Journal of Molecular Modeling (2023) 29:269
https://doi.org/10.1007/500894-023-05675-5

ORIGINAL PAPER q

Check for
updates

Stability, electronic and catalytic properties of Co,MoP(n=1~5)
clusters: A DFT study

Tinghui Wu' - Zhigang Fang' - Zhiyao Wang' - Li’e Liu’ - Jingli Song" - Jia Song’

Received: 4 June 2023 / Accepted: 21 July 2023 / Published online: 2 August 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Context The investigation of the stability, electronic properties, and catalytic activity of clusters Co,MoP holds significant
applications and implications in catalyst design, materials science, energy conversion and storage, and environmental pro-
tection. The study aims to delve into the unique features of the clusters Co,MoP(n=1~5), aiming to drive advancements
in these related fields. The results obtained from the analysis revealed the stable configurations of the ten clusters, primar-
ily characterized by steric structures. Furthermore, the energy of the clusters was found to increase continuously during
growth, as indicated by calculations of atomic fragmentation energy and atomic binding energy. The researchers conducted
an analysis of the Natural Population Analysis(NPA) charge, which revealed that Co atoms acted as electron donors, while
P and Mo atoms acted as electron acceptors within the clusters. Additionally, an examination of the electrostatic potential
indicated that Co and Mo atoms displayed nucleophilic tendencies, while P atoms exhibited electrophilic characteristics.
Moreover, the density of states curves, HOMO and LUMO orbitals, and Kooperman's theorem were applied to the clusters
Co,MoP(n=1~5).Through this study, a deeper understanding of the properties and behavior of clusters Co,MoP has been
achieved, shedding light on their potential as catalysts. The findings contribute to the existing knowledge of these clusters
and provide a basis for further research and exploration in this field.

Methods In this study, we employed the clusters Co,MoP(n =1 ~5) to simulate the local structure of the material, enabling
us to investigate the stability, electronic properties, and catalytic properties influenced by the metal atoms. By systematically
increasing the number of metal atoms and expanding the cluster size, we explored the variations in these properties. Density
functional theory (DFT) calculations were performed using the B3LYP hybrid functional implemented in the Gaussian09
software package. The clusters Co,MoP(n=1~5) underwent optimization calculations and vibrational analysis at the def2-
tzvp quantization level, resulting in optimized configurations with different spin multiplet degrees. For data characterization
and graphical representation of the stability, electronic properties, and catalytic properties of the optimized configurations,
we utilized a range of computational tools. Specifically, the quantum chemistry software GaussView, wave function analysis
software Multiwfn were employed. Through the comprehensive utilization of these computational tools, we gained valuable
insights into the stability, electronic properties, and catalytic properties of the clusters Co,MoP(n =1~ 5) and their depend-
ence on different metal atoms.
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Introduction

Among these amorphous alloys, the CoMoP [1-3] system
stands out as a promising catalyst with exceptional proper-
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understanding by providing a comprehensive theoretical
analysis of the stability, electronic properties, and catalytic
performance of clusters Co,MoP(n=1~5). By employing
advanced DFT theory [7], the researchers will explore the
intricate details of these clusters and elucidate the impact
of varying Co atom numbers on their properties. LU et al.
[8] designed and prepared a novel heterostructured elec-
trocatalyst consisting of CoMo alloy particles integrated
with CoMoP nanosheets, and the prepared CoMo/CoMoP/
NF showed excellent activity. CHANG et al. [9] showed
excellent catalytic activity, and this work proposed a sim-
ple method to prepare electrocatalysts with fibrous nano-
structures. WANG et al. [10] prepared trace amounts of
NiP, coupled CoMoP nanosheets (NCMP) using a one-step
hydrothermal method and low-temperature phosphorylation.
SHI et al. [11] synthesized a novel carbon-coated cobalt-
molybdenum bimetallic phosphide catalyst (Co-Mo-P@C)
by chemical vapor deposition and phosphorylation. MAI
et al. [12] prepared a Co,Mo,P/NiFe-LDH material by a
hydrothermal-phosphorylation-electrodeposition process.
HUANG et al. [13] synthesized an amorphous bimetallic
phosphide (a-CoMoP,/CF), a structure that provides excel-
lent mass transfer capabilities and these fully exposed atoms
increase the electrochemically active surface area. HOA V
et al. [14] prepared a bifunctional catalyst Co-Mo-P/CoxyWs
by a simple method and found that the formation of multiple
active centers and the increase in the number of active cent-
ers due to the double doping of Mo and P synergistically
promoted the hydrogen and oxygen precipitation properties.
GONG et al. [15] prepared carbon-coated cobalt-molybde-
num-phosphorus nanoflakes, Co-Mo-P@C catalysts with
high two-dimensional structure, high electrical conductivity
and sufficient active centers have good catalytic activity for
HER in acidic and basic media. ZHANG et al. [16] prepared
an excellent performance CoMoP nanosheet array electro-
catalyst (CoMoP Nas@Nf) on nickel foam, and the com-
posite has excellent HER performance, which is expected to
replace non-precious metal HER catalysts in practical appli-
cations considering its excellent performance and stability.
HUANG et al. [17] showed by density functional theory
calculations that the interface between CoP and CoMoP can
promote H,O dissociation on CoMoP and H* adsorption on
CoP to enhance catalytic activity. LI et al. [18] confirmed
the rational design of CoMoP with theoretical calculations
down to 0.15 eV DGH, corresponding to (013) and (211)
crystal planes. THENUWARA et al. [19] used an amorphous
Co-Mo-P model and simulated the energy of its interme-
diates using DFT. The density flooding study showed that
the Co-Mo center acts as a water dissociation center and
enhances the basic medium HER.

Transition metal clusters have been extensively studied due to
their unique properties and potential applications in various fields.
One area of interest is their catalytic activity, as transition metal
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clusters can serve as efficient catalysts in chemical reactions. For
example, studies have shown that transition metal clusters [20]
containing Co, Ni, or Cu can exhibit high catalytic activity in
the hydrogen evolution reaction (HER) in alkaline media. The
interface-engineered crystalline/amorphous Co,P/CoMoP, nan-
oparticles Chen et al. [21] have been found to be highly efficient
electrocatalysts for alkaline HER. Additionally, transition metal
clusters supported on amorphous silica surfaces have been inves-
tigated to understand the interactions between the metal species
and the support material. In the field of nanomaterials, research
has focused on nanoalloy clusters, which are composed of two
or more different metals. These nanoalloy clusters exhibit unique
electronic and catalytic properties, making them promising can-
didates for various applications. For instance, a theoretical study
of (CuS), clusters [22] has revealed their potential as renewable
energy sources in photocatalysis and solar cell applications due
to their computed HOMO-LUMO gaps. Furthermore, computa-
tional studies have been performed to explore the stability, elec-
tronic properties, and catalytic activity of other transition metal
clusters, Prabhat et al. [23] employ density functional theory to
study the structure, stability, and electronic properties of [AuSi, *
and [Si, +1]7‘(7»=O, + 1;n=1-12) nanoalloy clusters, investigating
their chemical stability, energy gaps, and potential applications in
microelectronics and optoelectronics. Moreover, Zeinalipour-Yazdi
etal. [24] investigates CO chemisorption on transition metal clus-
ters in supported metal catalysts, revealing the effects of electronic
structure on adsorption energy and C-O vibrational frequency,
challenging the classical Blyholder model for metal-carbonyl
bonds. These works collectively contribute to the understanding
of transition metal clusters' behavior and their potential applica-
tions in various scientific and technological fields.

In summary, the demand for energy in our society necessi-
tates the search for efficient and environmentally friendly cata-
lysts. Transition metal amorphous alloys, such as the CoMoP
system, have emerged as promising candidates due to their
accessibility, affordability, and remarkable properties. How-
ever, the motivation of this study and the specific objectives
of the investigation need clarification. By conducting thorough
theoretical analyses using DFT [25], the researchers aim to
fill these knowledge gaps and establish correlations between
the composition and properties of clusters Co,MoP(n=1~5).
This research will not only contribute to the understanding of
CoMoP [26] catalysts but also facilitate future advancements
in the field of catalysis.

Theoretical basis

The B3LYP method is widely used for calculating transi-
tion metal systems due to its effectiveness and accuracy.
However, for elements beyond the fifth period, relativ-
istic effects must be considered, necessitating the use
of the def2-TZVP basis set. This basis set combines an
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all-electron basis set for the first four periods with a small
core pseudopotential from Stuttgart for elements beyond
the fifth period. It allows for accurate calculations of most
elemental systems while reducing the computational work-
load for transition metal-containing systems. Previous
studies by LUO et al. [27-29] have validated the reliability
of the B3LYP/def2-TZVP quantum chemical level through
theoretical simulations of transition metal-containing sys-
tems, yielding satisfactory results. In this study, density
functional theory (DFT) is employed, and the clusters
Co,MoP are categorized into various geometries includ-
ing planar, triangular conical, triangular biconical, quad-
rilateral, pentagonal, hexagonal, and capped structures.
For systems with a small number of atoms, the initial
configurations are typically obtained by designing a large
number of structures, as demonstrated by Juarez-Sanchez
et al. [30, 31] in their calculations of (CuS)\(N=1-6) and
VF, (n=1-7). Once the initial structures are obtained,
the Gaussian09 [32] quantum chemistry software with
the B3LYP/def2-TZVP basis set is employed for opti-
mal parameter optimization and frequency corrections.
Unstable configurations exhibiting imaginary frequencies
or identical shapes are eliminated, resulting in ten opti-
mized steady-state configurations. During the optimiza-
tion process, certain criteria must be satisfied, including
a root mean square value less than 0.00030, a maximum

Fig.1 The optimized
configuration of clusters
Co,MoP(n=1~5)

1a 4E=0.000eV

16®,4E=0.555eV

force less than 0.00045, a root mean square displacement
less than 0.00120, and a maximum displacement less than
0.00180.

Results and Discussion
Clusters Co,MoP(n =1 ~ 5) stable conformation

In this study, we performed extensive optimization of
configurations for each cluster size. Figure 1 illustrates
the most stable geometric configurations of the clusters
Co,MoP(n=1~5) and presents calculated results for their
relative energies. To ensure more accurate calculations, we
designed a wide range of initial configurations for clusters
Co,MoP(n=1~5) under multiple spin multiplicity condi-
tions. The low-energy isomers are denoted as n-a and n-b,
where n represents the number of Co atoms in the ternary
clusters Co,MoP. Among these clusters, the most stable
group is referred to as na. Additionally, we calculated the
relative energy of the "nb" configurations by setting the
energy of the stable configuration as the reference(0 eV).
The configurations were sorted in ascending order of energy,
and the numbers in parentheses in the upper corners of the
configurations in Fig. 1 indicate the degree of spin multiplic-
ity. Table 1 provides a summary of the corresponding point

2a@ AE=0.000eV 2b™,4E=0.003eV

3a),4E=0.000 eV

3b3,4E=0.135 eV

4a® AE=0.000 eV 4bW AE=0.023 eV

5aW AE=0.000 eV

563),4E=0.197 eV
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group symmetry (PG), spin multiplicity (M), electronic state
(Es), binding energy per atom (E,), and relative energy (AE)
for each configuration.

Figure 1 illustrates the optimized geometric configu-
rations of the clusters Co,MoP, revealing a predominant
three-dimensional arrangement, except for Co,MoP. The
calculations indicates that the electronic state of the sin-
gle multiplet configuration of the clusters Co,MoP is 1-A,
represents the most stable conformation. The configuration
la exhibits a planar triangular structure with Cq symmetry
within the point group, while configuration 1b possesses a
slightly higher binding energy (E,) of 3.237 eV compared
to 1a2.747 eV.

For the cluster Co,MoP, two stable configurations are
observed, similar to the n=1 case. Configurations 2a and 2b
adopt a triangular cone shape, with the fundamental planes
consisting of Col, Co2, and P4, and Mo3 acting as the cone's
apex. Configuration 2a exhibits a spin multiplicity of two,
while configuration 2b has a spin multiplicity of four. Both
configurations possess C; point group symmetry, with elec-
tronic states of 2-A and 4-A respectively. Configuration 2a
is more stable than 2b by 1.004 eV.

Moving on to the cluster Co;MoP, the stable configura-
tion is 3a, possessing electronic state 1-A and C; point group
symmetry. Interestingly, configuration 3b exhibits the same
geometric arrangement as 3a but with electronic state 3-A
and an energy 2.72 eV higher than the stable configuration.
The triangular biconical geometry of both 3a and 3b involves
Co2, Co3, and Mo4 as the primary surfaces, while Col and
PS5 act as the top and bottom of the cone.

In the case of the cluster Co,MoP, all configurations
adopt a single-cap triangular biconical shape. The most
stable configuration is 4a, with Col, Co2, and Mo5 form-
ing the reference plane, Co3 and Mo6 serving as the apex
and base of the cone, and Co3 acting as the cap. Configu-
ration 4b exhibits an energy 0.082 eV lower than 4a. The

Table1 Spin multiplicity (M), point group symmetry (PG), elec-
tronic state (Eg), relative energy (AE) and binding energy per atom
(E,) of cluster Co,MoP (n=1-5)

Configuration M PG Eg AE Ey,

la 1 Cq 1-A 0.000 2.747
1b 3 Cq 3-A 0.555 3.237
2a 2 C, 2-A 0.000 4.080
2b 4 C, 4-A 0.003 3.046
3a 1 C, 1-A 0.000 0.218
3b 3 C, 3-A 0.135 2.938
4a 2 C, 2-A 0.000 2.856
4b 4 C, 4-A 0.023 2.774
5a 1 C, 1-A 0.000 2.040
5b 3 C, 3-A 0.197 2.802
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spin multiplicity is two for configuration 4a and four for
configuration 4b. Their electronic states are 2-A and 4-A,
respectively, while the stable configuration retains C; point
group symmetry.

Lastly, for the CosMoP cluster, the most stable configura-
tion is the double-capped triangular bipyramid 5a, featuring
C, symmetry and corresponding to electronic state 1-A. The
5b configuration, also a double-capped triangular bipyramid
with C; symmetry, follows as the next most stable, albeit
with an energy 0.762 eV higher than 5a. Configurations 5a
and 5b have Co2, CoS5, and Mo6 as the reference planes,
with Col and Co4 serving as the top and bottom of the cone,
while Co3 and P7 form the double caps.

Cluster Co,MoP (n=1 ~ 5) stability analysis

Theoretical investigation of nanoalloy clusters demonstrates
the significant influence of binding energies (E,), fragmen-
tation energies(AE;), and second-order difference in ener-
gies (A,E,) on their relative stability. It finds applications in
various fields, including high-efficiency electronic devices,
catalysts, optical detection elements, and ultraviolet detec-
tors. The calculations was performed using the following
equations:

AE;(Co,MoP) = E(Co,_;MoP) + E(Co) — E(Co,MoP)

The binding energy per atom (E,,) and Second order dif-
ference in energy of the lowest energy structure for the clus-
ters Co,MoP(n=1~5) were calculated using the following
equations:

Ey(Co,MoP) = [nE(Co) + E(Mo) + E(P) — E(Co,MoP)] /(n +2)

A,E(n) = E(Co,_;MoP) + E(Co,,;MoP) — 2E(Co,MoP)

where E(Co, ;MoP) and E(Co,MoP) represent the total
energy of the clusters Co, ;MoP and Co,MoP, respec-
tively, and E(Co), E(Mo), and E(P) correspond to the
energies of the individual Co, Mo, and P atoms. Table 1
presents the calculated values of the binding energy per
atom(E,) for the clusters Co,MoP(n=1~5). It is observed
that the E, values vary depending on the number of Co
atoms in the cluster. The binding energy values of indi-
vidual atoms in the clusters Co,MoP continuously vary as
the number of Co atoms changes, suggesting the clusters'
ongoing acquisition of energy from their surroundings to
attain structural stability. Additionally, fracture energy
serves as a critical parameter for evaluating cluster sta-
bility. The variation in binding energy per atom suggests
that the cluster requires external energy input to sustain its
stability as it undergoes changes with different values of n.
The second order difference in energy A,E(n) is a valuable
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tool in chemical computations for assessing the relative
stability of different configurations or states. It involves
the calculation of energy differences between neighboring
structures, providing critical insights into the molecular or
cluster stability. Larger A,E(n) values typically indicate
more stable configurations. In our study, we observed that
Co,MoP possesses the largest A,E(n), suggesting its supe-
rior stability compared to other configurations, as shown
in Fig. 2. The fragmentation energy plays a crucial role
in determining the stability of the clusters, with higher
fragmentation energy corresponding to increased cluster
stability. The trend of fragmentation energy variation with
the number of Co atoms, as depicted in Fig. 2, exhibits a
peak at n=4. This peak signifies that the cluster Co,MoP
possesses higher stability compared to its neighboring
clusters.

Analysis of electronic properties of clusters
Co,MoP(n=1~5)

NPA charge analysis of clusters Co,MoP(n=1~5)

The investigation of charge distribution is crucial for
understanding the electronic properties of clusters
Co,MoP(n=1~5). To achieve precise charge values, we
utilized the NBO(Natural Bond Orbital Analysis) method
for Natural Population Analysis (NPA) charges, as shown
in Table 2. Charge transfer occurs when atoms redistrib-
ute their charges, generating distinct potential fields. Posi-
tive charge indicates outward electron flow, while nega-
tive charge reflects inward electron flow. Table 2 provides
valuable insights into the charge distribution within stable
clusters Co,MoP(n=1~5) structures. Co atoms exhibit
positive charges, signifying their ability to donate elec-
trons, while Mo and P atoms carry negative charges, indi-
cating their acceptance of electrons. High electron mobility
near Co atoms contributes significantly to their exceptional
properties.

Table2 NPA charges in the stable configuration of clusters
Co,MoP(n=1~5)

Configuration Electric charge
Co Mo P

la 0.067 -0.026 -0.041
1b 0.294 -0.201 -0.093
2a 0.659 -0.426 -0.233
2b 0.664 -0.425 -0.239
3a 0.131 -0.070 -0.061
3b 0.566 -0.054 -0.512
4a 0.831 -0.566 -0.264
4b 0.804 -0.546 -0.258
Sa 0.155 -0.062 -0.093
5b 1.130 -0.689 -0.440

Electrostatic potential

The electrostatic potential is essential for investigating micro-
scopic interactions and predicting the chemical properties of
materials. It is a three-dimensional quantity present within the
clusters Co,MoP(n=1~5). Each point in space holds a spe-
cific physical meaning: as an infinitely distant positive charge
moves, the electrostatic potential varies between that charge
and a given point. Due to different forces acting at different
points, the distribution of electrostatic potential within the
cluster is non-uniform. In this study, we utilized the Multiwfn
wave function analysis software and VMD (visualization and
analysis program) to generate surface electrostatic potential
diagrams for the most stable and sub-stable configurations of
clusters Co,MoP(n=1~5). Figure 3 displays these diagrams.

In the electrostatic potential map, the green region rep-
resents areas of positive charge concentration, indicating
positive electrostatic potential values. Positive electrostatic
potential exhibits strong electrophilic reactivity, attracting
electrons towards it. The purple region represents areas
of negative charge concentration, indicating negative

Fig.2 The change of frag- 7
mentation energy of clusters
Co,MoP(n=1~5) with the
number of Co atoms and second
order difference in energy of
the lowest energy structure of
clusters Co,MoP(n=1~5) with
the number of Co atoms
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Fig.3 Surface electrostatic potential diagram of optimized configuration of clusters Co,MoP(n=1~5)

electrostatic potential values. Negative electrostatic poten-
tial demonstrates strong nucleophilic reactivity, attracting
holes (electron vacancies) towards it. Overall, the presence
of a greater number of green regions around the metal atom
Co suggests a predominance of positive electrostatic poten-
tial, making it more susceptible to nucleophilic attack and
reactions. On the other hand, the presence of more purple
regions around the non-metal atom P and the metal atom
Mo implies a predominance of negative electrostatic poten-
tial, making these atoms more susceptible to electrophilic
attack and reactions. Therefore, based on these conclusions
and specific experimental requirements, we can design
experiments accordingly. For instance, if we want the
cluster to exhibit a greater tendency towards nucleophilic
reactions, we can increase the proportion of Co atoms in
systems where the number of Mo and P atoms is fixed.

Analysis of the catalytic properties of clusters
Co,MoP(n=1~5)

Clusters Co,MoP activity energy gap difference analysis

The energy gap difference between the highest occupied
molecular orbital(HOMO) and the lowest unoccupied
molecular orbital(LUMO) offers valuable insights into the
electron activity and spatial distribution within the clus-
ter. Higher energy levels of the HOMO orbitals signify a
greater tendency for electron loss, while lower energy levels
of the LUMO orbitals suggest a higher likelihood of electron
gain. To investigate the catalytic properties of the clusters
Co,MoP(n=1~5), we analyzed the HOMO-LUMO energy
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difference (Eg,, = Eyomo-ErLumo) for each cluster configu-
ration. Figure 4 illustrates the HOMO-LUMO energy gap
difference. The magnitude of the energy gap difference(E,,)
between the HOMO and LUMO orbitals reflects the electron
transition capability from HOMO to LUMO, indicating the
cluster's electron transfer capability and its potential role in
chemical reactions.

The magnitude of the HOMO-LUMO energy
gap(Eg,,) directly influences the electron transition
within the clusters Co,MoP(n=1~5) and its catalytic
activity. A larger Eg,, indicates a higher barrier for

3.0

25 F

20 F

HOMO-LUMO energy gap difference/eV

P T NP H N R T R R B R
la. Ib 2a 2b 3a 3b 4a 4b Sa 5b

Configuration

Fig.4 HOMO-LUMO energy gap difference of clusters Co,MoP(n=1~5)
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electrons to jump from occupied to empty orbitals, result-
ing in lower catalytic activity. Conversely, a smaller Eg,,
facilitates electron transitions, leading to higher catalytic
activity. The relationship between catalytic activity and
EG,p in Co,MoP(n=1~5) is evident. Figure 4 reveals the
EGa]D values for each conformation, with the following
size order: 1b>2a>3b>4a>4b>2b>1a>5b>5a>3
a. Among the stable configurations within the clusters
Co,MoP(n=1~5), it is observed that configuration 3a
exhibits the smallest HOMO-LUMO energy gap. There-
fore, compared to other configurations, configuration 3a
demonstrates the highest reactivity but the lowest chemi-
cal stability. On the other hand, configuration 1b has the
largest HOMO-LUMO energy gap, indicating superior
chemical stability but lower chemical activity.

la-LUMO

1b-HOMO

& 2

HOMO and LUMO track diagrams

The analysis of HOMO and LUMO orbitals offers insights
into the electron-donating and electron-accepting abilities
of clusters Co,MoP(n=1~5) in different conformations.
Figure 5 illustrates HOMO and LUMO orbital diagrams for
clusters Co, MoP(n=1~5) in different configurations, visu-
ally representing their electronic characteristics and facili-
tating comprehensive evaluation of their catalytic behavior.

The size of the region in the HOMO orbital diagram
correlates with the energy needed for electron donation
in each cluster configuration, whereas the region in the
LUMO orbital diagram indicates the intensity of electron
acceptance. In both the HOMO and LUMO orbitals, the
dark irregular regions near each atom represent off-domain

RAPAS

1la-HOMO 1b-LUMO

2a-HOMO

2a-LUMO 2b-HOMO 2b-LUMO 3a-HOMO 3a-LUMO
3b-HOMO 3b-LUMO 4a-HOMO 4a-LUMO 4b-HOMO
4b-LUMO 5a-HOMO 5a-LUMO 5b-HOMO 5b-LUMO

Fig.5 HOMO and LUMO orbital diagrams of various configurations of clusters Co,MoP(n=1~5)
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spaces comprising wave functions generated by the orbit-
als. These regions exhibit a higher likelihood of electron
presence and more intense electron flow. The shaded red
areas represent the negative phase of the orbital wave func-
tion, while the green shading represents the positive phase.
The off-domain spaces play a crucial role in determining
the catalytic activity of the clusters and are closely associ-
ated with their electron dynamics. From Fig. 5, it can be
observed that the electrons exhibit delocalization in both the
HOMO and LUMO orbitals. Furthermore, the irregular area
in the HOMO orbital diagram appears slightly larger than
the irregular area in the LUMO orbital diagram. This obser-
vation further indicates that the clusters Co,MoP(n=1~5)
possesses certain electron donation and acceptance abilities,
with a slightly higher electron-accepting capacity than elec-
tron-donating capacity. Taking a closer look at the delocal-
ized region around individual atoms in Fig. 5, within various
optimized configurations of the clusters CoMoP(n=1~5).
The Co atom exhibits the highest contribution percentage,
suggesting that it is likely the main potential catalytic active
site within the clusters CoMoP(n=1~5).

Clusters Co,MoP(n=1 ~5) activity Fermi energy level,
density of states map analysis

The density of states (DOS) is defined as the number of
electronic states within an energy interval of E to E 4+ dE.
It characterizes the electron density at a specific energy
level, where a higher DOS value indicates a higher prob-
ability density of electron occurrence within a given energy
range, and vice versa.The Fermi energy level (Eg,,,;) can
be considered as the average of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO), serving as an important criterion for
evaluating the catalytic activity of a material. The left side
of the Fermi energy level is occupied by electrons and can
donate electrons, while the unoccupied right side can accept
electrons. Figure 6 depicts the density of states around the
Fermi energy level, providing a visual representation of the
electron density distribution. A higher electron density near
Er..mi Indicates stronger catalytic activity of the cluster,
whereas a lower density suggests weaker activity. By exam-
ining the changes in electron density within the Eg,,,;-dE
range for the HOMO and within the Eg,,; + dE range for
the LUMO, we can assess the cluster's ability to gain or lose
electrons and subsequently determine its catalytic reactivity.

It can be observed that, among the 10 configurations,
both the left and the right side of the Fermi energy level
have large or small peaks in the Eg,,; + dE range, indicat-
ing that the clusters Co,MoP(n =1~ 5) can both give and
accept electrons in the catalytic reaction and has stronger
catalytic activity, but both the peak height and the peak
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Fig.6 Total density of states diagram of each configuration of clusters
Co,MoP(n=1~5)

area are slightly larger on the left side than on the right
side, indicating that the cluster is more capable of giving
electrons. The left side is slightly larger than the right
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side in both wave height and wave area, indicating that
this cluster is more capable of giving electrons. Com-
bined with the analysis of the HOMO and LUMO orbital
diagrams of each configuration of the clusters Co,MoP
(n=1~5) in Sect. 2.4.2, it can be seen that the Co atom
is most likely the main potential catalytic active site of
the clusters Co,MoP(n=1~5), and it can be guessed that
the electron cloud density in the range of Eg,,,; = dE on
the left and right sides of the Fermi energy level is mainly
generated by the Co atom, and the Mo and P atoms also
contribute to it. also have some contribution, but the con-
tribution is smaller compared to that of P atoms.

The distance between the highest peak on the left side of
configuration 4a and configuration 4b from Eg,, .. is greater
than the distance between the highest peak on the right side
from Eg,,,; which means that they have a strong electron
gaining ability, and the peak on the left side is greater than
the peak on the right side, which means that the electron
losing ability is greater than the electron gaining ability. The
distance between the highest peak on the right side of con-
figuration 3a and Eg,,,; is larger than that on the left side,
which means that this configuration has a stronger electron-
losing ability, and the peak on the left side of configuration
3a is larger than that on the right side, which means that its
electron-losing ability is larger than that of electron gaining
ability, indicating that configuration 3a is the easiest to cata-
lyze electrophilic reagent reactants, while the peaks on both
sides of configuration 2a are equal and the catalytic ability is
weaker. The distance between the left side of conformation
5a and 5b from EFermi and the right side from E_,,,; are
comparable, which means that the two conformations have
comparable ability to gain and lose electrons.

Combined with the above analysis of the activity
energy gap difference analysis of each configuration of
the clusters Co,MoP(n=1~5) in Sect. 2.4.1, the Eg,, of
configuration 3a is the smallest, and the jump of electrons
from the highest occupied orbital to the empty orbital
in configuration 3a is the most likely to occur, i.e., the
conclusion that configuration 3a has the largest catalytic
activity is consistent with the conclusion that configura-
tion 3a is the most likely to catalyze electrophilic reagent
reactants.

Clusters Co,MoP(n=1~5) activity Kooperman's theorem

According to Kooperman's theorem [33], the ionization
potential (E}, kJ/mol), electron affinity energy (E,,, kJ/mol),
electronegativity (y, kJ/mol), and electrophilic index (w, kJ/
mol) of each configuration can be determined by combin-
ing the energy values of the HOMO and LUMO orbitals
of the respective superior configurations of the clusters
Co,MoP(n=1~5). These energy parameters are essen-
tial in characterizing the catalytic activity of the different

structurally distinct cluster configurations. The calcula-
tion equations for these parameters are presented below as
Egs. (1) to (4).

Ey = ~Eqono (1)
Ee = —Erumo @
¥ = (E+E,)/2 ©)
@ = (=1 /(E - Eg) @)

E; represents the energy required for an atom in a cluster
molecule to transition into a cation. It is a physical quantity
that measures the atom's ability to bind electrons. A lower E;
indicates a higher electron loss and greater catalytic activity.
E., represents the energy released by an atom in a cluster
after gaining an electron, reflecting the difficulty of electron
acquisition. A larger E, indicates a higher electron-captur-
ing ability and higher catalytic activity. The electronegativ-
ity (y) of an atom reflects its electron adsorption capacity,
and as the cluster's y increases, its catalytic effect strength-
ens. In chemical reactions within the cluster, the cluster mol-
ecule can receive electrons, and an increased electrophilic
index (w) signifies a stronger electron-attracting ability and
enhanced catalytic effect. The calculated results of E, E.,, v,
and w for clusters of different sizes are presented in Table 3.

Based on the data presented in Table 3, it is evident that
configuration 3a has the smallest ionization potential value
(4.121 eV) amongthe clusters Co,MoP(n=1~5), configura-
tion 5b exhibits a higher electron affinity energy compared to

Table 3 Reactivity parameters of clusters Co,MoP(n=1~5)

Configuration Energy/eV
E; E, X o

la 4.827 2.922 3.874 7.878
1b 5.186 2.396 3.791 5.149
Average value 5.007 2.659 3.833 6.514
2a 4.794 2.249 3.522 4.873
2b 4.451 2.309 3.379 5.334
Average value 4.623 2.279 3.451 5.104
3a 4.121 2.550 3.336 7.083
3b 5.014 2.556 3.785 5.827
Average value 4.568 2.553 3.561 6.455
4a 4.882 2.617 3.749 6.206
4b 4.804 2.640 3.722 6.403
Average value 4.843 2.629 3.735 6.305
Sa 4.551 2.710 3.630 7.159
5b 4.997 3.040 4.018 8.251
Average value 4.774 2.875 3.824 7.705
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other configurations, indicating its advantage over the oth-
ers. Analyzing the average electron affinity energy, the order
of activity is as follows:cluster CosMoP(2.553eV) > cluster
Co;MoP(2.659 eV) > cluster Co,MoP(2.629 eV) > clus-
ter CosMoP(2.553 eV) > cluster Co,MoP(2.279 eV),
indicating the good chemical activity of the cluster
CosMoP Electronegativity analysis reveals the follow-
ing order of activity:cluster Co,MoP(3.833 eV) > cluster
CosMoP(3.824 eV) > cluster Co,MoP(3.735 eV) > cluster
Co;MoP(3.561 eV) > cluster Co,MoP(3.451 eV), highlight-
ing the excellent activity of the Co;MoP cluster. In terms
of the electrophilic index, configuration 5b demonstrates
a higher value compared to all other sizes, indicating its
strongest electron-accepting ability and hence higher activ-
ity. According to the average electrophilic index, the order
of activity is as follows:cluster CosMoP(7.705 eV) > cluster
Co;MoP(6.514 eV) > cluster Co;MoP(6.455 eV) > cluster
Co,MoP(6.305 eV) > cluster Co,MoP(5.104 eV), confirm-
ing the superior activity of the CosMoP cluster compared to
other sizes. The electron affinity energy and electronegativ-
ity predict excellent activity for the CosMoP cluster.

Conclusions

The stability, electronic properties and catalytic properties
of the clusters Co,MoP(n=1~5) were studied and analyzed
based on the DFT using Gaussian 09 and Multiwfn software.

(1) By optimizing the clusters Co,MoP(n=1~5), ten sta-
ble configurations were obtained, most of which are
three-dimensional structures. Co;MoP possesses the
largest A,E(n), suggesting its superior stability com-
pared to other configurations. Configuration 3a exhibits
the highest reactivity but the lowest chemical stability
compared to other configurations. Conversely, configu-
ration 1b demonstrates superior chemical stability with
the largest HOMO-LUMO energy gap, albeit lower
chemical activity.

(2) It can be seen from the NPA charge that Co atoms are
electron donors and P and Mo atoms are electron accep-
tors; through the analysis of electrostatic potential, it is
found that Co atoms are easy to be nucleophilic and
P. Mo atoms are easy to be electrophilic. The den-
sity of states curves, HOMO and LUMO orbitals of
Co,MoP(n=1~5) have been analyzed, and the results
show that the clusters have certain electron gaining
and losing properties, and the electron losing ability is
higher than the electron gaining ability.

The analysis and results presented in this paper demonstrate
the wide applicability of Co,MoP materials in electrocatalysis,

@ Springer

high-efficiency electronic devices, and magnetic materials. The
practical significance of this research pave the way for the design
and fabrication of earth-abundant nanostructured materials as
high-performance HER electrocatalysts, with potential applica-
tions in the field of electrocatalysis. These findings serve as a
valuable computational reference for future fabrication and uti-
lization of Co,MoP materials. In future research, we plan to fur-
ther reveal the electron transfer pathways in catalytic reactions
and gain insight into the interactions and reaction mechanisms
between clusters and substrates. The results of these studies will
contribute to the development of efficient catalysts, advance the
understanding and application of chemical reactions, and meet
the needs of the energy and environmental fields.
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