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Abstract 

An in-depth understanding of the physicochemical properties of nanorods during the 

initial growth process has a profound impact on the rational design of high-performance 

nanorods catalysts. Herein, we conducted a systematic DFT study on the transition 

metal Co, Ni and alloyed nanoclusters/rods systems to simulate an atomic process from 

the initial nanoclusters growth to nanorods/wires. We found that the highly active sites 

of nanorods depend on an interesting electrostatic phenomenon. The surface 

electrostatic potential analysis shows that all nanoclusters and nanorods structures have 

formed σ-hole. Unlike nanoclusters, the σ-hole only appears at terminal sites in 

nanorods, called terminal σ-hole. The elemental composition in nanorods has a certain 

influence on the maximal surface electrostatic potential (VS,max) i.e., terminal σ-hole. 

Interestingly, we found that the terminal σ-hole formed in nanorods is generally higher 

in magnitude than smaller nanoclusters. First-principle calculations show that terminal 

σ-hole is closely related to the physicochemical activities of nanorods. For example, the 

work function of the directions forming terminal σ-hole is smaller than other directions. 

More interestingly, we found that in almost all nanorods, compared with other atoms, 

the d-orbital of the atoms forming terminal σ‑hole shifts close to the Fermi level and 

exhibits a shallower d-band center, showing higher chemical activity. In short, it is the 

first time that we discovered terminal σ-hole in nanorods, explained the theoretical basis 

of terminal σ-hole in nanorod systems, and provided theoretical guidance for the 

rational design of high-performance nanorods catalysts. 

Keywords: Co-Ni nanorods, Terminal σ‑hole, First-principle, Growth mechanism, 

Electrostatic potential. 

INTRODUCTION 

Nanorods are versatile in the field of catalysis. Their elemental composition, crystal 

structure and morphology are highly plastic, which can be specifically adjusted to 

design efficient catalysts for various catalytic reactions1. Cobalt and nickel are two 



transition metal elements commonly used in the catalytic industry2-5. Compared with 

precious-metal-based catalysts, cost-effective cobalt and nickel also have rich 

electronic structural features6,7. Therefore, nanoclusters and nanorods composed of Co 

and Ni are not only high-quality magnetic materials8,9, but also have great potential in 

catalytic applications. They are widely used in Hydrogen evolution reaction (HER)10-

12, CO2 activation13-15, Methane activation16, etc. However, how to design highly active 

Co-Ni nanoclusters/rods is still challenging. The theoretical basis behind the catalytic-

related factors, such as the level of chemical activity of nanoclusters/rods and reaction 

sites is still unclear. Moreover, the current theoretical research on Co-Ni 

nanoclusters/rods is almost vacant. Therefore, while studying the macroscopic 

properties of nanorods, it is necessary to conduct DFT-based systematic theoretical 

researches on geometric structure, energy, charge, magnetism, chemical activity, and 

catalytic sites of nanorods. 

Non-covalent interactions are often the first driver of surface catalysis. From a physical 

point of view, for a catalyst to catalyze a substrate, it first has to adsorb with the 

substrate molecules. This interaction often starts from an electrostatically driven non-

covalent interaction. At present, σ-hole as a concept describing many non-covalent 

forces has been widely used in catalysis17,18. σ-hole is the area where the electron 

density decreases due to the anisotropic distribution of the electron density on the atom. 

When the electron defect reaches a certain level, a positive electrostatic potential region 

will be generated, which can form an electrostatically driven non-covalent interaction 

between other molecules with negative electrostatic potential sites19. Until recently, σ-

hole was directly observed in experimental imaging20. However, in fact, as early as the 

2005 conference, Clark et al. conceptualized this phenomenon to solve the 

unexplainable halogen bonding problem at that time21. Initially, the condition for 

forming a σ-hole was thought to require the halogen half-filled p-orbitals to participate 

in the formation of σ-orbitals. Since Murray et al. extended the condition of the semi-

filled p-orbital to the s-orbital, it is not surprising that the elements which can form a σ-

hole extends from halogen elements to the IV-VI group elements22. 



Recently, Stenlid et al. discovered that metals could also use semi-filled s-orbitals or d-

orbitals to form σ-orbitals so that σ-hole can also be formed on transition metals23. Since 

then, the σ-hole concept has been extended to transition metal nanoclusters.  Stenlid 

et al. pointed out that the high chemical activity of metal clusters depends on the 

proportion of atoms forming σ-holes, and as the size of nanoclusters increases, the 

density of corners, which formed σ-holes decreases24. This discovery also explains the 

phenomena that in early experiments and theoretical reports, the catalytic activity of 

related nanoclusters will decrease with the increase of the three-dimensional size of 

nanoclusters25,26. So if nanoclusters grow in one dimension, that is, a system of pseudo-

one-dimensional rod-shaped nanoparticles, is there a similar rule? In many experiments 

on nanorods, the nanorods used are all very long structures, but they can still show 

excellent catalytic performance1,27. Based on extensive experimental facts, the 

physicochemical activity (at least some special sites) is preserved in the growth of 

nanorods. 

Based on the above problems, we conducted a systematic DFT study on the different 

lengths of Co-Ni nanoclusters/rods systems. Our research shows that after nanoclusters 

grow into nanorods, σ‑hole still exists, but the difference is that σ‑hole only appears on 

the terminal sites of the nanorods. Furthermore, the terminal VS,max values higher in 

magnitude than smaller clusters in all calculated nanorods. We call this phenomenon 

terminal σ‑hole. Combining geometric structure, energy, charge, electrostatic potential, 

work function, and density of states analysis, we found that the formation of the 

terminal σ-hole will increase the physicochemical activity. After the nanoclusters grow 

to nanorods, terminal VS,max values increases, and the d-band center of the terminal-site 

atoms also moves toward the Fermi level, enhanced the physicochemical activity of 

terminal sites. The element types of Co and Ni have a certain influence on the 

magnitude of terminal σ-hole due to the difference in the electron distribution of their 

atomic orbitals. (Co，4s23d7, contains 3 semi-filled d-orbitals at ground state; Ni, 4s23d8, 

contains 2 semi-filled d-orbitals at ground state). The magnitude of terminal σ-hole, just 

like other physicochemical properties such as cohesive energy, residual energy, 



magnetic moment, charge distribution, etc., can be adjusted by changing the 

composition and spatial distribution of elements. 

COMPUTATIONAL DETAILS 

2.1. DFT parameters 

All spin-polarized DFT calculations were performed with the Vienna Ab initio 

simulation package (VASP28). The exchange-correlation function was handled using 

the generalized gradient approximation (GGA) formulated by the Perdew-Burke-

Ernzerhof (PBE)29. The interaction between the atomic core and electrons was 

described by the projector augmented wave method30,31. The plane-wave basis set 

energy cutoff was set to 400 eV. The spin-polarized calculations were performed 

starting from default values of NIONS∗1.0 as the initial magnetic moment for each 

atom in the VASP code. All structures with a dynamic magnetic moment were fully 

relaxed to optimize without any restriction until their total energies were converged to 

<10-6 eV, and the average residual forces were <0.01 eV/Å. The global transferred 

charge was calculated by the atomic Bader charge analysis32,33. 

2.2. Structural models 

In nanoclusters and nanorods systems, A 1 × 1 × 1 k-point mesh for the reciprocal space 

integration was employed for all the calculations with a discrete character. The periodic 

boundary conditions were implemented with at least 10 Å vacuum to preclude the 

interaction between a cluster and its image. The simulation boxes were 15×15×15 for 

13-atoms, 15×15×18 Å for 19-atoms, 15×15×18 Å for 19-atoms, 15×15×21 Å for 25-

atoms, 15×15×24 Å for 31-atoms, 15×15×26 Å for 37-atoms, 15×15×29 Å for 43-atoms, 

15×15×31 Å for 49-atoms, 15×15×33 Å for 55-atoms, 15×15×35 Å for 61-atoms, 

15×15×36 Å for 67-atoms configurations, respectively. For the nanowire model, all 

models need to be optimized for the unit cell first, and then a 11 × 1 × 1 k-point mesh 



for the reciprocal space integration was employed. The simulation boxes were 

4.36×15×15 for periodic 12-atoms.  

RESULTS AND DISCUSSION 

3.1. Structural features  

According to previous reports, researchers usually observe from experiments that FCC-

derived nanoparticle geometric structures mainly include truncated octahedrons, cubic 

octahedrons, and icosahedrons under independent conditions34,35. The icosahedral 

structure is the local geometric minimum within its size range. This model is often used 

in various theoretical and experimental studies on nanoparticles9,14,36-38. We first 

obtained the 13-atom icosahedral nanocluster A@B-1 with Ih symmetry through spin-

polarized DFT calculations. By translating and rotating the six adjacent atoms on the 

surface of the nanocluster by 36°, an 18-atom short nanorod A@B-2 can be obtained. 

Continue to translate and rotate 36° to obtain longer nanorods A@B-C (C=number of 

core atoms, as shown in Figure 1a, b). We use this operation to build an atomic model 

to simulate the atomic process growth from nanoclusters to nanorods. After performing 

this operation indefinitely, we obtain a one-dimensional nanowire A@B-inf with a 

periodic Z-axis structure (as shown in Figure 1c), simulating the atomic process from 

nanorods growth to nanowires. 

In this study, we mainly studied Co, Ni nanoclusters, nanorods (<2.5nm) systems, and 

their mutual core-shell hybrid structures. Figure 1d and 1e are schematic diagrams of 

CoN and NiN pure metal nanoclusters and nanorods, the number of atoms ranges from 

13 to 67, and the length is about 0.5 nm to 2.5 nm. Figures f and g show the structure 

of mutual core-shell doping, and there are two configurations: NiX@CoN-X、CoX@NiN-

X (X is the number of core atoms). In the NiX@CoN-X configuration (Figure 1f), Ni 

atoms are located inside the nanorods, and Co atoms are located on the surface of the 

nanorods, which have been marked with black arrows in the figure 1f. Replace Co and 



Ni to get the CoX@NiN-X configuration, as shown in Figure 1g. 

We discovered a series of interesting geometric phenomena in the construction process 

from nanoclusters to nanorods to nanowires. First, during the process of nanoclusters 

growing into nanorods (A@B-1→ A@B-2), the symmetry of the structure changes 

from Ih (A@B-1) to D5h (A@B-1). More interestingly, during the process of nanorods 

growing into nanowires (A@B-2→ A@B-inf), the symmetry alternates between D5h 

and D5d (Figures s1, s2), A@B-2 (D5h) → A@B-3 (D5d) → A@B-4 (D5h) → A@B-5 

(D5d) → A@B-6 (D5h) → A@B-7 (D5d) → A@B-8 (D5h) → A@B-9 (D5d) → A@B-

10 (D5h) →→→ A@B-inf (D5h). 

3.2. Basic energy and magnetic properties 

The energy property is an important indicator to measure whether a catalyst can exist 

stably. We first analyzed the change of cohesive energy during the growth of nanorods. 

The formula for cohesive energy is as follows39: 

𝐸𝑐𝑜ℎ =
1

𝑁
(𝐸𝑠𝑦𝑠 − 𝑛 ∙ ∑ 𝐸𝑎𝑡𝑜𝑚,𝑥) 

𝐸𝑐𝑜ℎ is the cohesive energy per atom, 𝐸𝑠𝑦𝑠is the total energy of the nanoclusters/rods 

structures, and 𝐸𝑎𝑡𝑜𝑚,𝑥 is the energy of each isolated atom. 𝑥 is the type of element, 

𝑛 is the number of the 𝑥 type atoms, and 𝑁 is the total number of atoms in the 

nanoclusters/rods structures. We noticed that the cohesive energy of all configuration 

structures decreases with the growth of nanorods, which means that the growth of 

nanorods tends to be thermodynamically stable (Figure 1h). For 13-atom icosahedral 

nanoclusters, the order of cohesive energy is Co@Ni-1 < Co-1 < Ni-1 < Ni@Co-1. 

What is interesting is that when nanoclusters grow into nanorods, the order of their 

cohesive energy becomes: Co-C < Co@Ni-C < Ni@Co-C < Ni-C (C=2~10, inf). 

Usually, excess energy is one of the critical parameters for studying the relative stability 

of alloy systems. Here, the excess energy formula5 of metal nanoclusters/rods is: 



𝐸𝑒𝑥𝑐 = 𝐸𝐴𝑥@𝐵𝑁−𝑥
−

𝑥

𝑁
𝐸𝐴𝑁

−
𝑁 − 𝑥

𝑁
𝐸𝐵𝑁

 

Where 𝐸𝑒𝑥𝑐  is the excess energy of metal nanoclusters/rods, 𝐸𝐴𝑥@𝐵𝑁−𝑥
 , 𝐸𝐴𝑁

 , 𝐸𝐵𝑁
 

are the total energy of the corresponding system, and A and B represent two different 

elements, 𝑁  is the total number of atoms in the system. For the pure metal 

nanoclusters/rods structures, the excess energy is defined as zero unbiased quantity. In 

the alloyed nanoclusters/rods systems, excess energy can be used as one of its relative 

stability measures. The negative excess energy 𝐸𝑒𝑥𝑐 indicates that the structure has 

high relative stability. Figure 1i shows the excess energy of all nanoclusters/rods 

<2.5nm. We found that all the excess energy of nanoclusters/rods follows the rule: 

Co@Ni system < 0 eV < Ni@Co system. This excess energy rule indicates that Ni 

atoms tend to segregate to the surface during the growth of Co-Ni nanowires, while Co 

atoms tend to be enriched in the core. The nanoclusters/rods with the Co core Ni surface 

are thermodynamically more stable than the Ni core Co surface, which is consistent 

with the cohesive energy situation. In addition, we also found that with the growth of 

Co@Ni nanoclusters/rods, the excess energy decreases, which indicates that as the 

length of the nanowires increases, the Ni atoms tend to segregate to the surface.  

However, it is interesting that the excess energy first increases and then decreases in the 

Ni@Co system. All the excess energy values are > 0 eV and reach a maximum value of 

3.22 eV at about 2.0 nm, indicating that the growth of Ni@Co nanorods to about 2.0 

nm has gone through a relatively active thermodynamics stage. 

Nano-scale metals have always attracted attention as an interesting magnetic 

material9,40,41. In the Co-Ni metal nanoclusters/rods systems, we also observed that the 

length and magnetic moment are basically linear in all configurations of the 

nanoclusters/rods. The order of the magnetic moments of different systems is: pure Ni 

< Co@Ni < Ni@Co < pure Co. (For detailed energy and magnetic moment values, see 

Table S1) 



 

Figure 1. a. The construction of Co-Ni metal nanoclusters/rods/wires model. b. The 

geometry structures of nanorods. c. The geometry structures of nanowires. d-g. The 

schematic diagram of structural composition Co-Ni metal nanoclusters/rods (Co in 

magenta, Ni in blue). h. The cohesive energy. i. The excess energy. j. The magnetic 

monument. (In figure h-j, Co is represented by a solid magenta line with a rectangle 

mark in the figure, Ni is a round blue line, Co@Ni is a yellow positive triangle line, and 

Ni@Co is a green inverted triangle line.) 

3.3. The terminalσ‑hole concept 

The nanorods structure is widely used in catalysis due to its excellent reactivity. As we 

all know, chemical reactions often occur on the catalyst's surface, and the surface 

properties are the critical physicochemical properties of the catalyst. In order to further 

study the catalytic activity during the growth of the nanorods and the exact location of 

the catalytic sites on the surface, we calculated the surface electrostatic potential of the 

Co-Ni nanoclusters/rods. It is defined as follows42: 



𝑉𝐸(𝒓) = ∑
𝑍𝐴

|𝑹𝐴 − 𝒓|
𝐴

− ∫
𝜌(𝒓′)𝑑𝒓

|𝒓′ − 𝒓|
 

The molecular electrostatic potential 𝑉𝐸(𝒓)  is a mature tool for analyzing chemical 

bonds and intermolecular interactions. 𝑍𝐴 is the charge on the A atom, located at 𝑹𝐴. 

𝜌(𝒓′) is the charge density. As early as 1992, Brinck et al. used electrostatic potential 

to explain the interaction mode of Lewis acid or base with halogen and the formation 

principle of halogen bond42. Later, with the proposal of the σ-hole concept, the halogen 

bond can be explained by the σ-hole21. σ-hole is the region of positive molecular 

electrostatic potential, widely used to explain non-covalent bond interactions. In recent 

years, Joakim et al. extended the σ-hole concept to metal nanoclusters24, theoretically 

explaining the good catalytic activity of gold nanoclusters.  

Joakim et al. theoretically explained the increasing catalytic activity of transition metal 

nanocluster catalysts (such as gold and platinum) as the particle size decreases based 

on electrostatic potential. In the study of Joakim et al., as the size of the nanoclusters 

increases, the values of the corner VS,max are similar in magnitude to those of the smaller 

nanoclusters24. Interestingly, the results of our electrostatic potential calculations show 

that after nanoclusters grow to nanorods, the σ-hole still exists at the terminal sites 

(Figure 2). We call this electrostatic effect in nanorods: the terminal σ‑hole. Excitingly, 

the magnitude of terminal σ-hole generally increases after nanoclusters grow into 

nanorods (Figure 2c), which means that as the nanoclusters grow to nanorods, its 

terminal sites has a catalytic activity similar to or higher than that of the nanoclusters. 

(For detailed statistics of electrostatic potential, see Table S2) In addition, the VS,max of 

almost all Co surface structures are higher in magnitude than that of Ni surface 

structures, attributed to Co ([Ar]4s23d7) having more semi-filled d-orbitals than Ni 

([Ar]4s23d8) at the ground state. 



 

Figure 2. a-b. Side view and top view of nanorods. The terminal sites were highlighted 

in a grey rectangular frame. c. The statistics of the maximum electrostatic potential of 

terminal sites in the Co-Ni Nanoclusters/rods growth system. Co is represented by a 

solid magenta line with a rectangle mark in the figure, Ni is a round blue line, Co@Ni 

is a yellow positive triangle line, and Ni@Co is a green inverted triangle line. d-g. 

Calculated electrostatic potential maps of Co-Ni Nanoclusters/rods growth system. Vs(r) 

values on the 0.01 e/Bohr3 isodensity surfaces of the Co-Ni Nanoclusters/rods growth 

system. The most positive VS,max values are found at the terminal sites, followed by 

cylindrical surfaces, which corresponds to the ordering of catalytic activity. 

3.4. Work function and charge transfer 

Then we studied the work function, which is also closely related to surface properties. 

The definition of work function is as follows: 

Φ = 𝐸𝑣𝑎𝑐 − 𝐸𝐹 

Φ is the work function, 𝐸𝑣𝑎𝑐 is the electrostatic potential of the vacuum level, and 𝐸𝐹 

is the Fermi level. We calculated the work function in the Y-axis and Z-axis directions 



of Co-Ni nanoclusters/rods (Figure 3a) (The work function diagram of each structure 

is shown in Figure S3-S6 detailed work function value is shown in Table S3). When the 

nanoclusters grow into nanorods, the work function in the Z-axis direction is generally 

lower than that in the Y-axis direction (Figure 3a-3b, green arrows), which means that 

the surface of the nanorods in the Z-axis direction is more conducive to the electrons 

transfer between the catalyst and the electrolyte. Furthermore, the catalytic activity at 

terminal sites of the Z-axis direction is superior, which explains why the terminal σ-

hole increases the activity of the catalyst from the perspective of the work function. In 

addition, we found that the nanorods' electrostatic potential with the Co-shell is 

generally lower than the Ni-shell (Figure 3a-3b). In short, in our energy research, Co 

atoms tend to be enriched in the rod core thermodynamically, Ni atoms tend to be 

enriched on the surface, so the nanorods with Ni surface exhibit a higher work function. 

Thus has relatively low activity, high stability surface. The nanorods with Co surface 

exhibit a lower work function and thus have a surface with high activity, low stability.  

 



Figure 3. a. The work function in the Y-axis and Z-axis directions, the middle surface 

atoms (blue) and the terminal sites atoms (yellow) are in the Y-axis and Z-axis 

directions, respectively. b-e. The calculated work function of Co-Ni Nanoclusters/rods 

growth systems. 

Although the work function can explain the formation of terminal σ-hole in the 

nanorods to a certain extent, it is beneficial to the electron transfer between the catalyst 

and the electrolyte, improving the catalytic performance. However, it is still unclear 

whether this improvement in electron transfer is related to the formation of terminal σ-

hole or the charge distribution of the material itself. So we further carried out statistics 

on the charge distribution of the system. In addition, the status of charge transfer (or 

redistribution) in the systems is also one of the essential factors of its reactivity and 

catalytic activity. Therefore, we performed a Bader charge analysis on pure and alloyed 

Co, Ni nanoclusters/rods. The Bader charge analysis code43 was utilized to calculate the 

overall atomic charge distribution and the difference in charge transfer between the core 

and shell of the nanoclusters/rods. The calculation formula of atomic charge difference 

can be expressed as: 

𝛥𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝜌𝑐𝑜𝑟𝑒 

Where 𝛥𝜌 is the charge transfer difference, 𝜌𝑡𝑜𝑡𝑎𝑙 is the overall charge density, 𝜌𝑐𝑜𝑟𝑒 

is the shell charge density of nanoclusters/rods, and 𝜌𝑐𝑜𝑟𝑒 is the core charge density. 

Figure 4 shows the atomic charge distribution of the nanoclusters/rods. Due to the 

surface effect, we can observe that most of the nuclear atoms of pure Co and Ni 

nanoclusters/rods are slightly positively charged but basically in a neutral state. 

Interestingly, the nuclear atoms of the longer Co nanorods show a small number of 

negatively charged atoms. For the core-shell nanoclusters/rods structures, the Ni@Co 

system with Co on the surface presents a negatively charged core and a positively 

charged shell. The Co@Ni system with Ni on the surface presents a positively charged 

core and a negatively charged shell. This charge transfer (or redistribution) indicates 



that the difference in electronegativity between elements can be used to change the 

charge distribution of nanoclusters/rods by doping with other specific elements. 

Two main factors dominate the charge transfer in these systems: the difference in 

element electronegativity and the surface effects. Due to the electronegativity 

difference between Co (1.88) and Ni (1.91), Bader charge analysis shows that the 

charge is always transferred from Co atom to Ni atom. At the same time, due to surface 

effects, electrons tend to transfer from the inside of the material to the surface. 

Therefore, pure Ni and Co@Ni core-shell nanoclusters/rods systems both have a 

positive core and a negative shell. The pure Ni system is due to the surface effect, while 

in the alloy phase of the Co@Ni system, the difference in electronegativity and the 

synergistic effect of the surface effects will further enhance the charge transfer. For pure 

Co and Ni@Co core-shell nanoclusters/rods systems, the surface effects have 

significant antagonism to electronegativity, but we found that the surface effects are 

weaker in the pure Co system, only shown in the shorter nanorods. Therefore, in the 

Ni@Co system, the charge transfer caused by the difference in electronegativity still 

dominates, resulting in a negative core and a positive shell in the system. 

In order to further study the cross-sectional charge transfer of high-length nanorods, we 

have calculated the charge density differences of periodic pseudo-one-dimensional 

nanorods (Figure S7a-S7l). Interestingly, we found an electron-enriched ring between 

the core atoms and the shell atoms of the nanorods (as shown in Figure S7e-S7h), which 

means that Co-Ni nanowires may have good conductivity. Meanwhile, we found that 

the atomic charge transfer activity in the shell layer of the nanorods on the Ni surface 

is more intense than that on the Co surface (as shown in Figure S7i-S7l). 

According to the above analysis of the charge transfer (or redistribution), we have not 

observed the accumulation of positive or negative charges at the terminal sites in 

nanorods. Therefore, the nanorods' charge transfer (or redistribution) itself is not the 

direct cause of the reduction of the work function at the terminal sites and the 



improvement of the electron transfer between the catalyst and the electrolyte. The 

formation of terminal σ-hole is not simply caused by charge transfer (or redistribution). 

 

Figure 4. The Bader charge analysis of Co-Ni Nanoclusters/rods system. 



3.5. d-band center and partial densities of states (PDOS) 

In order to further explore the relationship between terminal σ-hole and chemical 

activity, the change in reactivity and catalytic activity caused by the growth process of 

geometric structure and charge transfer, we further studied the electronic structure of 

the system, plotted the density of states of different orbitals of Co-Ni nanoclusters/rods, 

and calculated the d-band center. The calculation formula for the d-band center is as 

follows44: 

𝜀𝑑 = ∫ 𝜌𝑑(𝜀)𝜀𝑑𝜀

+∞

−∞

∫ 𝜌𝑑(𝜀)𝑑𝜀

+∞

−∞

⁄  

Where 𝜀𝑑 is the center value of the d-band, 𝜌𝑑 is the density of states of the d-orbital, 

and 𝜀 is the energy width of the d-orbital. The d-band center near the Fermi level is 

often considered to have higher chemical activity45 (Figure 5a). 

First, we perform d-band center analysis on all atoms in the system. We observe that 

for the pure Co system, except for nanoclusters, the trend of the d-band centers in the 

nanorods system is increasing (Figure 5b), attributed to the fact that the aggregation of 

the d-orbital partial densities of states (PDOS) in pure Co system at E-Ef > 0 eV. (Figure 

S8a, marked with a black dashed ellipse and a magenta arrow) The Ni@Co system, 

which also has a Co shell, is similar. (Figure S8c) For pure Ni and Co@Ni systems with 

a Ni shell, the all-atoms d-band center decreases with the growth of nanoclusters/rods. 

The main reason is that the electronic structure of the pure Ni and Co@Ni systems is 

different from that of the pure Co and Ni@Co systems. The d-orbital PDOS at E-Ef > 

0 eV is not observed aggregation but aggregates at E-Ef  <0 eV (Figure S8b, S8d). We 

know that the Co-shell nanorods' overall chemical activity increases during the growth 

process while the Ni-shell nanorods are decreasing. In general, the order of the all-

atoms chemical activity of nanoclusters: Ni > Co@Ni > Co > Ni@Co, nanorods (< 2.5 

nm): Co@Ni > Ni > Co > Ni@Co. The PDOS of nanoclusters/rods (<2.5nm) in 



different lengths and configurations are plotted in Figure S9. We found that the spin-up 

and spin-down curves of PDOS of all structures are asymmetric, which explains from 

the electronic structure that all structures are ferromagnetic. For the pure Co system (as 

shown in Figure S9a), after Co nanoclusters grow into nanorods, most of the nanorods 

spin-up d-band shifts to lower energy level, and spin-down d-band transfers to higher 

energy level. However, it is interesting that for the Co-10 nanorods about 2.5nm, the d-

band are all shifted to higher energy levels. In the pure Ni system (Figure S9b), with 

the growth of nanoclusters/rods, the d-band of most lengths of nanorods hardly shift, 

but Ni-9 and Ni-10 nanorods have been observed to have a large shape change in the d-

band. From the pure Co and Ni system, we found that the electronic structure will 

change significantly when the nanorods grow to a certain length. However, it is 

interesting that the PDOS curves of alloyed Ni@Co and Co@Ni nanoclusters/rods of 

different lengths are very similar, in which the d-band of the Co@Ni system almost 

overlap (Fig. S9d), indicating that after the nanorods alloyed, the d-band of the structure 

hardly shifts during the growth process, and the electronic structure became 

stabilization (Figure S9c, S9d). 

Next, in order to explore the relationship between terminal σ-hole and chemical activity, 

we performed d-band center analysis on the atoms forming terminal σ-hole and other 

atoms in the middle positions (Figure 5c). As we expected, in almost all structures, the 

d-band center of the atom forming the terminal σ-hole is closer to the Fermi level than 

other atoms (Figure 5d-5g, green arrows), which means that the atoms formed the 

terminal σ-Hole exhibit higher chemical activity. Furthermore, we analyze the density 

of states of different orbitals in the longest nanorods of Co, Ni, Co@Ni, and Ni@Co 

systems. -T represents terminal atoms, -M represents middle atoms (all other atoms 

except terminal atoms). We find that the d-orbitals dominate the PDOS in all systems, 

and the terminal atoms' d-orbitals are shifted close to the Fermi level. Among them, the 

pure metal system is the most obvious. Both the spin-up and spin-down electronic 

density of states shift toward the Fermi level, which explains the theoretical reason for 

the increase in the chemical activity of terminal σ-hole from the perspective of the 



density of states.  

In summary, through the PDOS calculation, we studied the changes in the reactivity 

and chemical activity caused by the growth process of the geometric structure and the 

charge transfer. Furthermore, we clarified the relationship between the terminal σ-hole 

and the chemical activity: the terminal atoms' d-orbital PDOS shifts toward the Fermi 

level and has a shallower d-band center than other atoms, thus exhibiting higher 

chemical activity. In addition, the catalytic reaction is often a multi-step complex 

process, and the chemical activity alone does not indicate the overall catalytic effect. 

According to previous reports, many catalytic processes (such as HER) require an 

appropriate 𝜀𝑑  value to maintain the interaction strength between the reaction 

substrate and the catalytic site at an appropriate level44. Based on our calculation results, 

we found that the d-band center of Co-Ni nanorods changes regularly during the growth 

process, so we also provide researchers with a method for rationally designing catalysts. 

Researchers in different research directions can assist the d-band center's value in 

selecting the most suitable nanorods in length and composition. 

 

Figure 5. a. Schematic diagram of the d-band center. b. The d-band center value of all 

atoms during growth of Co-Ni Nanoclusters/rods system. c. The middle part (M) and 



Terminal site (T) of nanorods. Marked in gray and magenta, respectively. d-g. The d-

band center value of middle part (M) atoms and terminal site (T) atoms of nanorods. 

Middle part (M) atoms in blue and Terminal site (T) atoms in yellow. h-k. Calculated 

PDOS of the Co-Ni Nanorods. Fermi level is set at the zero of energy. The solid line 

represents the terminal sites atoms. The dotted line represents the middle part atoms. 

Among them, all orbitals are yellow lines, d orbitals are blue, p orbitals are magenta, 

and s-orbitals are green. The intensity of the density of states has been normalized. 

CONCLUSIONS 

In conclusion, we report the exceptional electrostatic phenomenon: terminal σ‑hole in 

ultrathin nanorods, which not only provides a deeper theoretical understanding of 

nanorods catalysts but expands the σ‑hole to nanorods for the first time. We conducted 

in-depth research on the geometric structure, cohesive energy, residual energy, 

magnetic moment, electrostatic potential, work function, charge distribution, and 

density of states during the growth of Co-Ni nanorods through first-principle 

calculations. Our studies have shown that the terminal σ‑hole sites exhibit low work 

function, shallow d-band center, and high chemical activity. The formation of terminal 

σ-hole is not simply caused by charge transfer (or redistribution), but the low-

coordination transition metals in nanorods' terminal sites remain additional semi-filled 

d-orbitals, causing the d-band shifts to the Fermi level, thus exhibiting a highly 

chemically active terminal σ-hole. It is the first time the terminal σ‑hole phenomenon 

in nanorods has been reported, and to analyze the theoretical basis of terminal σ-hole 

from wide angles such as electrostatic potential, work function, charge distribution, and 

the density of states. Our research provides theoretical guidance for the prediction and 

characterization of the catalytic performance of nanorods systems. 
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