
Citation: Phaahla, T.; Ngoepe, P.;

Chauke, H. Exploring Synergistic

Effect on the Stability of Ni-, Pd-,

Ir-Doped TiN (N = 1–15)

Nanoparticles. Alloys 2024, 3, 15–30.

https://doi.org/10.3390/

alloys3010002

Academic Editor: Jean-Louis Bobet

Received: 1 December 2023

Revised: 17 January 2024

Accepted: 19 January 2024

Published: 26 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Exploring Synergistic Effect on the Stability of Ni-, Pd-, Ir-Doped
TiN (N = 1–15) Nanoparticles
Tshegofatso Phaahla *, Phuti Ngoepe and Hasani Chauke

Materials Modelling Centre, University of Limpopo, Private Bag x1106, Sovenga 0727, South Africa;
phuti.ngoepe@ul.ac.za (P.N.); hasani.chauke@ul.ac.za (H.C.)
* Correspondence: tshegofatso.phaahla@ul.ac.za; Tel.: +27-015-268-3413

Abstract: Bimetallic nanoclusters have attracted great interest due to their ability to enhance the
catalytic properties of nanoclusters through synergetic effects that emerge from the combination
of the metal nanocluster with different transition metal (TM) species. However, their indefinite
composition and broad distribution hinder the insightful understanding of the interaction between
these invasive metals in bimetallic doped nanoalloys. In this study, we report a density functional
theory calculation with the PBEsol exchange-correlation functional for 16-atom TiN−1TM (TM = Ni,
Ir, Pd) nanoalloys, which provides new insights into the synergetic effect of these invasive metals.
The probe into the effect of these metal impurities revealed that the replacement of a Ti atom with Ni,
Ir and Pd enhances the relative stability of the nanoalloys, and the maximum stability for a lower
bimetallic composition is reached for Ti4Ir, Ti5Pd and Ti7Ni. The most stable nanoalloy is reached
for the Ti12Ir cluster in comparison with the Ti12Pd and Ti12Ni clusters and pure Ti13 monoatomic
nanocluster. This stability trend is as revealed well by both the binding energy and the dissociation
energy. The average HOMO-LUMO gap for the bigger clusters revealed that the valence electrons in
the HOMO can absorb lower energy, which is indicatory of a higher reactivity and lower stability.
The quantum confinement is higher for the smaller clusters, which illustrates a higher stability and
lower reactivity for those systems.
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1. Introduction

The study of the structural and electronic properties of transition metal nanoclusters
has received significant attention due to its importance in nanoscience and nanotechnology.
The atomic reduction, with respect to size, down to the nanometer scale leads to the
emergence of a wide variety of new insights, making small metals very attractive due to
their reactivity. Heteroatom-doped clusters have been highlighted for the possibility of
tuning their reactivity by changing the cluster size and composition. The intension of a
doping process is to insert a heteroatom into a material to manipulate the properties of
that material [1]. Researchers have achieved a deeper understanding of the influence of
impurities on the nanoparticles [1–3]. Metal nanoparticles have received ever increasing
interest in comparison with bulk metal materials [4–6]. Particularly, nanoparticles with
metal impurities are currently receiving significant attention due to their large surface-
to-volume ratio, quantum size effect properties and promising applications [7–10]. Yan
et al. [11] used the DFT framework to study Al-doped Ti nanoparticles. The Ti4Al isomer
was reported to be the most stable nanoparticle. The valent transition of the Al atom was
found to be associated with the structural transfer that originated with Ti10Al.

The DFT calculations predicted that the addition of impurities to aluminum clusters
can enhance the stability of certain “magic” clusters and tune them to exhibit desirable
physical and chemical properties [12,13]. Jiang et al. [14] studied the structures and stabili-
ties of the AlNB and AlNB2 (N = 1−7) using B3LYP and CCSD(T) methods and found that
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the mixed AlB clusters exhibit peculiar aromatic behaviors. Bergeron et al. [13,15] found
that the Al13I2

− cluster has chemical characteristics like the triiodide ion, and Al13Ix
−

clusters exhibit high stability with even numbers of I atoms, while Al14Ix
− exhibits stability

with odd numbers of I atoms. Other studies have reported that inert elements in the bulk,
for example, gold, become reactive at the nanoscale [16,17], suggesting the possibility of
using clusters as catalysts, with size-dependent and reaction-specific properties [18,19].
Ferrari et al. [20] studied the reactivity of small metallic clusters using mass spectrometric
methods. They reported that the doping strongly influences the electronic structure of a
cluster, and the effect of doping is size-dependent, strongly altering the odd−even pattern
of the reaction probability.

In amorphous carbon materials, dispersed platinum nanoparticles (Pt/C) are standard
catalysts for the oxygen reduction reaction, ORR, which is the principal reaction in PEM-
FCs [21,22]. In comparison with the pure Pt bulk catalysts, the Pt–TM alloys doped with
other transition metal elements in the 3d block (Co, Ni, Fe, etc.) display better catalytic
activity and lower cost [23,24]. The tendency to dissolve in acidic solutions was reported
to be attributed to the relatively low cohesive energy of Pt-alloyed nanoparticles [25,26].
Thus, the alloying of Pt-based nanoparticles raises the cohesive energy which improves
their stability [27,28].

Regardless of the extensive studies on doped transition metal nanoclusters, research
studies are comparatively rare for the Ti-bearing bimetallic nanoparticles. Reports have
stated that early transition metal nanoclusters, particularly Ti nanoclusters, possess com-
plicated electronic ground state structures due to the almost empty d-band with different
multiplicities. The energies between those multiplicities are so close that determining the
ground state structures is always complicated [29–31]. Small M-doped titanium (M = V,
Fe, Ni) clusters were investigated by Du et al., 2009 [29], using the DFT approach. It was
found that triangle bipyramid geometries are the most stable structures for Ti4V, Ti4Fe and
Ti4Ni. Du et al., 2010 [30], used the DFT method PW91PW91 to investigate the changes in
the geometrical, electronic and magnetic properties of titanium clusters when one titanium
atom is substituted by boron. They found out that the Ti5 and Ti7 clusters have stronger
stabilities than their respective neighbors. The Ti4B and Ti6B indicated stronger stabilities
with Ti6B as the most stable configuration.

Rodríguez-Kessler and Rodríguez-Domínguez [31] used first principles calculations to
investigate the structure and electronic properties of TiNV (N = 1−16). They reported that
when a single V impurity is added to TiN clusters, an increase in the average binding energy
occurs, especially for N = 12 or Ti12V. The binding energy was reported to be similar for
Ti1–10V clusters, except for Ti3V and Ti6V clusters, where it is lower than pure TiN clusters.

Verkhovtsev et al. [32] employed Ab initio and classical approaches to characterize the
small pure and Ni-doped titanium clusters. It was found that the doping with a Ni atom in
the titanium clusters does not significantly affect the stability of the compounds. Thus, with
the amount of the research that has been completed on Ti-doped nanoclusters, the study
of Pd-, Ir- and Ni-doped Ti nanoparticles (N > 13) have not been investigated until the
current study. The fusion of Ir, Ni and Pd with Ti as one nanocluster entity might retain the
chemical and magnetic properties of the individual components. To investigate the stability
and electronic properties of TiN−1M (N = 2−16, M = Pd, Ir, Ni) clusters, this work was
organized as follows. In Section 2, we emphasized the construction method of the models
and the computational details. The results and their discussions were presented in Section 3.
We paid attention to their binding energies, relative stabilities and electronic properties.
The average binding energies, relative stabilities and the dissociation energies are compared
with the bare Ti clusters with respect to their cluster size N. We discussed the density of
states (DOS), HOMO-LUMO and charge density for Ti12M clusters. A brief conclusion was
given in Section 4. The structural characterization will not be included in this paper since
the most preferred positions for these systems were discussed in the previous paper [33].
The search for the most stable positions was done by hand; benchmarking with Pt and these
positions were further used to optimize Ir-, Pd- and Ni-doped Ti clusters. This is the reason
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why we will only investigate the effect of these impurities on the stability and electronic
properties of titanium nanoclusters. We refer the reader to our earlier publication [33]
for details.

2. Materials and Methods

The calculations in this work were performed within the frameworks of Knowledge
Led Master Code (KMLC) software [34–36] and the density functional theory (DFT) [37,38]
for pure Ti and Ir-, Pd-, Ni-doped Ti nanoclusters. Firstly, the Knowledge Led Master
Code was used to search for global and local minima for pure Ti nanoclusters. The KLMC
software calls on a range of third party software so as to compute energies and minimize
atomic forces for global optimization. This program automates many tasks that traditionally
have been attempted by hand, such as, the creation of input files, submission of calculations
using the input files on either local or external computer platforms and extraction of data
from output files. The code automates multistage optimization, computing energy and
atomic forces at various levels of theory during structure relaxation, allowing for flexibility
in searching for interatomic potential structures on DFT energy landscapes. The GA module,
as implemented within KMLC, is employed to locate the local (LM) and global minima (GM)
on the potential energy surface (PES) [39,40]. The search is performed at an interatomic
potential level of theory using Generalized Utility Lattice Program (GULP) code [41,42].
The use of reliable and quality interatomic potentials (IPs) has been used successfully in
previous studies [43,44]. In the current work, the PES of TiN nanoclusters is evaluated
using a many-body embedded atom method (EAM), which includes a combination of a
many-body attractive term, Ea, and a repulsive two-body Born–Mayer IP, Er.

Ea = −∑i

(
A∑j e−β(

rij
r0−1 )

) 1
2

(1)

Er = ∑i>j Be−ρrij (2)

where B and A are empirical parameters; r0 is the equilibrium first neighbor distance in hcp
solid; rij represents the distance between atoms i and j. The initial candidate structures were
created by randomly placing atoms in a cube with length between 4 Å, for the smallest clus-
ters, and 15 Å, for the largest, with a distance of 80% of bond length to prevent unfeasibly
dense structures and unwanted formation of metal–metal bonds. Secondly, after the global
and local minima structures were located, selected structures of titanium were further
reoptimized at a DFT level of theory using all-electron, full-potential code FHI-aims [45].
This code was further utilized to optimize doped nanoclusters of titanium using FHi-aims’
default “tight” settings and grid combined with a scalar ZORA relativistic treatment [46],
using the solids-corrected Perdew–Burke–Ernzerhof (PBEsol) [47] generalized gradient
approximation (GGA) [48] exchange correlation functional to reduce computational cost.
The PBEsol exchange correlation functional was chosen due to its unbiased nature and low
computational cost. Thirdly, the plane wave pseudopotential method as implemented in
Cambridge Serial Total Energy Package (CASTEP) code [49,50] was used to perform the full
geometry optimization for the doped titanium nanoclusters to calculate the charge density
difference for the most stable configurations of Ti12M (Ir, Pd, Ni). The ultrasoft pseudopo-
tentials represented the interaction between the ionic core and valence electrons. The plane
wave cut-off energy of 500 eV was found to be sufficient to converge the total energies,
where the plane wave generalized gradient approximation of the Perdew–Burke–Ernzerhof
(GGA-PBEsol) exchange correlation functional was employed. The convergence tolerance
for the force, ionic displacement, energy and self-consistent field (SCF) were 0.05 eV/Å,
0.002 Å, 2.0 × 10−5 eV/atom and 2.0 × 10−6 eV/atoms. Lastly, to calculate the iso-surface
of the HOMO-LUMO, the GGA-PBE exchange correlation functional [51] as implemented
within the DMol3 code [52,53] was employed for the relaxation of the magic nanoclusters
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for doped titanium. The self-consistent field, max displacement, convergence tolerance for
the force and energy were set at 1.0 × 10−5, 0.005 Å, 0.004 Ha/Å and 2.0 × 10−6.

3. Results and Discussion

This section gives a more detailed discussion on the binding energy, relative stability,
dissociation energy, HOMO-LUMO and charge density difference for TiNM (M = Pd, Ir,
Ni). The stable conformations of the titanium nanoclusters that were used to dope the
Pd, Ni and Ir impurities were reported for the Pt-doped Ti nanoclusters [33]. Section 3.1
only focuses on the stability, and in Section 3.2, the electronic properties of the doped Ti
nanoclusters are investigated.

3.1. Stability of the TiNM (M = Pd, Ir, Ni)

The stability of the TiN and TiN M (M = Pd, Ni, Ir) clusters can be investigated on
the basis of the binding energy per atom (Eb), relative stability or second-order energy
difference (D2E) and dissociation energy (Ed). These quantities can be calculated using the
following formulas:

Eb(TiN) = (NET(Ti)− ET(TiN))/N (3)

D2E(TiN) = ET(TiN+1) + ET(TiN−1)− 2ET(TiN) (4)

Ed(TiN) = ET(TiN−1) + ET(Ti)− ET(TiN) (5)

and for the M-doped TiN clusters, the stability is defined as

Eb(TiN M) = (NET(Ti) + ET(M)− ET(TiN M))/(N + 1) (6)

D2E(TiN M) = ET(TiN+1M) + ET(TiN−1M)− 2ET(TiN M) (7)

Ed(TiN M) = ET(TiN−1M) + ET(Ti)− ET(TiN M) (8)

where ET(TiN), ET(M) and ET(TiN M) are the total energies of the pure Ti atoms, with M
representing the Pd, Ni, Ir atoms and the TiN N doped cluster, while N denotes the number
of Ti atoms in the cluster, respectively.

Figure 1a,b show the binding energy of the pure TiN and TiN−1M clusters for N = 2−16.
The binding energy for the pure Ti gradually decreases with the cluster size rapidly up to
N ≤ 7, then the energy becomes smooth with clusters where N > 7, indicating that these
clusters could continue to be more negative during the growth process. Furthermore, when
the Ti clusters are doped with Ni and Pd impurities, the binding energy trend is similar for
the Pd and Ni impurities, except for the Ir impurities.
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parison for 𝑇𝑇𝑖𝑖𝑁𝑁 and Ir doped 𝑇𝑇𝑖𝑖𝑁𝑁 clusters. 

The Pd impurity is observed to have a binding energy that is slightly higher than bare 
Ti clusters, whereas the binding energy for the Ni impurity is relatively similar to that of 
the bare Ti clusters. Additionally, the binding energy for the Pd-doped Ti clusters is ob-
served to be lower compared to that of the Ni and bare clusters at N > 10 onwards. The 
pure Ti clusters are found to have lowered binding energy at N = 7 which signifies greater 
stability; however, with the Ni and Pd dopants, the binding energy is found to be lowered 
at N = 13. This illustrates the conversion of the stability of the Ti clusters from N = 7 to N 
= 13 when doped with Ni and Pd. This phenomenon is attributed to the cluster exhibiting 
a wide range of electronic properties by varying the doping element or the doped transi-
tion metal element absorbing the dangling bond present in the cages of the icosahedral 
isomer [54,55]. The same behavior was also reported by Rodríguez-Kessler and 
Rodríguez-Domínguez [31] and Phaahla et al. [33]. In the case of the Ir dopant, the binding 
energy is found to be more enhanced as compared to the Ni and Pd dopants.  

These observations display the Ir dopant as having the lowest binding energies in 
comparison with the Pd and Ni dopants. Interestingly, all the Ti12M clusters display a 
lowered energy at N = 13. However, the Ir dopant depicts a slightly lowered energy at N 
= 7, illustrating that the Ir impurity did not completely remove the magic behavior of the 
N = 7 cluster as compared to the Ni and Pd, it slightly reduced the strength of the magic 
behavior for N = 7. It is also observed that as the cluster size is increased, the binding 
energy of the doped Ti clusters is lowered towards the binding energy of the bare Ti clus-
ters, suggesting that as the cluster size is increased, the stabilizing effect of a single atom 
dopant is reduced. Additionally, nickel and palladium belong to the same group, and they 
are expected to react with other elements in the same way. Hence, their binding energies 
for both dopants are relatively closer to that of the bare Ti clusters. The second-order en-
ergy difference (D2E) plotted in Figure 2 and dissociation energy (Ed) in Figure 3 are the 
sensitive quantities that can reflect the relative stability of the TiNM clusters compared 
with their neighbors. 

Figure 1. Comparison of the binding energies of TiN and TiN−1 M where M represents Pd, Ir, Ni. Plot
(a) show energy comparison for TiN , Pd & Ni doped TiN clusters and (b) show energy comparison
for TiN and Ir doped TiN clusters.
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The Pd impurity is observed to have a binding energy that is slightly higher than bare
Ti clusters, whereas the binding energy for the Ni impurity is relatively similar to that of the
bare Ti clusters. Additionally, the binding energy for the Pd-doped Ti clusters is observed
to be lower compared to that of the Ni and bare clusters at N > 10 onwards. The pure Ti
clusters are found to have lowered binding energy at N = 7 which signifies greater stability;
however, with the Ni and Pd dopants, the binding energy is found to be lowered at N = 13.
This illustrates the conversion of the stability of the Ti clusters from N = 7 to N = 13 when
doped with Ni and Pd. This phenomenon is attributed to the cluster exhibiting a wide
range of electronic properties by varying the doping element or the doped transition metal
element absorbing the dangling bond present in the cages of the icosahedral isomer [54,55].
The same behavior was also reported by Rodríguez-Kessler and Rodríguez-Domínguez [31]
and Phaahla et al. [33]. In the case of the Ir dopant, the binding energy is found to be more
enhanced as compared to the Ni and Pd dopants.

These observations display the Ir dopant as having the lowest binding energies in
comparison with the Pd and Ni dopants. Interestingly, all the Ti12M clusters display a
lowered energy at N = 13. However, the Ir dopant depicts a slightly lowered energy at N = 7,
illustrating that the Ir impurity did not completely remove the magic behavior of the N = 7
cluster as compared to the Ni and Pd, it slightly reduced the strength of the magic behavior
for N = 7. It is also observed that as the cluster size is increased, the binding energy of the
doped Ti clusters is lowered towards the binding energy of the bare Ti clusters, suggesting
that as the cluster size is increased, the stabilizing effect of a single atom dopant is reduced.
Additionally, nickel and palladium belong to the same group, and they are expected to
react with other elements in the same way. Hence, their binding energies for both dopants
are relatively closer to that of the bare Ti clusters. The second-order energy difference (D2E)
plotted in Figure 2 and dissociation energy (Ed) in Figure 3 are the sensitive quantities that
can reflect the relative stability of the TiNM clusters compared with their neighbors.
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relative energy, an odd–even pattern is shown with the minimum values at N = 5, 7, 8, 11, 
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The Ir impurity is found to enhance the stability of the N = 5 isomer; however, Pd and 
Ni are observed to reduce the stability of this cluster, with the Pd impurity converting the 

Figure 2. The second energy difference energies per atom for TiN−1 M (M = Pd, Ni, Ir) and the
corresponding pure TiN clusters (N = 2−16).
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Figure 3. The dissociation energies per atom for TiN−1 M (M = Pd, Ni, Ir), (N = 2−16) clusters.

The relative energy and dissociation energies usually exhibit even–odd alternation
behavior which illustrates the stable and meta-stable clusters. The size dependence of
the relative stability for the TiNM clusters was investigated and plotted in Figure 2. For
the relative energy, an odd–even pattern is shown with the minimum values at N = 5,
7, 8, 11, 13 and 15, with the Ir impurity having the lowest energy in the N = 13 cluster,
followed by Pd and Ni. This stability behavior corresponds well with the pure Ti13 cluster,
which is also in excellent agreement with the previous experimental [56,57] and theoretical
results [45,58,59]. There is a different impact of the impurities that is noted for the smaller
clusters (N = 4−8). At N = 3−4, the Ir and bare Ti clusters are observed to have a similar
binding energy trend. The Pd and Ni impurities are also observed to have a similar trend
that is different to that of the bare clusters and those with the Ir dopant.

The Ir impurity is found to enhance the stability of the N = 5 isomer; however, Pd
and Ni are observed to reduce the stability of this cluster, with the Pd impurity converting
the N = 5 cluster into a non-stable isomer. The enhanced energy of the N = 5 cluster was
also reported by Hurtado et al. [60]. At N = 6, the Ir and bare cluster are observed to have
relatively similar energies. The Ir and Pd dopants are observed to stabilize the cluster, with
the Pd dopant having converted the cluster into one of the magic clusters. For the N = 7
isomer, the Ir dopant is observed to have reduced stability compared to the bare Ti cluster,
whereas Pd and Ni converted the cluster into a non-stable configuration. This agrees with
what is observed in Figure 1.

At N = 8, Ni and Pd converted the bare cluster into a stable geometry, with Ni
stabilizing the cluster more than the Pd dopant. The Ir dopant is observed to have slightly
lowered the relative energy compared with the bare cluster. For N = 9, the clusters are
observed to have relatively similar relative energies. At N = 10, all the dopants are observed
to have increased the relative energy of the isomer. This illustrates the loss of stability of the
cluster. The the Ni, Ir and Pd dopants are observed to have stabilized the N = 11 geometry.
The dopants converted the N = 11 isomer into a stable configuration, with Pd enhancing
the relative stability more in comparison with Ni and Ir.

For N = 12, the dopants are found to highly stabilize the isomer compared to the
N ≤ 11 clusters. The metal impurities are found to have converted the N = 13 cluster into
the most stable isomer *magic cluster*, with the Ir impurity stabilizing the cluster more
than the Pd and Ni impurities. These results correlate well with the binding energy. This is
due to the increase in orbitals in the octahedral complexes that further stabilize the isomers
with six or less metals [61]. Additionally, the odd-electron bonded species are open shell;
therefore, they are kinetically less stable under normal conditions than the closed shell
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systems. Hence, the icosahedral is observed to be the most stable isomer. At N = 14, the
impurities destabilize the cluster more in comparison with all other clusters. N = 15 depicts
all the impurities stabilizing the isomer, with Ir lowering the relative energy more than the
other dopants.

In Figure 3, there is also an even–odd alternation behavior in N = 2−16. The dissocia-
tion energy at N = 4 shows the highest stability for the Pd dopant; however, the Ir and Ni
dopants display relatively similar energies that are stable in comparison with the bare Ti
cluster. The N = 8 isomer is observed to be stabilized, with Pd and Ni displaying relatively
similar energies.

At N = 9, the Pd and Ir impurities also have relatively similar dissociation energies that
are observed to destabilize the isomer. All the clusters display relatively similar energies for
N = 12. For N = 13 and 14, Ir and Pd displays similar dissociation energies that are observed
to have a higher stability for N = 13 as compared to other clusters and destabilizing effects
for N = 14 isomer.

The dissociation energies confirm that Ti12M stabilities are the strongest. In particular,
the Ti12Ir has the greater stability in comparison with the other dopants. At N = 15, Ni and
Pd are observed to have similar dissociative effect, with the Ir dopant displaying the lowest
dissociation energy, illustrating greater stability. For N = 16, Pd, Ir and Ni are observed to
have relatively similar dissociation energies displaying higher dissociation in comparison
with its neighboring cluster. These results revealed a correlation between the binding
energy, relative energies and dissociation energies for the TiNM (N = 2−16, M = Pd, Ir,
Ni) clusters.

3.2. Electronic Properties
3.2.1. HOMO-LUMO Analysis for the Lowest-Energy Configurations

In Figure 4, we show the HOMO and LUMO energy and the average HOMO-LUMO
energy as a function of the cluster size, N.
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Figure 4. The electronic properties (HOMO-LUMO) of TiN−1 Ir nanoclusters.

The energy gap decreases, resulting in the stabilization of the LUMO energy as the
cluster size N increases. The HOMO and LUMO energy gaps show a higher energy
difference at TiIr (N = 2). This is attributed to the electron pairs becoming spatially confined
when the diameter of the particle approaches the De Broglie wavelength in the conduction
band. At N < 10, the LUMO energy stabilizes and reduces the energy gap. However, at
N > 10 the confinement of the electron pairs appears to be reduced. Among the different
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clusters of a particular size, the HOMO-LUMO shows a steep at Ti2Ir (N = 3), Ti5Ir (N = 6)
and Ti9Ir (N = 10). However, The Ti9Ir (N = 10) energy is 0.000 eV. This observation
illustrates higher chemical reactivity for these systems. In the case of TiN−1Ni, shown in
Figure 5, the highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular
orbitals, and the calculated average HOMO-LUMO gap for TiN−1Ni are discussed. The
HOMO and LUMO energy gaps decrease as the cluster size is increased.
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Figure 5. The electronic properties (HOMO-LUMO) of TiN−1Ni nanoclusters.

The LUMO energy displays the highest peaks at Ti2Ni (N = 3) and Ti7Ni (N = 8),
however, stabilise as the cluster size increases. The largest cluster with the lowest HOMO
energy gap is Ti14Ni (−3.30 eV), whereas the largest cluster with the lowest LUMO energy
gap is Ti15Ni (−3.24 eV). These observations show that the valence electrons in the HOMO
can absorb lower energy which is indicative of a lower reactivity and higher stability [62].
For the TiN−1Pd cluster, shown in Figure 6, the LUMO energy exhibits a greater variation
than the HOMO as the cluster size is increased.

This behavior is linked to eigenstates in the conduction band of the clusters being
more sensitive to the addition of an atom. This phenomenon makes the levels discrete and
decreases the bandgap and consequently, the band energy also decreases [63]. The observed
trend for the clusters of a decrease in the bandgap with increasing cluster size suggests that
it is approaching that of the bulk TiPd bimetallic structure. The LUMO displays the highest
peak at N = 4.

This is attributed to the quantum confinement effect on the more diffuse conduction-
band-like state increases, and the LUMO becomes unstable. The quantum confinement is
manifested as an increase in the bandgap or average HOMO-LUMO energy gap [64]. The
HOMO energy, however, remains relatively constant as the cluster size, N, increases. At
N > 12, the LUMO and HOMO energies show that the clusters with relatively icosahedral
isomerization exhibit shifts of the valence band maximum and conduction band (reduction
in quantum confinement).
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Figure 6. The electronic properties (HOMO-LUMO) of TiN−1Pd nanoclusters.

3.2.2. The Density of States (DOS) for the Stable and Metastable Doped Ti Nanoclusters

We compare clusters with the same composition to mimic the stability trend with
respect to their behavior at the Fermi level (E-EF = 0). This approach has been previously
used on metal alloys [65,66]. It was suggested that structures with the highest and lowest
states at the Fermi level (EF) are considered the least and most stable, respectively. This
may further be confirmed by observing the trend of the Fermi level with respect to the
pseudo-gap and that the system the states of which fell in the deep pseudo-gap correspond
to the stable system.

Figure 7 shows the total density of states (DOS) for the magic numbers of the TiN
(N = 13 and 15) clusters when doped with Pd, Ni and Ir. In Figure 7a, is clearly seen that the
Ni dopant increased the Ti13 states at the Fermi level with the EF hitting the DOS peak at the
tip, which is attributed to the instability of the cluster. The Ir and Pd dopants lowered the
Ti13 states at the Fermi level, with the pseudogap shifting slightly to the right of the Fermi
level. Interestingly, the EF hit both the Pd- and Ir-doped Ti13 DOS peaks on the left shoulder,
which is attributed to the stable behavior. The structural stability trend using the density of
states is thus Ti12Ir > Ti12Pd > Ti13 > Ti12Ni, whereas the D2E found Ir > Pd > Ni > Ti.

The density of states also shows correlation between the DOS and stability (D2E and
Ed). Meanwhile, the Ti14Ni and Ti14Ir clusters in Figure 7b show that the EF hit the DOS
peak at the tip, which suggests the instability of the cluster. The Ti15 clusters, however,
have their pseudo-gap shifting slightly to the left of the EF. The EF hit the DOS peak of the
dopants particularly on the right shoulder, which is ascribed to stability.

We also note that the Ti14Pd DOS are broader at the EF and its pseudo-gap shifted to
the right of the EF compared to the sharp peak observed for the Ti14Ir cluster, which makes
it the least stable. Figure 8 shows the comparison of the density of states for Ti6 when
doped with Pd, Ti7 with Ir and Ti8 with Ni. The DOS for the M-doped TiNM (M = Pd, Ir, Ni;
N = 6, 7, 8) are discussed since the Ni, Ir and Pd impurities were observed to stabilize
these cluster sizes. In the case of the Ti6 doped cluster, shown in Figure 8a, the pseudo-gap
slightly shifted to the right and its state fell in the slightly deep pseudo-gap. The pure Ti6
is observed to have higher states compared to the doped Ti5Pd. Thus, the Pd impurity
electronically stabilizes the Ti6 cluster.
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nanoclusters. The Fermi energy is taken as the zero energy.

The Ti7 and Ti6Ir states shown in Figure 8b display the Fermi level hitting the DOS
peak at the tip. However, for Ti6Ir, the states are lowered, which indicates that Ir may
stabilize the Ti7 cluster, as confirmed by the lowered DOS at EF. The pure Ti8 states are
higher at EF as compared to the Ti7Ni states. It is clearly seen that Ni lowered the states
and became more stable since the EF fell deep in the pseudo-gap, compared to Ti8, the DOS
peak of which shifts slightly to the right of the EF. The small emergence of a small peak is
observed on the left of the EF, which may be attributed to the Ni d-states.
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3.2.3. Charge Distribution Analysis

This approach was previously used on metal surfaces [67] and metal nanostructured
titanium dioxide [68]. Bader et al. [69] reported that the change in the density difference
of the ionic bonding displays a charge density map that is localized on a single atom.
Figure 9 shows the charge density difference of the Ti13 cluster doped with (Pd, Ni and Ir)
on the face of the Ti13 cluster. The magnitude of the charge is displayed by different colors,
where the blue color indicates the electron-rich region and the yellow color indicates the
electron-depleted or electron-poor region. The stability of the metal finite-sized clusters
can be derived by calculating the electron density distribution [70].
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The electron accumulation is observed to be higher on the Ir atom which may be
associated with the highest states. This phenomenon is attributed to the depletion of
electrons from the Ti atom into the Ir atom.

The iso-surface diagram of the Ti12Ir charge density difference reveals an electron-rich
cloud surrounding the Ir atom. It also reveals the overlapping of the d and p orbitals.
The Ti atoms surrounding the Ir atom are observed to have a higher electron density, in
which the p and d orbitals overlap. Furthermore, the Pd impurity shows a more negative
region surrounding its atom, which is also associated with greater electron depletion. There
is no electron-rich cloud observed for the Pd impurity. This observation suggests that
electrons are redistributed from the Pd atom into the Ti atom. The electron densities are
more deformed in the Pd-doped than the Ir- and Ni-doped titanium clusters.

The nickel atom displays a particularly more positive region surrounding the atom
which corresponds to the electron-rich areas. All the central atoms of Ti are electron-
depleted. We observed that the degree of electronic depletion around the impurities is as
follows; Pd > Ir > Ni. Moreover, the Ir impurity is noted to have the highest states, followed
by Ni, and lastly, Pd. This trend is observed to be in good correlation with the binding
energy, where Ir was observed to have the lowest binding energy. Their binding energy
values are as follows: −5.85 eV, −5.45 eV and −5.42 eV, respectively. This illustrates that
the highest states for the Ir impurity had the utmost effect in tuning the stability of the
13-atom cluster.

Figure 10 shows the computed iso-surfaces of the HOMO-LUMO for Ti12M (M = Pd,
Ir, Ni). This approach has previously been used on doped stable rhodium clusters [70]
and doped titanium and vanadium clusters [71]. Dutta et al. [70] found that electronic
redistribution occurs from HOMO (Rh) to LUMO (non-metal).
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It is observed that the electronic cloud for HOMO is located at the titanium atoms for
all the doped clusters. For the Ti12Ir, Ti12Pd and Ti12Ni clusters, higher orbital densities
are observed around the titanium atoms, which reveals that the d-orbitals of the titanium
atoms are involved in bond formation. There is little contribution of the electron density to
the formation of the Pd- and Ir-doped titanium cluster, whereas no contribution of electron
density is observed in the formation of the Ni-doped titanium cluster.

Amongst all the cluster HOMO electronic densities, they are mainly observed to be
localized around the titanium atoms. In the case of the LUMO orbital, Ti12Ir is observed to
have a higher electronic cloud at the iridium atom. This observation suggests electronic
redistribution or migration amongst the Ti and Ir atoms. These clusters are observed to
have overlapping d-orbitals and p-orbitals of titanium. Electrons are observed to be moved
from the p-orbitals into the d-orbitals. This can clearly be seen from the electron-deficient
p-orbitals. The electronic iso-surface diagram of Ti12M (M = Pd, Ni) reveals that all the
cluster HOMO electronic densities are seen to be situated at the titanium atoms, whereas
LUMO displays an electron-deficient cloud around the Ni and Pd atoms. The p-orbital
displays the movement of electrons from Pd and Ni into the titanium atoms.

4. Conclusions

The density functional theory technique was successfully used to investigate the
stability and electronic properties of TiN−1M (M = Pd, Ir, Ni, N = 2−16). The binding
energies for the Ni dopant were observed to be relatively similar with the pure Ti energies,
whereas the Pd dopant energies were relatively higher than the pure Ti energies. The Ir
impurity was observed to enhance the binding energies of the pure Ti more in comparison
with the other impurities. The relative stability and dissociation energy for all the dopants
were found to be energetically favored at N = 13.

The magic cluster, N = 7, is observed to be shifted to N = 13 for the doped Ti clusters.
For the N = 13 cluster, the Ir impurity was observed to stabilize the Ti clusters more
compared to the other impurities. The change in the stability of the cluster can be associated
with the (111) facets that are highly active. The icosahedral isomer possesses 30 threefold
hollow (111) facets, and the pentagon bi-pyramid (N = 7) has 15 (111) facets which are half
of the icosahedral isomer. Hence, these clusters show characteristics of magic clusters.

The total DOS of N = 6, 7, 8, 13 and 15 were calculated for comparison, which showed
that Pd electronically stabilizes the N = 7 clusters, whereas it is the least stabilizing impurity
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for the N = 13 cluster. The iridium dopant was found to stabilize the N = 15 cluster more
compared to Ni. The iso-surface of the charge density and H-L revealed higher electronic
charge transfer from the inner core of the Ti atoms towards the surface of the cluster, where
there is Ti–Ir bonding. These results showed a charge depletion from the Ti atoms and
charge accumulation near the Ir impurity. The electron densities were found to be more
deformed in the Pd-doped than the Ir- and Ni-doped titanium clusters.
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