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Abstract Atomic carbon is a key intermediate interacting

with transition metal clusters during the growth of carbon

nanotube (CNT). Present density functional calculations

studied the initial carbon adsorption on four Ni nanoclus-

ters (N13, N15, N38, and N55). Our results show that carbon

atoms preferentially adsorb on high-coordination sites, and

carbon adsorption energies are larger on smaller Ni clus-

ters. Ni cluster reconstruction plays an important role in

creating more stable subsurface adsorption sites. The

migration of adsorbed carbon atom on the surface threefold

hollow site into the underlying interstitial subsurface

positions is thermodynamically and kinetically feasible.

The results indicate that the investigation of CNT growth

mechanism should include both surface and subsurface

carbon atoms, coupled with surface reconstruction of Ni

nanoclusters.

Keywords Carbon adsorption � Ni � Nanocluster �
Carbon nanotube � Growth mechanism

1 Introduction

Carbon nanotubes (CNTs) have evolved into one of the

most intensively studied materials in the past decade due to

their intriguing properties [1, 2]. However, experimental

methodology is still inadequate to gain a reliable control of

CNT synthesis due to the limited understanding on CNT

growth mechanism. C atoms are commonly generated from

the decomposition/evaporation of gas/solid phase carbon

precursors in different CNT synthesis methods [3–8]. It is

generally accepted that the adsorption of C atoms (or

dimers) on metal nanoparticles is an initial step in the CNT

growth. Subsequently, the diffusion of adsorbed C atoms

on/in metal clusters controls the CNT cap nucleation,

eventually resulting in the growth of CNTs [9–11]. The

interaction between growing carbon structures and metal

clusters would determine the CNT diameter [12, 13] and

chirality [14, 15]. Adding to the complication, experi-

mental studies also found that the dynamic reshaping of

catalyst nanoparticles occurs during the CNT growth [16].

CNT researchers are puzzled by a number of problems

existing at the initial CNT growth step, C atom adsorption

on metal nanoparticles. The metal nanoparticles around

1 nm in diameter are specially important, because they are

responsible to the single-walled carbon nanotubes

(SWCNTs) structure control [17]. It is necessary to answer

the following questions: (1) are there significant differ-

ences in the C atom adsorption energy on metal nanopar-

ticles of different sizes? (2) Would C atoms preferably

adsorb on specific facets of a metal nanocluster? (3)

Whether adsorbed C atoms can penetrate metal clusters or

merely stay on the cluster surface?

Many unsolved puzzles in the CNT growth are difficult

to be elucidated experimentally. Ab initio modeling offers

a powerful alternative. Previously, the adsorption of
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carbon on Ni surfaces has been studied theoretically to

understand the catalytic hydrocarbon synthesis. In the

early ab initio calculations, due to the limitation of

computational capacity, fixed Ni cluster models arranged

according to the geometry of low index Ni surfaces were

employed [18–21]. Without considering the reconstruction

of Ni atoms, the obtained C absorption energy on these Ni

surfaces is usually over predicted. Zhang et al. [22]

extended the calculation to Ni periodic slabs of three low-

index Ni surfaces. Furthermore, C adsorption on a Ni38

cluster was also reported [22]. Several other recent

ab initio calculations studied the C adsorption and diffu-

sion on the surface and in the subsurface of periodic slabs

of Ni(111), Ni(100), and Ni bulk [23–25]. Their results

suggested that C can diffuse on Ni surfaces, as well as

into the subsurface sites before forming metal carbides

[23–25]. It would be interesting to evaluate whether the

similar phenomena also happen on small Ni nanoclusters

with the size of about 1 nm, which are the catalysts

usually employed in SWCNT growth.

In the present work, we revisited the adsorption of C

atoms on a series of Ni metal nanoclusters using density

functional calculations to address the aforementioned three

C adsorption questions related to CNT growth. (1) The effect

of Ni cluster size. Experimental results found that a small

change in catalyst particle diameter has a significant impact

on the diameter and chirality of CNTs produced [13]. (2) The

role of Ni nanoparticle facets. A previous calculation has

suggested that C adsorption energy may be distinct on var-

ious facets of the Ni38 cluster [22]. In this study, we extended

our calculations to nanoclusters with four different sizes. (3)

To answer the intriguing question: whether a C atom can

enter a small nanocluster or only preferentially adsorbs on its

surface. A series of Ni nanoclusters were modeled.

Adsorption sites on individual cluster facets, along with

conceivable subsurface adsorption sites were investigated.

The adsorption energy, surface reconstruction, and charge

distribution induced by C absorption were compared. The

possibility of C migrating into the bulk of Ni nanocluster

was evaluated by studying the stability of C atoms at sub-

surface sites. The transition states of C diffusion were also

identified. These results would lead to a better understanding

of the CNT growth mechanism,

2 Computational methodology

Four nanoclusters, namely Ni13, Ni15, Ni38, and Ni55

(illustrated in Fig. 1), were modeled based on a simulated

annealing study on the structure stability of Ni2–55 [26] and

an experimental electric dipole polarizability study for

Ni12–58 [27]. These nanoclusters are in the diameter range

suitable for SWCNT growth. Three types of high symmetry

surface adsorption sites were investigated, including one

fourfold hollow site (l4-100) on (100) facets and 2 three-

fold hollow fcc or hcp sites (l3-fcc, l3-hcp) on (111)

facets. At the same time, several subsurface sites in

nanoclusters were also investigated (Fig. 2). Here, we

restricted our report to the most stable C adsorption sites.

Two types of cluster models were studied including (1) the

fixed models, in which Ni atoms were fixed at their opti-

mized locations and (2) the relaxed models, in which the

locations of Ni atoms were fully optimized with the C

adsorbate. The relaxed models allow us to investigate the

reconstruction of clusters upon C adsorption. Our initial

intention is to evaluate whether there are significant dif-

ferences in term of C adsorption energies between the fixed

and relaxed models. In general, fixed models require much

less computational time. We speculated that if no notice-

able differences are observed between the two types of

models, then the fixed models could be considered for our

further studies, such as C diffusion and CNT cap nucleation

on metal cluster surfaces. Furthermore, the activation bar-

riers of C surface-to-subsurface diffusion were determined

by scanning the potential energy profiles (PEPs) along the

lines, which connect the local energy minima of C atoms

adsorbed at the surface fcc sites and subsurface l6-sub sites

for Ni38 clusters (Fig. 3). For each sampling point, the

nearest neighbor Ni atoms of a C adsorbate were relaxed,

while the radial distance of the C atom and other Ni atoms

Fig. 1 Ni clusters: a Ni13, b Ni15, c Ni38, and d Ni55. Surface

adsorption sites are depicted on the models with Ni–Ni bond lengths

showed in angstroms
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were fixed. To validate the transition state found by the

PEP method, a precise nudge elastic band (NEB) method

was also applied to locate the transition-state structure of

the surface-to-subsurface diffusion [28].

All computations were performed spin polarized, with

the Perdew–Burke–Ernzerhof (PBE) exchange correlation

function [29] using the VASP code [30, 31]. The interac-

tions between an atomic core and electrons were described

by the projector augmented wave method [32, 33]. The

plane-wave basis set energy cutoff was set to 400 eV. The

periodic boundary conditions were implemented with at

least 1 nm vacuum to preclude interactions between a

cluster and its images (using cubic supercells with one side

of 15 Å for the smaller Ni13 and Ni15 and 20 Å for the

bigger Ni38 and Ni55 clusters). Because the discrete char-

acter of the Ni clusters, the reciprocal space integration was

performed with a 1 9 1 9 1 k-point mesh. Between spin-

polarized and non-spin-polarized calculations performed

on the Ni13 system, the spin-polarized calculations show

higher-binding energies of adsorbed C atoms by *0.3 eV.

Thus, all computations were performed spin polarized for

this work. In the current work, we did not further study the

magnetization of Ni cluster, as Ni could be considered as a

weakly magnetic material at 0 K, according to the work by

Reddy et al. [34]. All local minimums and transition states

were verified by frequency analysis. The Ni2 dimer with a

cubic supercell of 153 Å3 in size and Ni bulk were also

calculated using the optimized lattice constant as refer-

ences to the results obtained on four Ni clusters. Charge

distribution was calculated by the Bader charge analysis

[35, 36].

The average binding energy per Ni atom of four clusters

was calculated according to Eq. 1, where n is the number

of Ni atoms per cluster.

EbðNinÞ ¼ nE Ni atomð Þ � E Ninð Þ½ �=n ð1Þ

From the total energy of C adsorbed clusters Etot(C/Nin),

the total energy of pure clusters Etot(Nin), and the energy of

free C atoms Etot(C atom), binding energies per C atom Eb

can be calculated according to Eq. 2, where n is the number

of Ni atoms per cluster.

Eb ¼ Etot Ninð Þ þ Etot C atomð Þ � Etot C/Ninð Þ: ð2Þ

Fig. 2 Subsurface adsorption sites: a l4-hol (Ni13), b 1l4-hol (Ni15),

c 2l4-hol (Ni15), d l6-sub (Ni38), e l4-hol (Ni55), and f l6-sub (Ni55).

Subsurface adsorption sites are depicted on the models with Ni–Ni

bond lengths showed in angstroms

Fig. 3 Potential energy profiles from an fcc threefold hollow surface

site to a sixfold subsurface site on a Ni38 cluster. Two local minimums

on the curves correspond to fcc threefold hollow sites (on the right)
and octahedral subsurface holes (on the left). RC-cen: interatomic

distances between an adsorbed C atom and Ni atoms at the center of

the cluster
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3 Results and discussion

3.1 Nin (n = 13, 15, 38, and 55) clusters

Figure 1 illustrates the optimized structures of four Ni

clusters. Ni38 has a truncated octahedral geometry; Ni15 has

a hexagonal antiprism structure; Ni13 and Ni55 adopt an

icosahedral geometry. Their geometries are similar to those

from a previous report for the Ptn (with n = 13, 38 and 55)

nanoclusters [37]. The calculated average binding energies

and Ni–Ni bond lengths of these four clusters are listed in

Table 1.

Ni13 has one atom at the center and other 12 identical

atoms on the spherical shell surface with a coordination

number of 6. The distance between the spherical shell and

the central atom is 2.32 Å. The surface Ni–Ni bond length is

2.44 Å. Ni15 has three atoms along the symmetric axis.

Similar to Ni13, it has only one atom at the center, and all

other Ni atoms are on the surface. Radial distribution ana-

lysis shows that there are two types of non-equivalent Ni

atoms relating to the center atom. Their distances to the

central atom are 2.22 and 2.51 Å, and their coordination

numbers are 6 and 7, respectively. The bond lengths between

two Ni atoms at the Ni15 surface are 2.29, 2.41, and 2.57 Å

(see Fig. 1b for illustration), which are in the range of the

bond lengths for bulk Ni (2.49 Å) and dimer Ni2 (2.09 Å).

Radial distribution analysis shows that Ni atoms in the

optimized structure of Ni38 can be classified into three types

of non-equivalent atoms related to the center of Ni38. The

first group has six identical atoms in the inner shell, which

are 1.74 Å to the center. They have an octahedral

arrangement. The second group has 24 identical atoms lying

at the vertexes of six (100) faces in the outer shell. They

have a coordination number of 6, and are 3.81 Å to the

cluster center (denoted as ‘‘edge atoms’’). The third group

contains eight atoms of the outer shell. They lie at the center

of the eight (111) faces. They have a coordination number

of nine, and are 3.08 Å to the Ni38 cluster center (denoted as

‘‘center atom’’) (see Fig. 1c). The surface bond lengths are

2.40–2.42 Å between two surface Ni atoms.

Based on the Ni13 icosahedral structure, the Ni55 is built

by adding 30 atoms on the top of Ni13 ‘‘edge atoms’’ with a

coordination number of 8 (denoted as ‘‘edge atoms’’ for

Ni55), and additional 12 atoms on the top of Ni13 vertex

positions with a coordination number of 6 (denoted as ‘‘top

atoms’’ for Ni55). The ‘‘top atoms’’ are 4.65 Å away to the

cluster center, while the ‘‘edge atoms’’ are 4.07 Å to the

cluster center. The surface bond lengths are 2.52 Å

between two ‘‘edge atoms’’ and 2.45 Å for two adjacent

‘‘top atom’’ and ‘‘edge atom’’ (illustrated in Fig. 1d).

Furthermore, a Ni55 sublayer is 2.36 Å to the cluster center,

suggesting this layer is slightly enlarged compared to the

original Ni13 clusters, due to addition of surface atoms.

Table 1 shows that the average binding energies and

average coordination numbers increase with the increase of

Ni cluster size. The minimum Ni–Ni binding energy

(3.22 eV for Ni13) is higher than the binding energy of a

Ni2 dimmer (2.23 eV), and the strongest Ni–Ni binding

energy (3.92 eV for Ni55) is lower than the cohesive energy

of the bulk Ni (4.08 eV). The average interatomic distance

also increases with the increase of the Ni cluster size,

varying between the bond distance of Ni2 dimer (2.09 Å)

and bulk Ni (2.49 Å). Our simulation results are also

consistent with the structural data obtained from an

extended X-ray absorption fine structure (EXAFS) experi-

ment [39].

3.2 C adsorption on Nin (n = 13, 15, 38, and 55)

Table 2 summarizes our results of C adsorption on Ni

clusters. The adsorption energy, interatomic distance, and

charge distribution induced by C absorption on different

sites were first studied using fixed Ni clusters as described

in Sect. 3.2.1. Next, the effect of Ni cluster relaxation on

the C adsorption energies and bond lengths was further

investigated using fully relaxed Ni clusters. Lastly, the

stability of C atoms at subsurface sites in relaxed Ni

clusters was investigated to evaluate the possibility of C

penetration into the clusters.

3.2.1 C adsorption on fixed Nin clusters

When C is adsorbed on Ni13, only the hcp (l3-hcp)

adsorption site is stable with adsorption energy of 7.06 eV.

Two stable threefold hollow adsorption sites are found on

the Ni15 instead, which consist of three Ni atoms with

Table 1 Calculated results of the average binding energy Eb (eV), the average coordination number Z, bond lengths to the central Ni atom RNi-

Cen (Å), and surface bond lengths RNi–Ni (Å)

Ni2 Ni13 Ni15 Ni38 Ni55 Ni-bulk

Eb 2.23 3.22 3.26 3.75 3.92 4.08

Z 1 5.5 5.7 7.2 7.7 12

RNi-Cen 2.32 2.22, 2.51 1.74, 3.08, 3.81 2.36, 4.65, 4.07

RNi–Ni 2.09 2.44 2.29, 2.41, 2.57 2.40, 2.41, 2.42 2.45, 2.52 2.49

The average coordination number Z is calculated based on Knickelbein [38]

20 Theor Chem Acc (2011) 128:17–24
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different coordination numbers (denoted as hcp1 and hcp2

in Fig. 1b). However, C adsorption energies on these two

sites are similar, 7.19 and 7.16 eV at 1l3-hcp and 2l3-hcp,

respectively. Three stable C adsorption sites are found on

Ni38 (Fig. 1c). One is the fourfold hollow site (l4-100) on

the (100) facet with a coordination of four Ni atoms. The

others are 2 threefold sites (l3-fcc and l3-hcp) on the (111)

facet. C adsorption on the l4-100 site has the highest

adsorption energy at 7.82 eV. The adsorption energies on

the l3-fcc and l3-hcp sites are 6.98 and 6.95 eV, respec-

tively. Our results on the Ni38 cluster agree with previous

reports that atomic C has no preference toward threefold

hollow sites on transition metal surfaces, such as the Pd

(111) surface [40–42] and Pd nanoclusters [43]. On the

other hand, the higher C adsorption energy at the fourfold

(l4-100) site suggests that C would preferably adsorb on a

higher-coordination site of Ni surfaces. Furthermore, two

stable adsorption sites are found on Ni55. They are highly

symmetric threefold hollow sites, l3-fcc and l3-hcp

(Fig. 1d). C adsorption on the l3-fcc and l3-hcp sites has

adsorption energies at 6.80 and 6.89 eV, respectively. The

energy variation between the l3-fcc and l3-hcp sites may

be due to the local environment differences of these two

sites. Shown in Fig. 1, Ni atoms forming the l3-hcp site

have a coordination number of 6, while Ni atoms forming

the l3-fcc site have a coordination number of 8. Overall,

our investigation of C adsorption energies on fixed clusters

shows two trends: (1) C atoms prefer adsorbing on highly

coordinated sites, such as l4-100, l3-hcp, and l3-fcc. (2) C

adsorption is stronger on smaller clusters. For example, the

adsorption energies increase from 6.89 eV (Ni55) to

7.19 eV (Ni15) on the l3-hcp site, and from 6.80 eV (Ni55)

to 6.98 eV (Ni38) on the l3-fcc site.

In addition to the adsorption energies, Table 2 also

shows the interatomic distances between adsorbed C atoms

and their nearest-neighbor Ni atoms (RC–Ni). The RC–Ni is

1.83 Å at the l4-100 site. This agrees with previous

experimental observations [27, 44]. Overall, the values of

RC–Ni have little variation among all adsorption sites on the

fixed Ni clusters. Furthermore, the Bader charges of

adsorbed C atoms were calculated. The charges of C atoms

adsorbed on the l3-fcc, l3-hcp, and l4-100 sites are about

-0.78 e, -0.81 e, and -0.96 e, respectively. The negative

values indicate that net charges are transferred from

the neighbor Ni atoms to the adsorbed C atoms. Unlike the

significant differences observed on adsorption energies, the

charges of adsorbed C atoms show little variation on four

Ni clusters.

3.2.2 C adsorption on relaxed Nin clusters

Previously, fixed cluster models were commonly utilized

due to the limitation of computational capacity [18–21]. In

our fixed Ni cluster studies, cluster reconstructions upon

the adsorption of C atoms were also neglected. Because

experimental studies have suggested that metal cluster

reconstruction could happen during CNT synthesis [16],

the results obtained on fixed models may not be appropriate

for investigating the CNT growth mechanism. Thus, fully

relaxed Ni cluster models were studied.

Two stable adsorption sites can be identified on the fully

relaxed Ni13 cluster, in contrast to one stable site found on

the fixed Ni13 cluster. One site is the l3-hcp with a similar

geometric configuration as the l3-hcp on the fixed cluster.

The other is a new hollow site (l4-hol) (see Fig. 2a). Our

simulation results showed that a C atom adsorbed on a Ni–

Ni bridge site can break the Ni–Ni surface bond to increase

its coordination number from 3 to 4, resulting in the

reconstruction of Ni13. Using single point calculation, we

found that the energy required by the Ni13 cluster recon-

struction is 0.64 eV. This energy may be compensated by

the exothermic Ni–C bond formation, leading to a more

stable adsorption complex with adsorption energy of

-7.44 eV. This adsorption energy (at l4-hol) is lower than

that at the l3-hcp site by 0.15 eV. Furthermore, energy of

C adsorption at the l3-hcp site on the fully relaxed Ni13

cluster is lower by *0.2 eV, comparing to the adsorption

energy at the l3-hcp site on the fixed Ni13. Three stable

adsorption sites were found on the relaxed Ni15 cluster.

One is at the l3-hcp site. The other two are hollow sites
1l4-hol and 2l4-hol, and each hollow site is connected with

four Ni atoms (Fig. 2b, c). Similar to the l4-hol site on

Ni13, the two l4-hol sites on Ni15 originate from the

breakdown of Ni–Ni surface bonds (2.41 and 2.51 Å,

respectively) upon C adsorption. C adsorption at the 1l4-

hol site (8.17 eV) is the most favorable site among three

adsorption sites on Ni15. On the Ni38 cluster, three stable

surface adsorption sites were found, including l4-100, l3-

hcp, and l3-fcc. The C adsorption energies are 8.02, 7.25,

and 7.17 eV, respectively. On the Ni55 cluster, two stable

surface adsorption sites, l3-fcc and l3-hcp, were found

with the adsorption energies of 6.94 and 7.09 eV, respec-

tively. Furthermore, Table 2 also illustrates that the inter-

atomic distances between an adsorbed C atom and its

nearest-neighbor Ni atoms becomes shorter on fully

relaxed clusters compared to fixed clusters, in consistent

with the stronger C–Ni bond formation. However, no sig-

nificant differences were found on the Bader charges of

adsorbed C atoms at different adsorption sites of relaxed

clusters.

Overall, the C adsorption energies derived on fully

relaxed clusters in this study are comparable with the

experimental results, such as Ni (100) (7.35 eV) and Ni

(111) (6.94 eV), obtained on single crystal surfaces by

measuring the heat of segregation and vaporization through

a thermodynamic cycle [45–47]. Similar to the results

22 Theor Chem Acc (2011) 128:17–24
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obtained on fixed clusters, C adsorption energies are larger

on smaller clusters and highly coordinated sites. More

importantly, new C adsorption sites were identified on Ni

clusters when cluster reconstruction upon C adsorption was

considered. In fact, C adsorption energies on reconstructed

sites are higher than those on other sites, suggesting

reconstructed sites are more favorable adsorption sites.

This finding highlights that some previous studies, which

investigated carbon diffusion or CNT cap formation on

fixed metal clusters could be inadequate [14, 15]. Metal

cluster reconstruction is an indispensable part toward a

better understanding of CNT growth mechanism.

3.2.3 C adsorption at subsurface sites

An unsolved puzzle in CNT growth mechanism is whe-

ther adsorbed C atoms would enter the metal clusters or

merely diffuse on the cluster surfaces. Our investigation

on the relaxed Ni clusters suggests that surface Ni–Ni

bonds can be broken upon C adsorption. Investigating the

stability of C atoms at subsurface sites may help to elu-

cidate this puzzle. For this purpose, the stability of sub-

surface C atoms in fully relaxed Ni38 and Ni55 clusters

was studied.

We identified two interstitial sites in Ni38: one is located

at the subsurface octahedral site (denoted as l6-sub); and

the other is located at the center octahedral site (denoted as

l6-cen). Between these two subsurface sites, the l6-sub is

more stable on the relaxed Ni38 cluster (Fig. 2d). The

adsorption energy on l6-sub site is 0.32 eV less than that of

the most stable surface adsorption site (l4-100). This may

be due to the fact that a C atom at the l6-sub subsurface

adsorption site is located in a confined space. Two stable C

subsurface adsorption sites, l4-hol and l6-sub, were iden-

tified (shown in Fig. 2e and f, respectively) on the relaxed

Ni55 cluster. C adsorption at the l6-sub site has the highest

adsorption energy of 7.41 eV among all subsurface and

surface adsorption sites on Ni55. The l4-hol site is of

comparable stability as the l6-sub site, and its adsorption

energy is only 0.07 eV lower than that of the l6-sub site.

At the subsurface l6-sub sites, the interatomic distances

between adsorbed C atoms and their nearest-neighbor Ni

atoms (RC–Ni) increase considerably (between 5 and 21%)

compared to those at the surface sites. This interatomic

distance expansion can be explained by the relief of the

repulsive interaction between subsurface C atoms and their

adjacent Ni atoms inside clusters [48]. We have further

investigated the local charge variation upon C adsorption.

We found that C atoms adsorbed at subsurface adsorption

sites with a coordination of six Ni atoms possess a charge

of about -1.10 e, higher than the charge of C atoms at any

surface sites. It suggests a stronger C–Ni interaction when

C atoms locate at subsurface sites.

Our results indicated that C atoms located at subsurface

sites of Ni clusters are more stable than those on the surface

sites. The next step is to find out whether a C atom can

migrate directly from surface sites to subsurface sites? The

PEP method described in the methodology session was first

applied to investigate this problem. The curve in Fig. 3

depicted the potential energy profile for the diffusion of

single C atom from the surface l3-fcc site to the subsurface

l6-sub site in the relaxed Ni38 cluster. The calculated

activation barrier is 0.26 eV. To validate the transition state

found by the PEP method, the precise NEB method was

also applied to locate the transition-state structure for the

surface-to-subsurface C diffusion. The activation barrier

(0.25 eV) obtained by the NEB method is only less

0.01 eV than that by the PEP method. In addition, the

transition-state geometric structures from the two methods

are very similar. As illustrated in Fig. 3, the PEP method

shows that the distances between the C atom and Ni atoms

are 1.72 and 1.75 Å, while the NEB method indicates the

distances are 1.75 and 1.93 Å. The adsorbed C atom at the

surface threefold l3-fcc site would break the longer Ni–Ni

bond at one edge and interact with the forth Ni atom before

it slips into the subsurface l6-sub site. Recently, Zhu et al.

[24] reported that the activation barriers for C atom dif-

fusion from surface threefold sites to subsurface sites were

about 0.755 eV. Compared with their transition-state

structures found on the periodic (111) slab surface, Ni

atoms near the adsorbed C atom have a coordination

number of 9. However, on our Ni38 cluster, Ni atoms

adjacent to the carbon atom have smaller coordination

numbers of 6 or 8. Thus, it is expected the C diffusion from

the surface l3-fcc site to the subsurface l6-sub site on a Ni

cluster would be easier than on a periodic slab. Vines et al.

recently also reported a similar finding, that the C atom

diffusion on Pb clusters from surface sites into tetrahedral

subsurface sites is almost non-activated [49]. They have

proposed that this is due to the high mobility of low-

coordinated Pb atoms at cluster edges. These results

resolve our puzzle, and we conclude that it is thermody-

namically and kinetically feasible for a C atom adsorbed on

Ni cluster surface to migrate into the underlying interstitial

subsurface positions. This finding also supports the previ-

ous speculations that C atoms may enter the metal

nanoclusters during CNT growth [9–11].

4 Conclusion

This study systematically investigated the adsorption

energies of atomic carbon on Ni clusters with various

cluster sizes (Ni13, Ni15, Ni38, and Ni55). On both fixed and

relaxed clusters, C atom prefers to adsorb at high-coordi-

nation sites. l4-100 was found to be the most stable

Theor Chem Acc (2011) 128:17–24 23
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adsorption site on the fixed Ni clusters. The l3-hcp and

l3-fcc sites are of comparable stability, but less favored

than the l4-100 site by *0.8 eV. Taking cluster relaxation

into account, new stable adsorption sites were found on the

relaxed clusters. C atoms located at subsurface sites of Ni

clusters are more stable than C atoms on the surface sites.

Furthermore, the migration of surface C atom located on

the threefold hollow site into the underlying interstitial

subsurface positions is thermodynamically and kinetically

feasible. These results indicate that CNT growth would

involve both surface and subsurface C atoms coupled with

surface reconstruction of Ni nanoclusters. Our results

highlight that C diffusion and CNT cap formation need to

be investigated on relaxed clusters for a better under-

standing of CNT growth mechanism.
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