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Abstract It is well known that chemical functionalization

of carbon nanotubes (CNTs) can offer an effective route to

modify their properties, thus significantly widening their

application areas. In the present work, through spin-

polarized density functional theory (DFT) calculations, we

have systemically studied the chemical functionalization of

pyridine-like and porphyrin-like nitrogen-doped carbon

(CNx) nanotubes with 13 different transition metals

(TMs = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Pt, Pd, and

Au). Particular attention is paid to searching for the most

stable configurations, calculating the corresponding bind-

ing energies, and exploring the effects of the chemical

functionalization of TMs on the electronic properties of the

two CNx nanotubes. We find that (1) due to the strong

interaction between the d orbitals of TMs and the p orbitals

of N atoms, the binding strengths of TMs with the two CNx

nanotubes are significantly enhanced when compared to the

pure CNTs; (2) the electronic properties of CNx nanotubes

can be effectively modified in various ways, which are

strongly dependent on the adsorbed TMs.
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1 Introduction

Recently, chemical functionalization of carbon nanotubes

(CNTs) with various groups has attracted considerable

interest as an efficient way to modify their properties [1–6].

Typically, the electronic and magnetic properties of CNTs

can be effectively modified through chemical decoration of

transition metals (TMs) [7–9], which greatly expands the

potential application areas of CNTs, such as improving the

sensitivities of chemical sensors, providing higher reactive

sites for gas storages, and developing spintronic devices or

catalysts.

On the other hand, the N-doped CNTs, named CNx

nanotubes, have been synthesized in several groups

[10–15]. Electron energy loss spectroscopy and X-ray

photoelectron spectroscopy measurements indicated the

coexistence of pyridine-like and porphyrine-like structures

[12, 13]. For the former, nitrogen substitution accompanied

with vacancy (labeled as 3NV) is formed in the sidewall of

CNx nanotubes, whose electronic [16], field-emission [17],

and electrical transport properties [18] have been systemi-

cally investigated. On the contrary, the structure of the

latter consists of four nitrogen atoms around a divacancy

(labeled as 4ND). Due to the presence of 3NV or 4ND

defect, the reactivity of CNx nanotubes might be greatly

enhanced compared with the pure CNT, thus becoming a

recently hot topic [15, 19–28]. For example, CNx nano-

tubes can be used as gas sensors of toxic species [15, 19].

Moreover, the capability of Li storage in the CNx tube is

significantly increased [20]. Most importantly, the CNx

nanotube is a promising candidate as a support material to
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immobilize various TM nanoparticles, which have been

found to exhibit good catalytic property [24–34]. For

example, Yoon et al. [24] have shown that the Pd-deco-

rated CNx nanotube displays high catalytic activities for

Heck, Suzuki, and Songasahira coupling reactions. Fur-

thermore, Shao et al. [25] have demonstrated that the

Pt/CNx nanotube is an excellent material for proton

exchange membrane fuel cell. Additionally, Su et al. [26]

have shown that the Pt/CNx nanocatalyst exhibits good

catalytic activities toward methanol oxidation and oxygen

reduction reactions.

Compared with these experimental advances in the

interactions between TMs and CNx nanotubes, to our

knowledge, there are only a few theoretical studies on this

issue [35–39]: (1) through density functional theory (DFT)

calculations [35, 36], Yang and Li have independently

reported that the binding energy of Ni or Pt interacting with

the CNT is significantly improved in the presence of the

3NV defect in the CNT. (2) Feng et al. [37] have theo-

retically studied adsorptions of 12 different TMs on three

kinds of CNx nanotubes, including graphite-like nitrogen

(GN), pyridine-like nitrogen (PN), and the vacancy nitro-

gen (VN) configurations. On aiming to evaluate the cata-

lytic performance of Pt/CNx nanotube, they have further

investigated its interaction with several common species

involved in methanol oxidation, including CH3OH, HCHO,

and HCOOH. (3) Titov et al. [38, 40] have explored the

stability of Fe-adsorbed CNx nanotubes with 4ND defect

through the bent-cluster model.

However, the following issues still need to be addressed:

(1) the effects of various TMs adsorptions on the magnetic

and electronic properties of CNx nanotubes; (2) the bond-

ing nature between different TMs and the CNx nanotube

with 4ND structure. Thus, in the present work, the chemi-

cal functionalization of 13 different TMs (Sc, Ti, V, Cr,

Mn, Fe, Co, Ni, Cu, Zn, Pd, Pt, and Au) on a (10, 0) CNx

nanotube with 3NV or 4ND defect has been systematically

studied through spin-polarized DFT calculations. Particular

attention has been paid to locating the most stable

adsorption configurations, calculating the corresponding

binding energies, and exploring the effects of TMs

adsorptions on the properties of the two CNx nanotubes.

Such knowledge might be useful for further studying the

adsorptions of TM clusters on CNx nanotubes.

2 Computational models and methods

In this work, we used the DFT methods, implemented in

the DMOL3 package [41, 42], to study the chemical

functionalization of 13 different TMs on the two CNx

nanotubes. This method has been widely used in the the-

oretical calculations of the interaction between the nano-

tubes and TMs [43–45]. All-electrons calculations were

employed with the double numerical plus polarization basis

sets (DNP). The exchange correlation energy was descri-

bed by the Perdew–Burke–Ernzerhof within the generali-

zed-gradient approximation (GGA–PBE) [46]. For the 5d

Fig. 1 Optimized structures of

the CNx nanotubes with a 3NV

and b 4ND defects. Gray and

blue balls represent the carbon

and nitrogen atoms
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TMs, including Pd, Pt, and Au, scalar relativistic effect

(DSPP) [41, 42] was considered when dealing with their

core electrons. Spin-unrestricted DFT calculations were

carried out in a periodically repeating tetragonal supercell

with lattice constants of a = b = 30 Å and c = 12.68 Å.

The supercell was large enough to neglect the interaction

between its adjacent images. The Brillouin zone of the

supercell was sampled by 1 9 1 9 5 k points within the

Monkhorst–pack scheme [47].

A (10, 0) single-wall CNT with the diameter of 7.93 Å

was chosen in the present work. Two kinds of CNx nano-

tube were considered, including 3NV and 4ND structures

as shown in Fig. 1. The binding energy (Eb) of an indi-

vidual TM on the CNx nanotube was defined as: Eb = Etotal

(CNx nanotube) ? Etotal (TM) - Etotal (TM/CNx nano-

tube), where Etotal denotes the total energy of the optimized

system in the bracket. Eb [ 0 corresponds a stable opti-

mized configuration and indicates bonding.

3 Results and discussion

3.1 TM adsorption on (10, 0) CNx nanotube with 3NV

or 4ND defect

First, we evaluate the stability of (10, 0) CNx nanotubes

with 3NV and 4ND defects by calculating their formation

energies (Ef). Here, the formation energy is defined as

Table 1 Calculated the TM–C bond lengths, binding energies (Eb) of

various TMs adsorbed on the CNx nanotube with 4ND or 3NV defect,

the net magnetic moment of the TM (lM) and the TM/CNx nanotube

(ltotal), and the charge transferred (C) from TM to the CNx nanotube

TM CNx tube dTM–N(Å) Eb (eV) lM/ltotal (lB) C(e)

Sc 4ND 2.15a 10.94 0.27/1.00 0.65

3NV 2.01 9.42 0.00/0.00 0.70

Ti 4ND 2.10 10.50 1.34/1.46 0.48

3NV 1.93 8.72 0.86/0.87 0.57

V 4ND 2.05 7.99 2.46/2.66 0.37

3NV 1.93 6.43 2.33/2.35 0.43

Cr 4ND 2.03 7.37 3.55/3.83 0.46

3NV 1.88 5.16 1.95/2.05 0.54

Mn 4ND 1.98 8.13 2.91/3.07 0.29

3NV 1.85 6.20 0.62/0.65 0.30

Fe 4ND 1.96 9.75 1.91/1.99 0.23

3NV 1.83 7.87 0.00/0.00 0.29

Co 4ND 1.94 8.52 0.93/0.94 0.18

3NV 1.87 6.50 1.33/1.50 0.21

Ni 4ND 1.92 8.86 0.00/0.00 0.12

3NV 1.84 6.66 0.96/1.00 0.17

Cu 4ND 2.01 5.61 0.46/1.00 0.39

3NV 1.94 4.30 0.00/0.00 0.32

Zn 4ND 2.05 4.44 0.00/0.00 0.47

3NV 1.96 2.73 0.00/0.00 0.41

Pd 4ND 2.02 6.78 0.00/0.00 0.45

3NV 2.18 4.23 0.00/0.00 0.37

Pt 4ND 2.02 8.37 0.00/0.00 0.26

3NV 2.00 4.53 0.00/0.00 0.26

Au 4ND 2.10 4.10 0.27/1.00 0.42

3NV 2.41 2.80 0.33/1.00 0.19

a The average TM–N bond length

Fig. 2 The initial adsorption configurations of the TM on the

a 3NV—and b 4ND–CNx nanotube. Gray, blue, and red balls

represent the carbon, nitrogen atoms, and TM, respectively

Fig. 3 The calculated binding energies (Eb) of 13 different TMs on

the pure CNT and CNx nanotubes with 3NV and 4ND defects
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Ef = Etot - nClC - nNlN, where Etot is the total energy of

the (10, 0) CNx nanotubes, nC, and nN are the number of C

and N atoms, respectively, and l is the chemical potential.

lC is obtained from the corresponding pure CNT, and lN is

obtained from nitrogen in gas phase. The calculated for-

mation energies of (10, 0) CNx nanotubes with 3NV and

4ND defects are 3.05 and 2.87 eV, respectively, which are

in good agreement with recent report [20]. We should point

out that the formation energies of the two CNx nanotubes

are larger than that of graphite-like nitrogen (GN)-doped

CNT, indicating that the GN nanotubes might be the most

common in practical CNx nanotubes.

When an individual TM atom is adsorbed on the CNx

nanotube, we consider two kinds of initial configurations:

(1) the TM is directly bound to the site of 3NV or 4ND

defect; (2) the TM is attached to the sites near 3NV or 4ND

defect. After full structural optimization, we find that the

TM adsorptions on the defect sites are the most stable

because of their higher reactivity than other sites [15, 19,

20, 35–40]. Accordingly, in Table 1, we list the structural

parameters and the corresponding binding energies of these

most stable configurations of TMs on the two CNx nano-

tubes (labeled as TM/CNx nanotubes).

We find that these most stable configurations of

TM/CNx nanotubes are characterized as forming multiple

TM–N bonds at the vacancy sites (Fig. 2) due to the N

participation. All the TMs are projecting from the sidewall

of the two CNx nanotubes in various ways. Comparatively,

the adsorbed TMs on the 3NV defect are more projecting

than that of 4ND defect. Moreover, as shown in Table 1,

the average TM–N distances (dTM–N) of TM/CNx nano-

tubes with 3NV and 4ND defects range from 1.83 (Fe) to

2.41 Å (Au) and from 1.92 (Ni) to 2.15 (Sc) Å,

respectively.

On the other hand, due to the N participation and the

vacancy defect, the binding energies of all TMs on the two

CNx nanotubes are generally larger than those on the pure

CNT [48, 49] as shown in Fig. 3. Especially, the 4ND

defect is more effective for enhancing the binding strength

of the TM with nanotube than the 3NV defect. For

instance, the binding energies for Ti, Zn, Pd, and Pt on CNx

nanotube with 4ND defect are 10.50, 4.44, 6.78, and

8.37 eV, respectively, while the binding energies are 8.72,

2.73, 4.23, and 4.53 eV, respectively, upon adsorption of

Ti, Zn, Pd, and Pt on the CNx nanotube with 3NV defect.

Moreover, the variation of the binding energy as the

number of d electrons (Nd) for these TMs is also given in

Fig. 3. We find that Sc (3d14s2), Ti (3d24s2), and Fe

(3d64s2) form the stronger bonds with Eb around 8 eV with

respect to the others, which well agrees with previous study

[37]. On the contrary, the binding energies of Zn (3d104s2)

on the two CNx nanotubes are the smallest.

It is worthy of note that the binding energies of all TMs

on the two CNx nanotube exceed the cohesive energies of

bulk TMs [50]. This indicates that these TMs might be

atomic dispersion in the two CNx nanotubes. To gain deep

insight into this issue, we take Ti adsorption as an instance

to calculate the diffusion of Ti from the vacancy site to its

neighboring hexagon site. It is found that the Ti diffusion

from the vacancy site to its neighboring hexagon-site on

Fig. 4 a The local densities of

states (LDOS) of a Sc adsorbed

on the (10, 0) CNx nanotube

with 4ND defect (C114N4). The

partial densities of states

(PDOS) of b C, c N and d Sc in

the adsorption system
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the 3NV and 4ND defects is endothermic by 4.38 and

6.63 eV, respectively. Moreover, the energy barriers of Ti

diffusion on the two CNx nanotubes are as high as 6.92 and

7.46 eV, respectively. The endothermicity and larger bar-

rier of Ti diffusion from the defect site to its neighboring

site indicate that these Ti can be dispersed on each vacancy

defect if a lot of vacancy defects exist in the CNx nanotube.

This phenomenon of the homogeneous dispersion of TM

on defective nanotube has been previously observed in

experiment for the adsorption of Pt nanoparticles on CNx

nanotube [29].

The strong interactions between these TMs and the two

CNx nanotubes can be explained through the local densities

of states (LDOS) and partial densities of states (PDOS),

i.e., Sc adsorption on the CNx nanotube with 4ND defect as

shown in Fig. 4. It is found that the d electrons of Sc and

the p electrons of C and N atoms mainly contribute to the

electronic states near Fermi level. In other words, strong

interaction exists between the d orbitals of Sc and the

p orbitals of N atoms due to their hybridization with each

other.

3.2 The effects of chemical functionalization of TMs

on the electronic properties of CNx nanotubes

Chemical functionalization of nanotubes with the TM has

been shown to be effective to modify their electronic

properties. In this section, we mainly elucidate the effects

of TMs adsorptions on the electronic properties of the two

CNx nanotubes. In Figs. 5 and 6, we present the band

structures of different TM/CNx nanotubes.

It can be seen that the CNx nanotube with 4ND defect is

a semiconductor with a small band gap (*0.06 eV)

(Fig. 5), while the CNx nanotube with 3NV exhibits

metallic nature (Fig. 6), which are in good agreement with

Li’s study [20]. Upon adsorption of these TMs on the two

CNx nanotubes, certain impurity states are introduced into

their band structures, rendering that their electronic prop-

erties are changed to different degrees, which is strongly

dependent on the adsorbed TMs. For example, Ti adsorp-

tion makes the two CNx nanotubes possess metallic nature,

while the two CNx nanotubes are transformed into half-

metal materials upon adsorption of V or Mn on their sur-

faces. Moreover, when Cr, Fe, Co, Cu, Zn, Pd, or Pt is

adsorbed on the two CNx nanotubes, their band gaps are

increased to different degrees due to the lift of the con-

duction bands of the two CNx nanotubes. Thus, the several

nanocomposites are still semiconductors.

Fig. 5 The band structures of TM-adsorbed CNx nanotube with 4ND

defect. The Fermi level is set as zero and plotted with red dotted line.

The left and right plots denote spin-up and spin-down band structures,

respectively. Only one part indicates that this system is non-magnetic

b
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Interestingly, three exceptions are Sc, Ni, and Au

adsorptions, for which the influences on electronic pro-

perties of the two CNx nanotubes are completely different:

(1) for the Sc adsorption, the CNx nanotube with 3NV

defect is changed into a semiconductor with the band gap

of 0.115 eV, while the CNx nanotube with 4ND defect has

metallic nature; (2) when Ni is adsorbed, the CNx nanotube

with 3NV defect is transformed into a half-metallic mate-

rial, while the CNx nanotube with 4ND defect is still a

semiconductor, whose band gap is increased from 0.06 to

0.378 eV; (3) upon Au adsorption, the two CNx nanotubes

possess half-metallic (for 3NV defect) and metallic nature

(for 4ND defect). This gives one an inspiration: CNx

nanotube-based devices with various electronic properties

can be achieved.

The changes in band structures of the CNx nanotubes

upon adsorption of these TMs are also evident by the

charge transfer between the TM and the CNx nanotube. As

shown in Table 1, in which we list the calculated charge

transfer using Hirshfeld population analysis [51], the

charges transferred from TMs to the CNx nanotube with

3NV defect range from 0.70 e (for Sc) to 0.17 e (for Ni),

while the range of charge transfer is from 0.65 e (for Sc) to

0.12 e (for Ni) in the case of 4ND defect CNx nanotube.

The charge transfer leads to the partially cationic of these

TMs, and thus facilitating the adsorption of foreign species

on these TM sites. On the other hand, we also evaluate the

effects of TM adsorption on the magnetic properties of the

two CNx nanotubes. We find that the net magnetic moment

emerges, ranging from 3.83 (for Cr/CNx tube with 4ND

defect) to 0 lB (for Zn/, Pd/ or Pt/CNx nanotubes) as shown

in Table 1. This is reasonable, because the ground states of

the two CNx nanotubes are non-magnetic, and the net spin

magnetic moment mainly originates from the contributions

of TMs.

4 Conclusions

In this paper, the chemical functionalization of pyridine-

like and porphyrin-like CNx nanotubes with 13 different

TMs (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Pt, Pd, and Au)

is systemically investigated using spin-polarized DFT cal-

culations. We mainly focus on the effects of the chemical

functionalization of TMs on the properties of the two CNx

nanotubes. The results indicate that the electronic and

Fig. 6 The band structures of TM-adsorbed CNx nanotube with 3NV

defect. The Fermi level is set as zero and plotted with red dotted line.

The left and right plots denote spin-up and spin-down band structures,

respectively. Only one part indicates that this system is non-magnetic

b
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magnetic properties of CNx nanotubes can be effectively

modified. For example, a CNx nanotube with metallic

nature can be obtained through the decoration of Ti, and

the adsorption of V or Mn on the CNx nanotube leads to the

formation of a half-metallic nanomaterial, while we can

obtain a semiconducting CNx nanotube with different band

gap by chemical functionalization with Cr, Fe, Cu, Zn, Pd,

or Pt.
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