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Graphical abstarct 

 
 

Highlights  

 Rh3 and Rh4 clusters prefer to be adsorbed on oxygenated vacancy.  

 Rh adsorption induces a magnetic moment.  

 Rh atom and Rh2 dimer bonded to the defective SWCNT, show a semiconductor 

behavior.  

 Rh3 and Rh4 show a metallic behavior. 

 

 

Abstract 
The Spin-polarized density functional theory is used to study the effect of a single 

vacancy in a (8,0) single-walled carbon nanotube (SWCNT) on the Rh clustering 

process. The vacancy is considered oxygenated and non-oxygenated and, in each case, 

different Rhn cluster sizes (n =1- 4) are taken into account. For the analysis of these 

systems some physical and chemical properties are calculated, such as binding energy 

(Eb), work function (WF), magnetic moment, charge transfer, bond length, band gap 

(Eg), and density of state (DOS). From this analysis it can be concluded that: a single Rh 

atom and Rh2 dimer are adsorbed on vacancy without oxygen, whereas Rh3 and Rh4 

clusters prefer to be adsorbed on oxygenated vacancy. In all cases, Rh adsorption 

induces a magnetic moment. When the Rh atom and Rh2 dimer are bonded to the 
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defective SWCNT, it has been found that they show a semiconductor behavior that 

could be interesting to use in the spintronic area. In the case of Rh3 and Rh4 clusters our 

results show a metallic behavior suggesting that these systems are good candidates for 

nanotube contact. 

 

Keywords: CNT, DFT, VACANCY, ADSORPTION 

1. Introduction 

Carbon nanotubes (CNTs) are one of the most widely explored one-dimensional 

nanostructures for the scientific community. These structures show particular 

mechanical and electronic properties due to their curvature. CNTs have been used by 

many laboratories to build nano-device prototypes such as metallic wires, field-effect 

transistors (FET), gas sensors, and hydrogen storage, among others [1-10].  

CNTs have different types of defects, like many other materials, such as 

vacancies, meta-stable atoms, pentagons, heptagons, Stone-Wales defects (SW or a pair 

of 5–7 rings), wall discontinuities, and heterogeneous atoms [11-15]. These defects play 

an important role in CNTs: they can modify CNTs chemical and physical properties 

[16]. In particular, defective single-walled carbon nanotubes (SWCNTs) present 

interesting electric properties that open new potential applications in nano-devices [17]. 

Vacancy defects are sites that are more chemically reactive than other SWCNT sites. 

For this reason, the literature reports that these types of defects interact with oxygen 

atoms and, therefore, there are some oxidized carbon atoms in the defect sites [18-21]. 

The introduction of a carbon vacancy into a small diameter SWCNT increases the 

adsorption energy of the transition metal (TM) cluster in comparison to pristine 

nanotube or to graphite sheet surfaces [22-27]. On the other hand, it is well known that 

the addition of TM to a CNT improves hydrogen adsorption as well as electrical contact 
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[25-29]. The TMs that have been investigated most widely as possible candidates are 

Rh, Ti, Pd, Al, and Pt [24, 30-33]. Recently, it has been reported that Rhodium shows a 

quite different surface behavior on SWCNTs compared to Ti interacting less strongly 

with oxygen [24,33]. Suarez-Martinez et al. have applied X-ray photoelectron 

spectroscopy combined with high-resolution transmission electron microscopy in order 

to investigate the formation of the interface between Rh and (8,0) SWCNT [24]. Their 

results suggest that Rh atoms nucleate forming small clusters -tetrahedra Rh4- at the 

oxygenated defect sites of SWCNT; therefore, the authors propose Rh as a good 

candidate for nanotube contacts. 

Several studies that consider the interaction of transition metals and carbon 

nanotubes can be found. For example, the adsorption of Ni on vacancy modified (8,0) 

single-walled carbon nanotubes strongly changes the sensitivity to SO2 when compared 

to a pristine tube [34]. In a related system, a study of Ti-adatoms adsorbed on the 

double-vacancy defected graphene (DG) indicates that the adsorption energy of Ti 

atoms on the defective graphene is higher than the one on the perfect sheet [35]. For 

these reasons, understanding the interaction between Rh and the SWCNT surface is 

fundamental in applications such as nanotube contact, gas sensor, hydrogen storage, 

field-effect transistor (FET) and spintronic area.  

In this work, we have studied the changes in physical and chemical properties of 

Rh-defective (8,0) SWCNT using density functional theory (DFT) calculations. 

Vacancy defect type is considered in (8,0) SWCNT and in its oxygenated state. In both 

cases, the Rh nucleation, from a single Rh atom to a Rh4 cluster, is studied. The present 

calculations show that the Rh adsorption on defective SWCNT is significantly improved 

by the presence of oxygen on the SWCNT surface. The case of multiple vacancies is not 

considered because previous studies indicated that Rh adsorption is thermodynamically 
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more stable on single vacancies [36]. The obtained results, report for the first time the 

induced magnetic moment and changes in the work function and band gap for the 

adsorbed Rhn cluster on defective (8,0) SWCNT. 

 

2. Computational Model 

All calculations were performed under the framework of first principles DFT 

implemented through the Vienna Ab initio Simulation Package (VASP) code [37,38]. 

For the exchange-correlation functional the generalized gradient approximation (GGA) 

and the Perdew, Burke, and Ernzerhof (PBE) function were considered [39,40]. The 

kinetic energy cutoff of 700 eV was found to converge the total energy within 10-4 meV. 

In addition, Brillouin zone sampling was performed using the k-point generation scheme 

of Monkhorst and Pack (the Γ-point was included) [41]. For relaxing calculations, the 

Brillouin zone was sampled by 1 × 5 × 1 and the convergence criteria was set to be 10-3 

eV/Å on each atom. In the case of dispersion forces the DFT-D2 Grimme method was 

considered such as are suggested in the Ref. [36,42], where Van der Waals interactions 

are described via a simple pair-wise force field, optimized for several popular DFT 

functionals [43]. The minima of the total energy were found using a conjugate gradient 

(CG) algorithm. Finally, eleven k-points were used for sampling the one dimensional 

Brillouin zone in order to compute adsorption energies, magnetic moment, total density 

of states (TDOS) curves, projected density of states (PDOS) curves, Bader´s charges 

[44], and electrostatic potential. 

The (8,0) SWCNT is considered and its geometrical structure is generated in a 

periodic supercell of 20 Å x 8.53 Å x 20 Å. The nanotube is modeled using 64 C atoms, 

that is to say two (8,0) SWCNT unit cells, thus ensuring no interaction among periodic 
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images. The vacancy defect in the (8,0) SWCNT is simulated by removing a carbon 

atom. 

The formation energy (Eform) for a single carbon vacancy is equivalent to the 

energy required to break the interatomic bonds around one atom [45]. The Eform is 

calculated using the following equation:  

Eform = ET(SWCNT+Vac) + µ(C) - ET(SWCNT)                           (1) 

where ET(SWCNT+Vac) is the total energy for the nanotube with a single vacancy, 

µ(C) is the chemical potential for a C-atom calculated as the energy per atom for the 

corresponding pristine SWCNT and ET(SWCNT) is the total energy for the pristine 

SWCNT [25]. On the other hand, the adsorption energy Eads of an O2 molecule on 

SWCNT+Vac is computed as: 

Eads = ET(SWCNT+O2 Vac) - ET(SWCNT+Vac) - E(O2)             (2) 

 

where ET(SWCNT+O2 Vac) and E(O2) are the total energies of SWCNT+Vac with the 

adsorbed O2 and the isolated O2 molecule respectively. Finally, for defective SWCNT 

the binding energy (Eb) of an Rhn cluster on SWCNT is defined as: 

                 Eb= ET(SWCNT+Vac) + E(Rhn) - ET(SWCNT+Vac+Rhn)                 (3) 

 

where E(Rhn) is the total energy of the isolated Rh cluster that contains n Rh atoms and 

ET(SWCNT+Vac+Rhn) corresponds to the total energy of defective SWCNT with the 

same Rhn cluster bonded. Vacancy can be oxygenated or not.  

 

3. Results and Discussion 

3.1 Isolated Rh Clusters  
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There are several different theoretical research approaches to Rhn clusters 

formation and their associated properties [46-51]. Based on this information, we only 

used the most stable geometric structure for each cluster size. Optimized geometry, 

binding energy per atom (Eb/atom), magnetic moment (µ), bond lengths, and angles 

corresponding to Rhn (n = 1-4) ground states are reported in Table 1. 

----------------------------------------------------------------- 

-                               Table 1 here                            - 

----------------------------------------------------------------- 

 

In Table 1 it can be seen that the Eb/atom increases when the number of Rh cluster 

atoms grows. In addition, we found that the magnetic character and the magnetic 

moment vary with Rhn size. Rh2 and Rh3 clusters have high magnetic moments and are 

ferromagnetic. Whereas the Rh4 cluster has a nonmagnetic ground state. Detailed 

experimental and theoretical studies about small Rh clusters can be found in the 

literature [46-51]. 

 

3.2 Defective SWCNT 

After relaxation, we obtained two stable vacancy geometries that are shown in 

Figure 1-a and -b. The ground state is a perpendicular configuration where the new C-C 

bonds are between 1.42 Å and 1.82 Å. The parallel geometry is a meta-stable state with 

C-C bond lengths in the range of 1.34 Å –1.74 Å. Similar results are reported in the 

literature [52-54]. In addition, there is a slight change in the curvature in defective 

SWCNT compared to pristine SWCNT. Without vacancy, the nanotube has a diameter 

of 6.37 Å. In the case of perpendicular (parallel) geometry the diameter elongation and 

contraction are 8% (7%) and 6% (2%), respect to pristine SWCNT, respectively. 

----------------------------------------------------------------- 

-                               Figure 1 here                            - 

----------------------------------------------------------------- 
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Figure 1-c and -d show the DOS curves for a SWCNT with perpendicular and 

parallel vacancy configuration respectively. It can be noted that the electronic behavior 

is very different in both configurations. From Figure 1-c it can be seen that the DOS 

curves -spin up and spin down contributions- are symmetric for the perpendicular 

configuration; whereas in the case of the parallel vacancy orientation the DOS curves 

are asymmetric around 1 eV below the Fermi level (see Figure 1 -d). Table 2 presents 

the band gap (Eg), magnetic moment (µ), work function (WF) and Eform for the same 

structures. The perpendicular vacancy configuration does not have a magnetic moment 

and its electronic structure behaves like a semiconductor with a band gap of 0.48 eV. In 

a previous work we have found that the pristine (8,0) SWCNT is a semiconductor with a 

relatively large band gap (Eg = 0.58 eV) and without magnetic moment [30]. Moreover, 

the Fermi level of pristine (8,0) SWCNT is located near to the valence band (VB); then 

its behavior resembles a p-type semiconductor. Therefore, the band gap obtained for the 

perpendicular configuration is lower than that of the pristine SWCNT -around 21%- and 

it has also a p-type semiconductor behavior with no magnetic moment, whereas the 

parallel configuration presents a metallic behavior and a magnetic moment of 1.0 μB.  

----------------------------------------------------------------- 

-                               Table 2 here                            - 

----------------------------------------------------------------- 

 

The work function is computed as the difference between vacuum and Fermi 

levels. The WF for a pristine SWCNT is 4.39 eV [30]. The presence of a vacancy 

increases the WF about 11% (7%) for perpendicular (parallel) configuration. The 

formation energies for a single vacancy are 5.88 and 6.65 eV for the perpendicular and 

parallel configuration respectively. The energies calculated Ma et al. fall in the same 

range [53]. Our results indicate that the formation of a vacancy with perpendicular 
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configuration is energetically more favorable. For this reason, only the results for the 

perpendicular configuration of a single vacancy on (8,0) SWCNT are presented below. 

The effect of removing one C atom leads to a redistribution of charge on SWCNT 

around the defect, as it can be seen in Figure 2. In the case of the most stable vacancy 

configuration it is noted that C atoms named C1, C2 and C3 are negatively charged, and 

each one gains 0.09 e-, 0.04 e-, and 0.09 e- respectively. The other C atoms -that form 

the defect- lose charge 0.01 e- to 0.05 e-. The remaining atoms practically do not change 

their charge compared to the pristine nanotube [30]. The adsorption of O2 molecules in 

the SWCNT with vacancy will be discussed in detail in the following section. It can be 

anticipated that carbon atoms with a negative charge are expected to be the ones 

interacting with the O2 molecules. In principle this is not strange, based on the fact that 

O atoms can achieve the already known and more stable electronic configuration of the 

subsequent noble gas, accepting electrons. 

----------------------------------------------------------------- 

-                               Figure 2 here                            - 

----------------------------------------------------------------- 

 

3.3 Oxygenated Vacancy  

Several O2 molecule disposal and orientation were tested in order to obtain the 

most stable configuration. Near the vacancy, we found the molecule adsorbed and 

dissociated (see Figure 3). There is an elongation and a contraction of the SWCNT 

diameter compared to the pristine nanotube, 13.2% (6.37 Å to 7.21 Å) and 6.6% (from 

6.37 Å to 5.95 Å) respectively. It can also be seen in Figure 3, that the O atoms are 

adsorbed on sites near C1 and C3 atoms, after O2 adsorption.  

----------------------------------------------------------------- 

-                               Figure 3 here                            - 

----------------------------------------------------------------- 
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The oxidation of the defective SWCNT surface involves the bonding of a pair of 

O atoms in the neighborhood of a single C vacancy, resulting in C-O-C ether and C=O 

ketone functional groups, as it was proposed in the initial stages of oxidation on 

graphitic surfaces [55]. The bond lengths, angles and geometry of ketone and ether 

groups are listed in Table 3.  

----------------------------------------------------------------- 

-                               Table 3 here                            - 

----------------------------------------------------------------- 

 

The adsorption energy of the O2 molecule on defective SWCNT is -5.23 eV with 

zero magnetic moment. Suarez-Martinez et al. modeled the O2 adsorption on a single 

carbon vacancy on graphene and found the molecule also dissociated on the surface 

[24]. The computed band gap is 0.24 eV. There is an Eg reduction of 49% with respect 

to that SWCNT containing a single vacancy (0.48 eV) and 58% with respect to a 

pristine nanotube (0.58 eV). In addition, the WF increases 3.5 % with respect to 

defective SWCNT (4.89 eV to 5.06 eV). 

Figure 4 shows the density of states for defective SWCNT with O2 adsorbed. In 

Figure 4-a it can be noted, that the Fermi level is closer to valence band (VB, EF-

EVB=0.04 eV) than to conduction band (CB, ECB-EF=0.20 eV), then the SWCNT with a 

single oxygenated vacancy is a p-type semiconductor. The PDOS curves on adsorbed O 

atoms (see Figure 4-b), show that p-states shift to lower energies near the Fermi level 

and spread over a higher energy range (approximately -2.5 to -1 eV) compared to the O 

atom p-states of the isolated molecule. In addition, the p-states of C atoms and adsorbed 

O atoms have the same energy range in the PDOS curves, concluding that an 

hybridization between p-states of C and O atoms is present (see Figure 4-b and 4-c). 

----------------------------------------------------------------- 

-                               Figure 4 here                            - 

----------------------------------------------------------------- 
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Figure 5 shows the charge transfer when the O2 molecule is adsorbed on defective 

(8,0) SWCNT. The O atoms are electron acceptors and the charge transfer from C to O 

is significant. This is in agreement with their higher Eads. The most important charge 

transfer occurs among the atoms in each functional group, C-O-C and C=O. In Figure 5, 

C10, O1 and C1 atoms correspond to the ether group, while the O2 and C3 atoms form 

the ketone group. The O1 atom gains 0.83 e-, whereas the C10 and C1 atoms lose 0.37 

e- and 0.35 e- respectively. Finally, in the ketone group the O2 atom becomes negatively 

charged -with a gain of 1.8 e--, while the C3 atom loses 1.8 e-. The charge transfer from 

SWCNT to O atoms explains the change in the band gap and WF.  

----------------------------------------------------------------- 

-                               Figure 5 here                            - 

----------------------------------------------------------------- 

 

3.4 Rh Clusters on Defective SWCNT 

In this section, we studied Rhn (n = 1 to 4) adsorption on defective SWCNT with 

and without O2 adsorbed on the C vacancy. Figure 6 shows the optimized structures 

after Rhn is adsorbed in each case. Following the Rh adsorption, the SWCNT diameter 

increases in the direction of cluster adsorption, whereas in the perpendicular direction 

the diameter experiments a contraction (see Figure 6). This behavior is more significant 

in the case of an oxygenated vacancy. If we compare the diameter elongation between 

oxygenated and non-oxygenated vacancy, the main difference appears in Rh2 (~ 5.4%) 

and the less significant one in Rh4 (~ 1.7%). Therefore, because of the SWCNT 

curvature modifications due to the Rh and O atoms presence, electronic changes are 

expected.  

----------------------------------------------------------------- 

-                          Figure 6 here                       - 

----------------------------------------------------------------- 
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----------------------------------------------------------------- 

-                               Table 4 here                            - 

----------------------------------------------------------------- 

 

Table 4 lists the C-C, Rh-C, Rh-Rh, O-C and O-Rh bond lengths. It can be noted 

that the geometry of a Rh cluster has practically not modified its form and bond lengths 

when is adsorbed on the clean vacancy (compare Table 1 and Table 4). This behavior 

could be attributed to the high cohesive energy of Rh as the cluster is formed (see Table 

1). The C-C bonds become shorter when a single Rh atom and the Rh2 dimer are 

adsorbed on the surface when oxygen atoms are present; whereas the opposite occurs 

for the Rh3 and Rh4 clusters. In addition, based on the dRh-C and dRh-Rh bond distances, 

the Rh-SWCNT and Rh-Rh cohesive interactions become weaker on the oxygenated 

vacancy. Regarding the C-O bonds, they are elongated after Rhn adsorption. For atomic 

Rh adsorbed on the oxygenated vacancy, Rh atom is bonded to both oxygen atoms and 

the ether group practically suffers no distortion at all. With the addition of more Rh 

atoms, covering the oxygenated vacancy zone on defective SWCNT, a weakening in C-

O bonds (higher dO-C) and the formation of Rh-O bonds, is observed. The ketone group 

is the less affected. The Rh-O bond length for the Rh4 cluster is 1.75 Å, similar to the 

length obtained by DFT calculations on a single isolated Rh atom [46]. Suarez-Martinez 

et al., conclude from XPS and TEM analysis that Rh-O bonds are developed at the 

expense of C-O bonds at the Rh-CNT interface [24]. 

The binding energy (Eb), magnetic moment (µ), and work function (WF) obtained 

for each case are presented in Table 5. In a previous work where the Rh single atom 

adsorption on the pristine (8,0) SWCNT was studied, we found that the binding energy 

value is 2.67 eV [30]. It can be noted that the oxygenated and non-oxygenated vacancy 

incorporation improves the adsorption of one Rh atom (7.56 eV and 5.12 eV 

respectively). The binding energy for the adsorption of a single atom and a dimer of Rh 
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is smaller when the vacancy is oxygenated (see Table 5). In the case of a single Rh atom 

the Eb decreases 2.44 eV (7.56 eV to 5.12 eV) and in the case of Rh2 the decrease is 

1.39 eV (6.31 eV to 4.92 eV). This behavior could be attributed to the passivation of the 

active dangling bond by the effect of oxygen [56]. The Rh3 and Rh4 clusters 

energetically prefer to be adsorbed on the oxygenated vacancy. The Eb on the 

oxygenated defect is 1.03 eV and 0.96 eV higher than in the clean defect for Rh3 and 

Rh4, respectively.  

 

----------------------------------------------------------------- 

-                               Table 5 here                            - 

----------------------------------------------------------------- 

 

Considering the variation of Eb with the number of Rh atoms on the SWCNT 

without oxygen, it decreases when more Rh atoms are added. This tendency is not clear 

in the case of SWCNT+O2Vac. Not only Rh-C, but also Rh-O and O-C interactions are 

present and these interactions are different depending on the size of the cluster.  

Another aspect is that the Rh bonding induces a magnetic moment on the 

defective SWCNT, with and without oxygen (see Table 5). This happens when a 

nonmagnetic material, i.e. the defective SWCNT, is bonded with a magnetic system (Rh 

cluster). These µ values are slightly lower than those obtained for isolated Rhn clusters 

when n = 1, 2, and 3 (compare with data in Table 1). In addition, contrasting the 

magnetic moments between the clean and oxygenated vacancy systems, no significant 

changes are found, except when the Rh3 cluster is adsorbed. In particular, the Rh4 

isolated cluster does not present a magnetic moment (see Table 1). Nevertheless, when 

this cluster is adsorbed on a defective SWCNT, a magnetic moment is induced (~ 2 µB). 

Concerning the WF, there is a variation after Rhn adsorption, the same is reduced 

with respect to the clean (4.89 eV) and oxygenated vacancy system (5.06 eV). In 
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particular, in the case of the vacancy without oxygen, the main reduction in WF occurs 

for the Rh3 cluster when compared to the WF of a defective SWCNT (4.89 eV to 4.16 

eV). In the case of the Rh4 bonded to SWCNT+ O2Vac, the WF has a slight change of 

about 0.4% (5.06 eV to 5.09 eV). Sathe et al. have reported that the functionalization of 

CNT using Rh nano-clusters presumably decreases the local work function of field 

emitters, enabling an increase in the density of states (DOS) near the Fermi level of the 

CNTs surface due to the co-operative nature of electronic interactions with Rh [55].  

Figure 7 shows the density of states for the Rhn adsorbed on defective SWCNT 

with and without O2. The main contribution to the total DOS curve is due to the p-sates 

of carbon and oxygen atoms, and the d-states of Rh atoms. According to Sathe et al., 

there is an increase of states due to Rh atoms near to the Fermi level, i.e. Rh atoms 

induce novel states within the band gap of defective SWCNT [57]. The main 

contribution of the d-state of Rh atoms to the total DOS curve is around Fermi level 

(between -2.5 eV and 2.5 eV) in all cases. Moreover, it can be noted that the interaction 

between Rh and C atoms decreases when the size of the Rh cluster increases.  

----------------------------------------------------------------- 

-                Figure 7 here                  - 

----------------------------------------------------------------- 

 

Total DOS and PDOS curves for the adsorption of a single Rh atom on the 

defective SWCNT with and without oxygen are shown in Figure 7-a and -b 

respectively. The spin up and spin down contributions for the clean vacancy when a Rh 

atom is adsorbed show a different behavior (see Figure 7-a). The spin up contribution 

has a conductor behavior; whereas the spin down contribution shows a n-type 

semiconductor behavior with a band gap of 0.29 eV. When oxygen is incorporated to 

the defect, the Rh SWCNT+O2Vac system presents a metallic behavior (see Figure 7-b). 

This fact is due to the hybridization between the p-state of O and the d-state of Rh 
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atoms. In addition, it can be seen that between -3 eV and -2 eV there is a strong 

interaction of Rh-O. 

Figure 7-c shows the total DOS and PDOS when the Rh2 dimer is adsorbed on 

defective SWCNT without O atoms. The total DOS curve for the spin up contribution 

presents a semiconductor behavior and the band gap obtained is 0.32 eV. The spin down 

contribution has a metallic behavior. These effects are due to the d-states of Rh atoms. 

When the vacancy is oxygenated, both contributions of the DOS curve -spin up and spin 

down- have a metallic behavior (see Figure 7-d).  

The adsorption of Rh3 and Rh4 on defective SWCNT have a magnetic metallic 

behavior, regardless of the fact of the vacancy being oxygenated or not (see Figure 7 –e 

to-h). In all cases, the total DOS curves are asymmetrical around the Fermi level. In 

Figure 7 -e it is noted that the major Rh-C interaction occurs between -4 eV and 1 eV. 

This hybridization decreases when there are oxygen atoms (see Figure 7 -f) due to a 

strong Rh-O interaction, as it was mentioned in the previous paragraphs. The 

hybridization occurs around the Fermi level, for this reason the system has a metallic 

behavior. The Rh4 cluster adsorption on clean vacancy shows an important peak 

increase on the d-states of Rh atoms at -0.5 eV and at the Fermi level (see Figure 7-g). 

The presence of O atoms, contributes to a more intense Rh-O hybridization when it is 

compared with the other systems (see Figure 7-h). In the same figure, an extensive 

overlap between the Rh d-states and the O p-states can also be seen. In addition, there is 

an interaction between d-states of Rh and p-states of C atoms.  

Finally, we studied the charge transfer among the atoms of the different systems. 

Figure 8 shows the charge transfer among the Rh, SWCNT and O atoms. As it can be 

noted, the electronic distribution is very sensitive to the presence of O in the system. 

The Rh atom acts as an electron donor; its charge is transferred to the SWCNT carbon 
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atoms located below the adatom. Nevertheless, the main transfer is from the Rh to the O 

atoms. In the case of the Rh2 and Rh4 adsorbed on SWCNT+Vac, some electrons are 

also shared with Rh atoms. These results are consistent with the obtained DOS curves, 

which show a high density of states around the Fermi level. This can be related with 

accepted or donated electrons, corresponding to C, O and Rh atoms as shown in PDOS 

curves (Figure 7). For non-oxygenated vacancy, after the Rh adsorption the unoccupied 

p-states located close to the Fermi level tend to decrease and shift to lower energies, 

compared to the same states before the Rh adsorption. This indicates that the electrons 

are transferred from Rh to C atoms (see Figure 8-a to -d). Furthermore, when the 

vacancy is oxygenated, the O atoms PDOS main states are concentrated in the valence 

band and few states in the conduction band, showing that O atoms behave as electron 

acceptors. This result agrees with Bader analysis (see Figure 8-e to -h).  

 

----------------------------------------------------------------- 

-                       Figures 8 here                      - 

----------------------------------------------------------------- 

 

Conclusions 

The Rh cluster adsorption on defective SWCNT, with -clean or oxygenated- 

vacancy leads to changes in the geometric and electronic structures at the metal- 

SWCNT contact. In all cases studied, the Rh adsorption reduces the WF and induces an 

important magnetic moment. 

In the case of a single Rh atom and Rh dimer, the adsorption is energetically 

favorable when the vacancy on SWCNT is non-oxygenated. Spin up and spin down 

contributions have different behaviors -semiconductor or metal behavior. For this 

reason, we believe that the use of these systems is relevant in the spintronic area.  
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Calculations suggest that the Rh prefers to be configured as a 3D cluster (Rh4) at 

the non-oxygenated vacancy, whereas at the oxygenated vacancy the Rh atoms form a 

sort of distorted 2D configuration over the defect. The Rh and O atoms bonded to the 

defective SWCNT induce a considerable magnetic moment and the system has a 

magnetic metallic behavior. Similar results are obtained in the case of the Rh3 cluster. 

This result could be used in SWCNT-Rh electrical contact.  
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Figure Captions 

Figure 1. Optimized geometries of a single C vacancy in (8,0) SWCNT: -a 

perpendicular vacancy configuration and -b parallel vacancy configuration. Total DOS 

curves for -c perpendicular vacancy configuration and -d parallel vacancy configuration. 

The dotted line indicates the Fermi level. 

Figure 2. Charge transfer among the C atoms of the SWCNT containing a single 

vacancy (perpendicular configuration). Red and blue indicate the atom that gains 

(negative charge) and loses (positive charge) electrons, respectively. The bar on the left 

is in e- unit. 

Figure 3. Optimized atomic structures of (8,0) SWCNT containing a reconstructed 

single vacancy when a O2 molecule is adsorbed. 

Figure 4. Density of states for O2 adsorption on defective SWCNT. -a Total DOS 

curve. -b PDOS for the p-states of oxygen atoms (the blue line corresponds to the 

isolated O2 molecule and the red line corresponds to adsorbed O atoms). -c PDOS 

curves for the p-states of C atoms. The PDOS curves of s-states are not shown because 

these states practically do not contribute to Total DOS curve. The dotted line indicates 

the Fermi level. 

Figure 5. Charge transfer between C and O atoms of the SWCNT containing a single 

vacancy. Red and blue indicate that the atom gains (negative charge) and loses (positive 

charge) electrons respectively. The bar on the left is in e- unit. 

Figure 6. Optimized structure of Rhn adsorption on defective SWCNT without (-a to -d) 

and with (-e to -h) adsorbed O2. 

Figure 7. Total and projected density of states for Rhn adsorption on defective SWCNT 

and oxygented vacancy. -a and -b atomic Rh,-c and -d Rh2 dimer, -e and -f Rh3, -g and -

h Rh4. The dotted line indicates the Fermi level. 

Figure 8. Charge transfer for Rhn adsorption on defective SWCNT: -a to -d without and 

-e to -h with O2 adsorbed. The red and blue colors indicate that the atom gains (negative 

charge) and loses (positive charge) electrons respectively. The bar on the top is in e- 

unit.  
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Table Lists 

Table 1.Geometry, binding energies (Eb) per atom, magnetic moment (µ), bond lengths 

(dRh-Rh) and angles, for isolated Rhn (n = 1-4) clusters. 

System Geometry Eb/atom (eV) µ(µB) dRh-Rh (Å) Angles (º) 

Rh1 - - 2.1 - - 

Rh2 linear -1.89 4.0 2.21 - 

Rh3 triangular -2.54 3.0 All bonds 2.38 All angles 60 

Rh4 tetrahedral -3.01 0.0 All bonds 2.45 All angles 60 
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Table 2. Band gap (Eg), magnetic moment (μ), work function (WF) and formation 

energy (Eform) for defective (8,0) SWCNT. 

Vacancy 

configuration 
class Eg (eV) μ (μB) WF (eV) Eform (eV) 

Perpendicular semiconductor 0.48 0.0 4.89 5.88 

Parallel metal - 1.0 4.72 6.65 
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Table 3. Geometry, bond length and angles for both functional groups obtained after O2 

adsorption on defective (8,0) SWCNT 

Group Geometry dO-C (Å) dC-C(Å) Angle (º) 

C - O - C 

 

O-C1: 1.46 

O-C2: 1.47 

C1-C2: 1.48 

C1-C3: 1.50 

C1-C6: 1.59 

C2-C4: 1.49 

C2-C5: 1.47 

C1 - O - C2: 60.7 

O - C2- C1: 60.2 

C = O 

 

O-C1: 1.22 C1-C2: 1.51 

C1-C2: 1.52 

C2-C1-O: 126.2º 

C3-C1-O: 127.8 º 
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Table 4. Bond distances for Rhn adsorbed on SWCNT containing a single vacancy without and with oxygen, SWCNT+Vac and SWCNT+O2 

Vac respectively. 

 SWCNT+Vac  SWCNT+O2 Vac 
dC-C(Å) dRh-C(Å) dRh-Rh(Å)  dC-C(Å) dRh-C(Å) dRh-Rh(Å) dO-C(Å) dO-Rh(Å) 

Rh 

C1-C10:1.39 

C1-C4/C7-C2:1.42 

C4-C5/C6-C3/C8-C7:1.43 

C5-C6/C9-C8:1.44 

C1-C2:2.64 

Rh-C1:1.86 

Rh-C2:1.95 

Rh-C3:1.95 

-  C4-C5/C9-C8/C8-C7:1.41 

C5-C6:1.43 

C7-C2:1.45 

C1-C4/C6-C3:1.50 

C1-C2/C3-C9:1.52 

C1-C10:1.55 

Rh-C1:2.01 

Rh-C3:2.10 

Rh-C2:2.77 

 

- O2-C3: 1.32 

O1-C10:1.43 

O1-C1:2.26 

 

Rh-O1:1.96 

Rh-O2:2.00 

Rh2 

C1-C10:1.40 

C1-C4/C7-C2:1.42 

C4-C5/C8-C7:1.43 

C5-C6/C6-C3/C9-C8:1.44 

C1-C2:2.65 

Rh1-C3:1.85 

Rh1-C2:1.96 

Rh1-C1:1.97 

2.46  C4-C5/C9-C8:1.40 

C8-C7:1.42 

C5-C6/C7-C2:1.45 

C1-C4/C3-C9:1.49 

C1-C2/C6-C3:1.51 

C1-C10:1.55 

 

Rh1-C1/Rh2-C6:2.07 

Rh1-C10:2.60 

Rh1-C2:2.85 

 

2.79 O2-C3: 1.35 

O1-C10:1.43 

O1-C1:2.27 

 

Rh1-O1:2.01 

Rh1-O2:2.07 

Rh2-O2:2.31 

Rh3 

C1-C10:1.40 

C1-C4/C7-C2:1.42 

C4-C5/C8-C7:1.43 

C5-C6/C6-C3/C9-C8:1.44 
C1-C2:2.65 

Rh3-C3: 1.87 

Rh2-C2:2.06 

Rh1-C10:2.17 

 

Rh1-Rh3:2.57 

Rh2-Rh3:2.58 

Rh1-Rh2: 2.67 

 

 C9-C8:1.40 

C4-C5/C5-C6/C8-C7:1.43 

C1-C4/C3-C9/C7-C2:1.48 

C1-C2/C1-C10/C6-C3:1.53 
 

Rh3-C4: 2.05 

Rh2-C4:2.11 

Rh1-C10:2.52 
 

Rh1-Rh3:2.49 

Rh2-Rh3:2.60 

Rh1-Rh2: 3.56 
 

O2-C3: 1.32 

O1-C10:1.50 

O1-C1:2.39 

 

Rh3-O2:2.03 

Rh1-O1:2.06 

Rh2-O1:2.16 

 

Rh4 

C8-C7:1.41 

C3-C9/C9-C8:1.43 

C4-C5:1.44 

C1-C4/C5-C6/C6-C3:1.46 

C1-C10:1.48 

C1-C2:1.58 

Rh4-C3:1.88 

Rh2-C10:2.10 

Rh3-C1:2.13 

Rh3-C4/Rh4-C2:2.18 

 

Rh1-Rh3:2.47 

Rh1-Rh2: 2.49 

Rh1-Rh4:2.57 

Rh3-Rh4:2.59 

Rh2-Rh3:2.62 

Rh2-Rh4:2.67 

 

 C4-C5:1.41 

C5-C6/C8-C7/C9-C8:1.43 

C1-C10:1.45 

C1-C2:1.57 

Rh1-C3:1.89 

Rh4-C7:2.10 

Rh2-C10:2.17 

Rh3-C1:2.19 

Rh2-C2:2.67 

 

Rh1-Rh3/Rh1-Rh4:2.52 

Rh2-Rh3:2.54 

Rh2-Rh4:2.64 

Rh1-Rh2: 2.88 
Rh3-Rh4:3.85 

O2-C3: 3.16 

O1-C10:3.47 

O1-C1:3.67 

 

Rh1-O2:1.74 

Rh3-O1:1.75 
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Table 5. Binding energy (Eb), magnetic moment (µ) and work function (WF) for Rhn 

cluster adsorbed on SWCNT containing a single vacancy (SWCNT+Vac) and this 

defect with O2 adsorbed (SWCNT+O2Vac). 

Rhn 

Adsorption 
             SWCNT + Vac  SWCNT + O2 Vac 

Eb(eV) µ (µB) WF (eV)  Eb(eV) µ (µB) WF (eV) 

Rh 7.56 1.0 4.26  5.12 1.0 4.75 

Rh2 6.31 2.0 4.46  4.92 2.0 4.56 

Rh3 4.11 2.1 4.16  5.14 1.0 4.33 

Rh4 3.63 2.0 4.24  4.59 2.2 5.09 

 

 


