired electron states.

In addition to the projections on atoms, we perform the projection on orbitals of
specific atoms that have been previously considered in order to establish which of these
on-site contributions are the most significant. Figure 8 illustrates the results for the PBE-D2
and PBE + U-D2 functionals.
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Figure 8. The PDOS for the orbitals of the system with a Ni atom adsorbed on a SWCNT with a
di-vacancy. (6,0) SWCNT system, calculated with (a) the PBE-D2 functional and (c) the PBE + U-D2
functional. (8,0) SWCNT system, calculated with (b) the PBE-D2 functional and (d) the PBE + U-D2
functional. The colours used in the graphs represent the following orbitals: the s-orbital of Ni (black),
p-orbital of Ni (green), d-orbital of Ni (blue), s-orbital of C (brown), and p-orbital of C (red). The inset
at the top left of each sub-figure provides a zoomed view of the graphs for the energy region between
0 and −3 eV.
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From Figure 8a,c, it can be observed that the states in the region between −3 and
−2 eV for Ni-2vac-(6,0) SWCNT are predominately made up of Ni d states and C p states.
A similar phenomenon is observed for Ni-2vac-(8,0) SWCNT, as shown in Figure 8b,d.
However, the use of the Hubbard parameter results in an increase in these states in the
region between −3 and −2 eV for Ni-2vac-(8,0) SWCNT. The participation of the d orbitals
of Ni reinforces the assumption of an increase in the states in that region due to the
correction of the self-interaction energy of the metal‘s electrons. In the case of Ni-2vac-(6,0)
SWCNT, no variation is observed for both with and without Ueff (see Figure 8a,c), indicating
that the self-interaction is lower in this case. In both systems, close to the Fermi level and
at lower energies, there is evidence of hybridisation between Ni s and localised p states
with C p states. However, there is no clear hybridisation between C s states with Ni states.
Compared with other contributions from p orbitals, the latter is not significant. This could
be related to the fact that sp2 hybridisation in σ bonds is very stable.

3.3. Bonding Analysis

Table 2 presents the bond distances of the selected atoms employed for the OP and
BO analysis, both before and after the Ni adsorption, with their corresponding percentage
change. The OP and BO values are presented in Table S1 (Supplementary File) for both
the pre- and post-adsorption states. The selected atoms for this analysis are indicated in
Figure 9. Additionally, the most pertinent data from Table S1 was presented in graphical
form in Figure 10, thus facilitating enhanced visualisation.

Table 2. Bond distance values for selected C-C and Ni-C bonds (see Figure 9) before and after Ni
adsorption for the four systems.

System Bond Distance 1 [Å] Change 2

Ni-(6,0) SWCNT:
Adsorbed Ni atom on

the pristine (6,0)
SWCNT

C1-C2 1.45 (1.40) +3.5%
C1-C3 1.44 (1.48) +2.7%
Ni-C1 1.89 -
C1-C2 1.45 (1.41) +2.8%

Ni-(8,0) SWCNT:
Adsorbed Ni atom on

the pristine (8,0)
SWCNT

C1-C3 1.46 (1.43) +2.0%
Ni-C1 1.90 -
C1-C2 1.54 (1.45) +6.2%

C2-C11 1.44 (1.42) +1.4%

Ni-2vac-(6,0) SWCNT:
Adsorbed Ni atom on
the (6,0) SWCNT with

a di-vacancy

C2-C3 1.45 (1.44) +0.7%
C3-C4 1.39 (1.40) −0.7%

C3-C12 1.42 (1.44) −1.4%
Ni-C1 2.04 -

Ni-2vac-(8,0) SWCNT:
Adsorbed Ni atom on
the (8,0) SWCNT with

a di-vacancy

C1-C2 1.52 (1.47) +3.4%
C2-C11 1.44 (1.42) +1.4%
C2-C3 1.45 (1.42) +2.1%
C3-C4 1.41 (1.43) −1.4%

1 In brackets are the distances before the adsorption process. 2 (+) elongation, (−) contraction.

From the bond length values before and after the Ni adsorption (Table 2), it is possible
to determine the variation in the bond distances for the C atoms close to the adsorption
region. A significant maximum variation is detected for the SWCNT with vacancies for the
(6,0) type; although, in general, they are of the same order. The observed changes in bond
lengths are related to an interaction with Ni. In general, there is an increase in bond length,
indicating a reduction in the strength of C-C bonds to bind with Ni. A comparison of the
values the values in Table 2 with the C-C bond length far from the adsorption region (not
included in the table) yields a percentage variation of 0.7%, which suggests that the effect
on the structure occurs around the adsorption region.
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adsorption for the optimised systems using PBE-D2 and PBE + U-D2 functionals, for the systems:
(a) Ni-(6,0) SWCNT, (b) Ni-2vac-(6,0) SWCNT, (c) Ni-(8,0) SWCNT, and (d) Ni-2vac-(8,0) SWCNT.

As can be seen in Table S1 and Figure 10, the OP and BO values are not affected by the
use of PBE-D2 or PBE + U-D2 functional in all the systems. This leads to the conclusion
that the application of the two functionals results in a similar distribution of these chemical
parameters, even in cases where the Ueff parameter is excluded or included. With regard to
the Ni-C bond, the OP and BO are reported for only one of its nearest neighbours, given that
similar values were obtained for the others. The OP and BO values for the Ni-C bond are
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notable, indicating the presence of a chemical bond and a higher interaction between Ni and
C for the (6,0) nanotube in comparison to the (8,0) type. In contrast to the pristine SWCNTs,
the Ni-C interaction is weaker for the 2vac-SWCNTs. However, the Ni atom is more stable
on the SWCNT with two vacancies, and thus the coordination achieved when the Ni is
adsorbed on SWCNT with two vacancies is relevant for its stability. After the adsorption
of Ni, a general trend was observed whereby the closest C-C bonds to the adsorption site
were found to weaken in both the pristine and defected SWCNTs. This reduction in bond
strength is related to the stretching of the C-C bonds (Table 2) after adsorption. It is also
noteworthy that the Ni-C bond is stronger based on these chemical parameters for the
lower-diameter nanotube, which is consistent with the previous stability analysis based on
the adsorption energies. For a C-C bond far from the adsorption region, the OP and BO
variation is 1.2% and 1.3%, respectively. This indicates that the observed changes are due
to electronic variation around the adsorption site, resulting from the interaction between
Ni and the SWCNT surface.

The Bader charges were obtained after Ni adsorption on pristine and defective (6,0)
and (8,0) SWCNTs for the same selected atoms used for OP and BO analysis. The values are
summarised in Table S2 (Supplementary File), where a positive value denotes the loss of
electrons, while a negative value indicates the gain of them. Additionally, the most relevant
data of Table S2 were presented in graphical form in Figure 11, thus facilitating enhanced
visual representation.
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SWCNT, (b) Ni-2vac-(6,0) SWCNT, (c) Ni-(8,0) SWCNT, and (d) Ni-2vac-(8,0) SWCNT.
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The Bader charges demonstrate a charge transfer from Ni to the SWCNT in all the
systems, resulting in a positive Ni atom after the adsorption. This charge transfer process
increases for the (8,0) nanotube in comparison with the (6,0) type, for both pristine and
defective SWCNTs. Therefore, it can be concluded that the charge transfer is not the
sole stabilisation mechanism, as the (6,0) SWCNT type exhibits higher Ni adsorption
energies, which contradict this effect. According to this, it is possible to infer that the
electronic contribution to the stability of the Ni bond with SWCNT is related not only to a
charge transfer mechanism but also to the electron sharing through the overlap between
orbitals, giving a more covalent character. However, the charge transfer provides a partial
explanation for the enhanced stability of Ni adsorption on 2vac-SWCNT, resulting in a
greater charge transfer than the adsorption on pristine SWCNT. This is likely due to the
increment in the coordination for the defected SWCNT.

After the Ni adsorption, the charge on the SWCNT is redistributed, resulting in
negativity for some of the C atoms close to the Ni. Despite the fact that the charge sign of
carbon atoms surrounding the adsorption site follows a similar pattern, from a quantitative
point of view, this pattern is not the same for (6,0) and (8,0) nanotubes. It is noteworthy
that the incorporation of the Ueff parameter modifies the Bader charges, making a more
appreciable change for the Ni atom. Hence, the correction of the Ni self-interaction spurious
repulsion energy of d electrons has an influence on Bader charges, especially on Ni. In
contrast, as previously stated, this effect exhibits no appreciable sensitivity for OP and BO
chemical parameters. Therefore, the self-energy interaction of Ni d electrons, as previously
stated by the PDOS analysis, conducts to the dispersion of Ni d states at lower energies,
which, from a stability standpoint, favourably alters the charge transfer. This effect is more
pronounced for (8,0) SWCNT, because it is the most affected for the localised Ni d bands,
as was also previously discussed in the PDOS analysis. It is pertinent to make a comment
regarding the bonding character and Bader charge analysis in a related system. In the case
of Rh adatom stability on graphene, with and without defects, Ambrusi et al. [66] evaluated
the feasibility of achieving a uniform dispersion of the metallic atom. The authors found
that when H2 molecules bind to Rh adatoms, an electrostatic interaction occurs due to a
charge transfer from the metal to the graphene surfaces after adsorption. Bonding and
Bader charge analysis are analogous to the CNTs in the present study.

Figure 12 shows the isosurfaces of the charge density differences which complement
the charge distribution analysis.

Figure 12a,b show the accumulation of electrons between Ni and C atoms of the bridge
site on the (6,0) SWCNT and (8,0) SWCNT, respectively. This indicates the formation of a
bond between Ni and C at this adsorption site. Similarly, in Figure 12c,d, it is possible to
appreciate a symmetric distribution of the charge for the Ni adsorbed on the two vacancy-
defected SWCNT for 2vac-(6,0) SWCNT and 2vac-(8,0) SWCNT, respectively. Additionally,
an accumulation of electrons is observed in the regions between Ni and C atoms, which
is indicative of the formation of bonds between them. The isosurfaces surrounding the
Ni atoms exhibit a depletion of electrons, indicating a positive charge, as we concluded
from the Bader analysis, after the charge transfer to the nanotube surface. A comparison
of the Ni-2vac-SWCNT with Ni-pristine-SWCNT enables the identification of the primary
coordination in the systems with two vacancies, which are fourth-coordinated based on
the accumulation of electrons between Ni and C atoms at the defect site. This fourth
coordination is associated with Ni-C bonds arranged symmetrically.
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4. Conclusions

The adsorption of the Ni atom on the di-vacancy SWCNT shows greater stability than
the adsorption on pristine SWCNT. This stability increases with the tube curvature, for
zigzag (n,0) nanotubes. According to the DOS, this occurs because of the presence of a larger
number of states in the (6,0)-type nanotube compared to (8,0), which are additionally more
overlapped, forming broader bands. This allows for more dispersed energy hybridisation
between PDOS on Ni and C, forming not only an overlap of them at lower energies but
also bands distributed across a wider energy range, instead of being localised at specific
energy values. This mechanism allows for stronger interaction and higher stability for
Ni adsorption. Although the overlap between C orbitals of defected SWCNT and the Ni
orbitals occurs almost in the same energy range comparing the 2vac-(6,0) SWCNT and 2vac-
(8,0) SWCNT structures, the wider overlapped peaks in the former introduce additional
stability. In pristine SWCNTs, the number of states is lower, and the overlap between
Ni and C states is concentrated in the −2 and 0 eV range. In vacancy-defected SWCNTs,
an additional significant hybridisation occurs at lower energies between −3 and −2 eV.
This overlap is mainly between Ni d states and C p states. A comparison of the different
functionals reveals that the electronic structure is not affected by the use of PBE-D2 and



Materials 2024, 17, 6236 20 of 22

PBE-D3. The introduction of the Ueff parameter results in more stable adsorption energies,
making this effect more pronounced for the (8,0) SWCNT. There is a charge transfer from
Ni to the substrate that contributes more considerably when vacancy defects are included,
having determinant participation in the stability. However, for the defected SWCNT, the
(8,0)-type nanotube presents a larger charge transfer than the (6,0) configuration, thereby
forming a more ionic bond. In the case of the (6,0) nanotube, the Ni strongly interacts with
C through the overlap of the states that share electrons. The bonding analysis between Ni
and C on SWCNT reveals that the OP and BO are not higher for the defect. Consequently,
the stability and the number of states interacting correspond to a more coordinated bond,
which is verified through OP, BO, and the geometry of the adsorption site.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma17246236/s1, Table S1: Bond order (BO) and overlap population
(OP) values for selected C-C and Ni-C bonds (see Figure 9), measured before and after Ni adsorption
for the four systems; Table S2: Bader charges for the optimised systems before and after the Ni atom
adsorption using PBE-D2 and PBE+U-D2 functionals. Where ∆ indicates the variation in Bader charge
following the adsorption process.
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