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ABSTRACT: In this article, the revised basin-hopping with mirror-rotation sampling combined
with density functional theory, which was proposed by our previous study, was used to study the
structural property of Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7),
and TinVnNbn (n = 1−7) systems. We found that equiatomic TinVnNbn (n = 1−7) systems do
not change their lowest energy structures relative to the same size Tin (n = 3m, m = 1−7), Vn (n
= 3m, m = 1−7), and Nbn (n = 3m, m = 1−7) systems, and this indicates that the nanoparticles
composed of titanium, vanadium, or niobium elements may have similar energy morphologies
when the atomic number is the same. Based on the low-energy structural similarity of titanium−
vanadium−niobium systems between single and multicomponent, we used the element space
position replacement (ESPR) method to reconstruct the low-energy structure of TinVnNbn (n =
1−7) systems. For the Ti7V7Nb7 system, the average sampling step of 10 separate searches of
the BH-MRS method is 1226 more than that of the ESPR method to find the lowest energy
structure (six-ring layered structure). The electronic property calculation shows that using
equiatomic vanadium and niobium elements to replace titanium element in the Tin (n = 3m, m = 1−7) system may not change its
stability, and the Tin (n = 3m, m = 1−7) system has better electron trapping ability than Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−
7), and TinVnNbn (n = 1−7) systems. Our method and results can be helpful for the design of nanostructures of transition metals
with better catalytic properties.

■ INTRODUCTION
Transition metals (TMs) have been a hot research topic due to
their unique physicochemical properties.1−4 These unique
properties arise from their open d-shell electronic structure,
and so, they are used in many fields, for example, nanoma-
terials, catalysis, high-entropy alloys (HEAs), and so on. At the
nanoscale, TM clusters have also been studied extensively since
they have unique quantum chemical effects and can be seen as
a minimum functional structure primitive for constructing
special material devices, such as catalyst, hydrogen storage
material, and microelectronics devices.5,6 Therefore, studying
the structure−property relationship of TM clusters at the
molecular level is very helpful to design different functional
materials.
An important application of these transition metals is the

HEAs, and their composition mainly contains Ti, V, Nb, Zr, Ni
elements, and so on. Over the past two decades, the HEAs
have attracted much attention from materials researchers due
to their unique mechanical properties relative to traditional
alloys.7−9 All of the elements that form the HEAs are solidly
dissolved into a single phase after quenching, and these
elements are uniformly and randomly distributed in the lattice.
This property makes the HEAs have better mechanical
properties than the traditional alloy in the middle and high-
temperature region.10,11 Due to strong s and d orbital
interactions of these TM elements, their interaction mecha-
nism of structure−activity relationship remain unsolved for

multicomponent TM systems at the molecular level. Different
experimental techniques have been used to study the stability
and dissociation energy of these TM clusters, such as
photoelectron spectroscopy,12 time-of-flight (TOF) mass
spectroscopy,13 and high-resolution electron microscopy.14

However, these methods can not directly give the structure−
physicochemical property relationship of TM clusters. There-
fore, theoretical calculation will be a very important tool for us
to predict the structure evolution process of these TM clusters.
Our previous theoretical calculation showed that the
equiatomic vanadium−titanium-mixed clusters do not change
their ground-state structure relative to the same size pure
vanadium and titanium cluster.15 This indicates that swapping
the spatial coordinates of these elements does not change their
structure, and this may provide an effective solution for the
design of multicomponent structures. In the last two decades,
different theoretical methods have also been used to predict
the physicochemical and mechanical properties of HEAs, such
as empirical models,16 first-principles calculations,17 calculation
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of phase diagrams,18 machine learning algorithms,19 and so
on.20 These methods can greatly reduce the trial and error cost
of the experimental process and are an important tool for the
future design of HEAs.
For the nanoscience field, the structure of nanoparticles is

the basis of studying their physical and chemical properties and
is also a bridge between macroscopic materials and micro-
scopic structures. Therefore, global minima (GM) searching
based on fixed elemental composition and size has become an
important scientific problem for cluster or nanoscience. For the
past 20 years, different GM searching algorithms, such as
basin-hopping,21 genetic algorithm,22 simulated annealing,23

and particle swarm optimization,24 have been proposed to
solve the tough problem. However, for multicomponent
systems, because it involves the exchange of spatial positions
between different elements, the difficulty of GM searching will
be further increased. For this problem, our previously proposed
BH-MRS method can effectively solve the structure searching
problem of multicomponent TM clusters.15,25

Based on our previous focus on the vanadium−titanium
alloy field, we will further extend the study to the more
complex ternary system of TiVNb, where the ratio of
titanium−vanadium−niobium is always 1:1:1 as the base
component to produce a medium-entropy alloy. Ti, V, and Nb
are the common elements that make up of the HEAs,26−31 and
the study of their microstructure will help us to further
understand the formation mechanism of HEAs at the
molecular level. In this paper, we will use the previously
proposed BH-MRS method combined with density functional
theory to explore the structure evolution process of Tin (n =
3m, m = 1−7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7),
and TinVnNbn (n = 1−7) systems.

■ METHODS
BH-MRS Algorithm. For multicomponent TM systems,

exchanging spatial positions of different elements in the cluster
will change the energy of the system and can be regarded as
local searching on potential energy surface (PES). The BH-
MRS method, which was proposed by our previous study, is
very effective for global minima (GM) searching of multi-
component systems by our previous study. The generalized
basin-hopping is also a very effective method for the structure
searching of multicomponent systems by focusing on
biminima, which is proposed by Wales and Schebarchov to
describe these special local minima points on the PES for
multicomponent systems.32 For these transition metal (TM)
systems, the Perdew−Burke−Ernzerhof (PBE) exchange−
correlation functional33 and the double-numerical polarized
(DNP) basis set were used for the geometric optimization in

the DMol3 code.34 The PBE functional combined with the
DNP basis set can effectively describe the structural properties
of TM systems as described in previous studies. The parameter
setting for configuration optimization is 2 × 10−5 hartree for
energy convergence, 0.005 Å for gradient convergence, and
0.004 Å for displacement convergence. The spin polarization
restriction and symmetry constraints are not used for these
TM elements. The mirror parameter (l) is set to l = 0.78, and
the range of rotation angle is from 0 to π. Five independent
BH-MRS tasks, consisting of 1000 sampling with randomly
generated initial structures, were performed for each cluster.
When all of 5000 isomers with different energies were obtained
by the BH-MRS algorithm, and then they were ranked
according to their relative energies. The relative energies were
calculated by the difference between the global minimum
(GM) and the local minimum (LM) for five separate
searching, ΔE = E(LM) − E(GM). Note that the GM was
selected by collection sort that collect all different minima from
five separate searching and select the GM to calculate energy
differences with respect to the GM. The low-energy candidates
selected within 6 kcal/mol relative to GM were reoptimized at
the Orca software package using the RPBE functional with
different basis sets for these TM elements, the TZVP basis set
for Ti and V elements, and the LANL2DZ basis set for Nb
element.35

Element Space Position Replacement Method. Our
previous studies have shown that the equiatomic vanadium−
titanium systems have a similar low-energy structure with pure
titanium and vanadium systems. This means that the low-
energy structure of equiatomic vanadium−titanium systems
can be constructed using the low-energy structure of pure
titanium or vanadium systems by replacing half of titanium or
vanadium with vanadium or titanium (Ti → V or V → Ti),
which greatly reduces the structure searching time and
improves the efficiency of structure design. Therefore, based
on the above structural characteristic, we used another
structure generation method of multicomponent transition
metal (TM) nanoparticles named element space position
replacement (ESPR) for TinVnNbn (n = 1−7) system
searching. The low-energy structure of TinVnNbn (n = 1−7)
systems will be explored by ESPR and BH-MRS methods,
independently. For the ESPR method, it constructed the
structure of TinVnNbn (n = 1−7) systems based on the low-
energy configurations of single-component systems with the
same number of atoms. Figure 1 shows the schematic diagram
of ESRP, and the coordinates of relevant elements in the
single-component structure are randomly replaced by other
elements to generate local minima on the structural space of
multicomponent systems. Expression 1 represents the sampling
transformation from the low-energy configuration of single-

Figure 1. Schematic diagram of structure designing of multicomponent systems by element space position replacement based on the low-energy
structure of single-component systems.
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component to the multicomponent structural space, where the
symbol T̂ represents the exchange operation, R and R′
represent the position of structural space for single and
multicomponent systems, x represents the Cartesian coor-
dinates of the atoms, and α, β, and γ represent the element
type. Note that the space position R at the PES of single-
component systems must also satisfy Expression 2, where the
partial derivative of the potential function Eα with respect to
the structure R is zero. This indicates that R is an element in
the set of local minima on the PES of one-component systems.
Therefore, the generation of multicomponent structures is
based on these local minimum points on the PES of single-
component systems.

=

T R x x x x

R x x x x x x

( ( , , ... ..., , ))
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1 2 1 1 (1)

=E
R

0
(2)

■ RESULTS AND DISCUSSION
Structure Invariant from Single to Multicomponent.

In order to demonstrate that random replacement of atomic
coordinate positions in a fixed single-component structure with
different elements does not affect the structure, we take the
Ti12 cluster as an example and use the BH-MRS method to
search its low-energy structure on the PES. The results are
shown in Figure 2a, and note that these points on the diagram
represent the local minimum (LM) on the PES of the Ti12
system. Figure 2b,c represents the generation of the low-energy
structure of binary Ti6V6 and Ti6Nb6 systems by the
transformation of Expression 1 (ESPR) based on the
corresponding fixed structure in Figure 2a. For each trans-
formation in Figure 2b,c, six atoms of each corresponding Ti12
structure are randomly replaced by the V and Nb elements.

The configuration optimization is required after the replace-
ment operation to confirm that the structure is a local
minimum on the PES. As the same operation above, the low-
energy structures of the Ti4V4Nb4 system at Figure 2d were
obtained by the transformation of Expression 1 (ESPR). When
comparing the changes from Figure 2a−d, we can find that the
evolutionary trends of energy-space structure are very similar
for single-component (Ti12), two-component (Ti6V6, Ti6Nb6),
and three-component (Ti4V4Nb4) systems. This indicates that
replacing titanium with vanadium or niobium elements does
not change their structure for the Ti12 system. In addition, the
structural similarity between each sampling point has also been
compared quantitatively using ultrafast shape recognition
(USR) algorithm for Ti12−Ti6V6, Ti12−Ti6Nb6, and Ti12−
Ti4V4Nb4 systems,

36−39 and the results at Figure 3 show that
all of structure similarity values are greater than 0.9 (larger
than 0.9 is considered similar and greater than 0.95 is
considered very similar). The similarity between structures can
be calculated using Expression 3.
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where Ml
i and Ml

j are the lth descriptors for structures i and j,
respectively. The closer Sij is to 1.0, the more similar the two
structure are. The descriptors Ml

i for structure i can be
c a l c u l a t e d b y
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which the ctd represents the molecular centroid, the cst
represents the closest atom to the ctd, the fct represents the
farthest atom from the ctd, and the ftf represents the farthest
atom from the fct. The details of structural similarity
calculations can be found in our previous study.15 Note that

Figure 2. Change trend of energy-sampling step for (a) Ti12, (b) Ti6V6, (c) Ti6Nb6, and (d) Ti4V4Nb4 systems. Note that the generation of low-
energy structure of Ti6V6, Ti6Nb6, and Ti4V4Nb4 systems by the transformation of V and Nb element replacement based on the fixed Ti12 cluster.
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before the similarity calculation using the USR algorithm, we
normalized the average bond length to 2 Å for evaluating the
similarity. Therefore, based on the above analysis and
calculations, we can reasonably infer that the nanoparticles
composed of titanium, vanadium, or niobium elements have
similar energy morphologies when the atomic number is the
same. We now define a condition for this property of the
TiVNb system that satisfies

=E
R

0
I

(4)

where EI represents the energy function with the same atomic
number and I is the set of element types (I ∈ {Ti, V, Nb, TiV,
TiNb, VNb, and TiVNb}). R represents the same config-
uration for the energy functions of different components.

Structural Analysis. In order to study the structural
characteristics of TiVNb systems at the molecular scale, we use
both ESPR and BH-MRS methods described in the method
section to search the low energy structures of equiatomic
TinVnNbn (n = 1−7) systems. First, the low-energy structures
of Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−7), and Nbn (n
= 3m, m = 1−7) clusters were obtained using the BH-MRS
method proposed by our previous study. For each cluster, 10
separate BH-MRS searching were performed, and each
searching contained 600 structures. Then, these isomers were
ranked according to their relative energies, which were
calculated by the difference between the global minima
(GM) and the local minima (LM). The low-energy candidates
selected within 3 kcal/mol relative to GM, and the GM
structures of Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−7),
and Nbn (n = 3m, m = 1−7) systems are shown at Figure 4
(three columns left). Second, based on these low-energy
candidates of Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−7),
and Nbn (n = 3m, m = 1−7) systems, we use the ESPR method
to explore the low-energy structure of equiatomic TinVnNbn (n
= 1−7) systems, and the GM structures are shown in Figure 4
(rightmost).
For Tin (n = 3m, m = 1−7) clusters, the GM structures of

Ti6, Ti12, and Ti18 cluster are consistent with those previously
reported, and the low-energy structures of Ti3, Ti9, Ti15, and
Ti21 cluster were studied using the mirror-rotation sampling

(MRS) method for the first time. The GM structure of the Ti3
cluster is a standard equilateral triangle. For the Ti9 cluster, the
lowest energy structure is formed by adding one Ti atom to a
plane of the ground-state Ti8 structure. Our previous study
shows that the GM structure of MN+1 usually can be
constructed by adding one or two atoms on some plane of
the low-lying isomers of MN.

40 This is very consistent with the
principle of minimization of structure matching polymerization
proposed by our previous study.41 Based on the same principle,
the ground-state structures of Ti15 and Ti21 can be regarded as
the lowest energy structures of Ti14 and Ti20 clusters adsorbing
one Ti atom, respectively.
The ground-state structures (see Figure 4) of Vn (n = 3m, m

= 1−7) and Nbn (n = 3m, m = 1−7) systems are very similar to
that of Tin (n = 3m, m = 1−7) systems except for the Nb6
cluster molecule. Although the lowest energy structure of Nb6
is different from the same size pure titanium and vanadium, a
similar structure can be found at slightly higher low-energy
isomers relative to the ground-state structure of Nb6. Previous
experimental studies have shown that the low-lying and lowest
energy isomer can coexist at finite temperature. Therefore, we
can infer that the ground-state structures of different sizes may
come from the adsorption superposition of the smaller low-
energy configurations with single or double atoms for Vn (n =
3m, m = 1−7) and Nbn (n = 3m, m = 1−7) systems, and this
result is consistent with our previous research.
For the ternary TinVnNbn (n = 1−7) systems at Figure 4,

almost all the lowest energy structures are very similar to the
same size pure titanium, vanadium, and niobium cluster
(rightmost), and the results in Figure 5 show that more than
81% structure similarity values are greater than 0.9 (larger than
0.9 is considered similar). Note that the GM structure of
Ti6V6Nb6 is different from the same size Ti18, V18, and Nb18
cluster, but a similar structure can be found at slightly higher
low-energy isomers relative to the ground-state structure of
Ti6V6Nb6. If we use the low-energy structure of the Ti6V6Nb6
cluster molecule to calculate the similarity with the GM
structure of Ti18, V18, and Nb18 molecules, and their structural
similarity values will be 0.95, 0.97, and 0.96, respectively. Based
on the structure and similarity analysis, we found that
equiatomic titanium−vanadium−niobium systems do not
change their lowest energy structures relative to the same
size pure titanium, vanadium, and niobium cluster. Therefore,
the addition of the niobium element does not change the
ground-state structures of titanium−vanadium mixed systems
at the molecular level, which indicates that niobium can be
used as an important element of HEAs. Because the spatial
position of each element in the lattice of the single-phase
HEAs is randomly distributed. Our previous experimental
results by XRD characterization show that adding niobium
element to pure titanium or vanadium metals does not change
their microstructure, and they have the same BCC structure for
equiatomic TiVNb, V2Nb, and Ti2Nb alloys.

15 The structure
analysis based on our theoretical calculation for the ternary
TinVnNbn (n = 1−7) systems is in agreement with previous
experimental measurement.
In order to demonstrate the effectiveness of the ESPR

method, we have performed an unbiased search of the ternary
Ti4V4Nb4 system using the BH-MRS method (see Figure 6).
We found that the lowest energy structure of the Ti4V4Nb4
system obtained by the BH-MRS method was consistent with
that of the ESPR method, which indicates that the ESPR
method has a very significant advantage in the rapid

Figure 3. Similarity comparison of the low-energy structures of Ti12,
Ti6V6, Ti6Nb6, and Ti4V4Nb4 systems using the USR algorithm with a
normalized average bond length of 2.0 Å.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c07777
ACS Omega 2024, 9, 45545−45553

45548

https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


construction of low-energy structures of multicomponent
nanoparticles.

Comparison of the ESPR and BH-MRS Method. In
order to compare the difference of the ESPR and MRS-Swap
method in the global structure searching of multicomponent
nanoparticles, we have first performed 15 separate unbiased
global structure searches for the Ti7V7Nb7 system using the
BH-MRS method, consisting of 5000 sampling steps at the
MRS process for each searching. The GM structure of the
Ti7V7Nb7 system is a typical six-ring layered structure, and so it
will be a good example for the test. Figure 7 shows the number
of quenches required for finding the global minima of the
Ti7V7Nb7 system using the BH-MRS method for 15
independent runs, and the average quenching number is 945
steps for 10 independent BH-MRS searching. On the contrary,
the starting point of the searching Ti7V7Nb7 system using the
ESPR method is the fixed six-ring layered structure of the V21
system. Figure 8a shows that the sampled configuration energy

versus the sampling count for the Ti7V7Nb7 system use the
ESPR method based on the fixed six-ring layered structure of
the V21 cluster molecule. The similarity (see Figure 8b) of
these low-energy structures of the Ti7V7Nb7 system and the
six-ring-layered structure of the V21 cluster molecule was also
compared using the USR algorithm with a normalized average
bond length of 2.0 Å, and the results (see Figure 8b) show that
all of structure similarity values are greater than 0.9 (larger
than 0.9 is considered similar), and more than 97.5% structure
similarity values are greater than 0.95 (larger than 0.95 is
considered extremely similar). Based on the above analysis, we
found that the ESPR method is 945 sampling steps faster than
the BH-MRS method on average to find the six-ring layered
structure, and the similarity calculation indicates that the
Ti7V7Nb7 system has structure invariance for element exchange
at the molecular level. Therefore, the ESPR method is more
efficient than the BH-MRS method in the global minimum
searching of TinVnNbn (n = 1−7) systems.

Figure 4. Lowest energy structures of Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7), and TinVnNbn (n = 1−7) systems.
The green, cyan, and red atoms represent titanium, vanadium, and niobium, respectively.
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Electronic Properties. In order to further characterize the
relative stability of Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−
7), Nbn (n = 3m, m = 1−7), and TinVnNbn (n = 1−7) systems,
the binding energies of their GM clusters are calculated by eqs
5 and 6

=E
E NE

N
(single component)

( )
b

total atom
(5)

where Etotal represents the total energy of Tin, Vn, and Nbn
systems and Eatom is the single-atom energy for Ti, V, and Nb.
N is the number of atoms in a cluster.

=

E

E NE NE NE
N

(multicomponent)

( )
3

b

total atom
Ti

atom
V

atom
Nb

(6)

where Etotal represents the total energy of the TinVnNbn system,
and Eatom is the single-atom energy for Ti, V, and Nb. 3N is the

number of atoms in a cluster. Figure 9 shows that the binding
energy increases with the cluster size, and their trends are very
similar, which may be caused by their structural similarity
discussed at above. We note that the binding energy curves of
Tin (n = 3m, m = 1−7) and TinVnNbn (n = 1−7) systems
almost coincide, and this may be due to the fact that the
increase and decrease of the binding energy by niobium and
vanadium elements in TinVnNbn (n = 1−7) systems just offset
each other. Therefore, adding equiatomic vanadium and
niobium elements to a pure titanium system may not change
its stability, which provides theoretical guidance for further
design of HEAs with better mechanical properties.
To further study the electronic structural property of Tin (n

= 3m, m = 1−7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−
7), and TinVnNbn (n = 1−7) systems, we calculated their
vertical ionization potential (VIP) and vertical electron affinity
(VEA). The VIP and VEA are calculated as follows

= E

E

VIP (cation at optimized neutral structure)

(optimized neutral structure) (7)

= E

E

VEA (optimized neutral structure)

(anion at optimized neutral structure) (8)

Recently, HEAs have received extensive attention in the field of
catalysis due to its unique active sites.42−45 Therefore,
calculating the electronic structural properties of HEAs can
help us to understand their catalytic properties at the
molecular level. The simulations of VIP and VEA are plotted
in Figure 10 for Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−7),
Nbn (n = 3m, m = 1−7), and TinVnNbn (n = 1−7) systems.
The results show (Figure 10a) that the average VIP of Nbn (n
= 3m, m = 1−7) systems (4.93 eV) is larger than that of Tin (n
= 3m, m = 1−7) (4.57 eV), Vn (n = 3m, m = 1−7) (4.84 eV),
and TinVnNbn (n = 1−7) (4.63 eV) systems and gradually
decreases for all of systems when the number of atoms
increases. This indicates that these systems will become more
and more easy and unstable to lose electrons as the size
increases. On the contrary, the ability of capturing electrons

Figure 5. Similarity comparison of the GM structures of Tin (n = 3m,
m = 1−7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7), and
TinVnNbn (n = 1−7) systems using the USR algorithm with a
normalized average bond length of 2.0 Å.

Figure 6. Global structure searching for the Ti4V4Nb4 system using
the BH-MRS method. The blue arrow represents the global minima
(GM).

Figure 7. Number of quenches (K) required for finding the global
minima (six-ring layered structure for the Ti7V7Nb7 system) versus 15
independent runs for the BH-MRS method. The initial structure is
random for each run.
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gets better and better as the size increases for all of the systems
shown at Figure 10b, and the average VEA for Tin (n = 3m, m
= 1−7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7), and
TinVnNbn (n = 1−7) systems is 1.24 0.86, 1.23, and 1.21 eV,
respectively. The calculation results for VEA show that the
titanium system has better electron trapping ability than other
systems. Our calculation results can provide a theoretical
reference for designing more efficient HEA catalysts.

■ CONCLUSIONS
We used both ESPR and BH-MRS methods to systematically
explore the structure evolution process of Tin (n = 3m, m = 1−
7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7), and
TinVnNbn (n = 1−7) systems. We found that equiatomic
TinVnNbn (n = 1−7) systems have similar lowest energy
structures with the same size Tin (n = 3m, m = 1−7), Vn (n =
3m, m = 1−7), and Nbn (n = 3m, m = 1−7) systems, and this
indicates that the spatial position of different elements can be
exchanged, which does not change their structure for the
nanoparticles composed of titanium, vanadium, or niobium
elements. This property is very important for us to design
multicomponent nanoparticle structures, and it overcomes the

Figure 8. Structure searching of the Ti7V7Nb7 system by the ESPR method based on the fixed six-ring layered structure of the V21 cluster molecule:
(a) sampled configuration energy versus the sampling count for the Ti7V7Nb7 system and (b) similarity comparison of the sampled configuration of
the Ti7V7Nb7 system by the ESPR method and the fixed six-ring layered structure of the V21 cluster molecule using the USR algorithm with a
normalized average bond length of 2.0 Å.

Figure 9. Binding energy of the GM for Tin (n = 3m, m = 1−7), Vn (n
= 3m, m = 1−7), Nbn (n = 3m, m = 1−7), and TinVnNbn (n = 1−7)
systems.

Figure 10. Electronic structural stability calculation for (a) VIP and (b) VEA. All of the calculations are based on GM structures of Tin (n = 3m, m
= 1−7), Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7), and TinVnNbn (n = 1−7) systems.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c07777
ACS Omega 2024, 9, 45545−45553

45551

https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07777?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shortcomings of traditional algorithms in searching the
structure of multicomponent nanoparticles. By comparing the
similarity of lowest energy structures of Tin (n = 3m, m = 1−7),
Vn (n = 3m, m = 1−7), Nbn (n = 3m, m = 1−7), and TinVnNbn
(n = 1−7) systems, we found that more than 81% structure
similarity values are greater than 0.9, and this further indicates
that the multicomponent TiVNb system has the structure
invariance for element exchange at the molecular level. For
Ti7V7Nb7 system searching, the average sampling step of the
BH-MRS method is 1226 more than that of the ESPR method
to find the six-ring layered structure. The electronic property
calculation of Tin (n = 3m, m = 1−7), Vn (n = 3m, m = 1−7),
Nbn (n = 3m, m = 1−7), and TinVnNbn (n = 1−7) systems
show that adding equiatomic vanadium and niobium elements
to a pure titanium system may not change its stability, and the
Tin (n = 3m, m = 1−7) system has better electron trapping
ability than other systems. Finally, our study provides
molecular level structural data for the design of HEAs with
better mechanical and catalytic properties.
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