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a b s t r a c t

Carbyne is a novel material of current interest in nanotechnology. As is typically the case for nano-
materials, the growth process determines the resulting properties. While endohedral carbyne has been
successfully synthesized, its catalyst and feedstock-dependent growth mechanism is still elusive. We
here study the nucleation and growth mechanism of different carbon chains in a Ni-containing double
walled carbon nanotube using classical molecular dynamics simulations and first-principles calculations.
We find that the understanding the competitive role of the metal catalyst and the hydrocarbon is
important to control the growth of 1-dimensional carbon chains, including Ni or H-terminated carbyne.
Also, we find that the electronic property of the Ni-terminated carbyne can be tuned by steering the H
concentration along the chain. These results suggest catalyst-containing carbon nanotubes as a possible
synthesis route for carbyne formation.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Carbyne is a 1D carbon allotrope [1]; it is an infinitely long linear
chain of sp-hybridized carbon atoms with extraordinary properties
[2e4]. Specifically its mechanical properties such as the Young
modulus (32.71 TPa), shear modulus (11.8 TPa), and specific stiff-
ness (about 109 Nm/kg) significantly outperform any other mate-
rial including carbon nanotubes, graphene and diamond [5]. Also,
its very high thermal conductivity (80 kW/m,K at room tempera-
ture) [6], structure-dependent electronic [7] and other properties
are very attractive [8,9].

Carbyne is produced using various growth techniques including
arc discharge [10e12], laser ablation [3,13], on-surface synthesis
[14,15], electrochemical synthesis [16] and others [17,18]. However,
the synthesis of long carbyne is extremely difficult due to its high
chemical reactivity and instability [10,19]. Nevertheless, such long
carbon chains have successfully been obtained to some extent
[11,20,21]. Especially, the inner space of carbon nanotubes has been
recognized as an ideal location for the carbyne chain [19,22] and
thus the endohedral carbyne growth is actively being investigated.
In particular, spontaneous formation of linear carbon chains with
several tens of C atoms in double walled carbon nanotube (DWNT)
(U. Khalilov).
has been observed through insertion of precursor molecules, e.g.,
polyyne CnH2 molecules [20] and adamantane (C10H16) [21]. Also,
Zhao and colleague reported long linear C chain more than 100
carbon atoms inside multi-walled carbon nanotube (MWNT) ob-
tained by hydrogen arc discharge evaporation of carbon rods [12].
Recently, Shi et al. have experimentally grown record-long carbyne
chainwith 6000 C atoms inside a DWNT [22]. Several investigations
indicate that the high-temperature treatment of MWNT, especially
DWNTwith suitable innermost diameter allows for the synthesis of
long carbon chains [19,22,23].

In the formation of endohedral carbyne from hydrocarbon
species, a metal catalyst can facilitate bond breaking and CeC bond
formation after feedstock adsorption by decreasing the activation
energy barriers of these reactions. In particular, transition metals
are used as a catalyst in the steam methane reforming for pro-
ducing syngas [24], in the Fischer-Tropsch reactions for producing
hydrocarbons [25], in the synthesis of nanostructures using
chemical vapor deposition technique [26], etc. However, the metal-
catalyzed growth of the encapsulated carbyne is not reported yet.
Consequently, the growth mechanism, and the role of the catalyst
and the feedstock for the case of endohedral carbyne synthesis are
still elusive. In order to elucidate these phenomena, we here study
the Ni-catalyzed nucleation and growth of carbon chains in DWNT
from carbon (C2) and hydrocarbon (C2H or C2H2) species, using both
reactive Molecular Dynamics (MD) simulations and Density Func-
tional Theory (DFT) calculations.
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2. Computational methodology

In the reactive MD simulations, we use the ReaxFF potential [27]
with parameters developed by Zou et al. [28]. To grow the endo-
hedral carbyne a (5,5)@(10,10) DWNT is chosen, as shown in Fig. 1.
The inner (din) and outer (dout) diameters of the DWNT are 0.70 nm
and 1.39 nm, respectively. These values are in agreement with
experimentally reported tube diameters, viz. 0.63 nm< din <
0.79 nm and 1.3 nm< dout < 1.6 nm [29]. Also, the inner (5,5)
nanotube with diameter of about 0.7 nm is optimal to stabilize a
carbon chain, in very good agreement with experiments as well
[19,20,22]. Periodicity is applied along the z-axis, mimicking an
infinitely long DWNT. Subsequently, Ni atoms are inserted in the
inner tube, mimicking the experimental embedded Ni nanoclusters
in carbon nanotubes [30]. Due to weak NieC p bonds, endohedral
Ni-atoms can easily move on the tube wall.

The simulated system is initially equilibrated at the desired
temperature applying the Berendsen thermostat [31] in the NpT
ensemble. Subsequently, the Bussi thermostat [32] is used to con-
trol the temperature in the canonical NVT simulations. During the
simulations, the chosen growth species, i.e., C2, C2H and C2H2 are
inserted in the inner tubewith an interval of 25 ps and 250 ps at
high (1700 K) and low (500 K) temperatures, respectively. In gen-
eral, the tube diameters and growth temperatures are chosen ac-
cording to theoretical suggestions and experimental findings [33].

All DFT calculations are carried out using the VASP software
[34,35]. All optimizations are carried out at in the generalized
gradient approximation (GGA), employing the revised Perdew-
Burke-Ernzerhof (RPBE) functional [36]. All calculations employ
the projector augmented wave method (PAW) [37,38], Gaussian
smearing [39,40], and a G-centered (1� 1 x 1) k-point mesh, with
supercells of size (20� 20 x 20) Å. We employ spin polarization and
no symmetry constraints. The energy cutoff is set to 400 eV and the
energy convergence is set to 1� 10�4 eV. While the van der Waals
corrections are not included in DFT calculations, test calculations
including van der Waals interactions (using the Perdew-Burke-
Ernzerhof (PBE) functional [41,42] and the Tkatchenko-Scheffler
method [43]) indicate that the effect is negligible.
3. Results and discussion

The nucleation and growth steps of Ni-catalyzed endohedral
Fig. 1. Front (a) and top view (b) of Ni-containing (5,5)@(10,10) double-walled carbon
nanotubes (DWNTs). In sake of clarity, carbon atoms in DWNT are not shown: light and
dark grey wire frames are outer and inner walls of DWNT, respectively. Ni atoms are in
green color. (A colour version of this figure can be viewed online.)
carbyne from carbon (Cx) and hydrocarbon (CxHy) species are
depicted in Fig. 2. The simulations show that the sticking proba-
bility and the adsorption energies of new-inserted feedstock on the
metal cluster inversely depend on the ratio of NH/NC. The adsorp-
tion energies are seen to decrease with increasing NH/NC ratio in
the feedstock. While the absolute value of the adsorption energies
in DFT and MD differ by a factor of almost 2 (�3.68, �2.88 eV
and �1.36 eV for C2, C2H and C2H2, respectively, in MD,
vs. �6.43 eV, �5.14 eV and �1.91 eV for DFT), the trend is
maintained.

When the inserted molecule impinges on the metal nanocluster
either (1) it connects to another adsorbed molecule or (2) it grad-
ually loses its H atoms at the high or low feedstock pressure (flux)
conditions, respectively. In the first case (dimerization), the
adsorbed feedstocks molecules directly associate on the nano-
cluster, prior to breaking their CeH bonds, as is demonstrated in
Fig. 3. MD-NEB calculations [44] show that the formation of initial
carbon chains from the feedstock dimerization requires association
activation barriers of about 0.1 eV, 0.26 eV and 0.3 eV for C2, C2H
and C2H2, respectively.

In the second case (dehydrogenation), CeH bonds of the
adsorbed molecule are gradually broken. In particular, in the case
of acetylene (C2H2), its two CeC p bonds can each be broken to
form NieC s bonds as it chemisorbs (without fragmenting) to the
nickel cluster. In the case that the molecule connects to a single Ni
atom, however, one p bond remains such that a double CeC bond
is retained (e.g., see Fig. 2c, frame 2). The adsorbed molecule
begins dehydrogenating to form ethynyl radical (C2H) and it
subsequently decomposes to a C2 dimer and a H atom. While the
CeC bonds break before CeH bonds on a flat Ni(111) surface, the
presence of steps on the surface lowers the activation barrier for
CeH bond cleavage [45]. Our Ni nanoparticle behaves like the
stepped surface rather than the flat surface and it thus preferably
breaks CeH bond instead of the CeC bond. It indicates that the
dissociation of the adsorbed feedstock occurs through step-wise
dehydrogenation [24], i.e., C2H2 0 C2H 0 C2. In moderate
pressure cases, dehydrogenation and dimerization can simulta-
neously occur. In all cases, consecutive carbon (with or without
hydrogen) connections eventually initiate the formation of the
incipient carbon chain (Fig. 2, second and third columns). The
total energy of the carbon chain gradually decreases when the
carbon concentration increases in the carbon chain. In particular,
the change in the system energy per C addition is �6.42 eV, which
is very close to the DFT values ranging between �5.77 eV
and �7.67 eV for finite carbyne [3,5,46].

In the Cx case, the continuous extension of the chain length
induces the nanocluster to split into two smaller fragments, which
bind respectively at both ends of the carbon chain (see Fig. 2a,
frame 3). The termination by Ni atoms as well as van der Waals
interaction with the inner tube facilitates the carbyne growth.
While such end-terminations preferable occur, we do not find the
carbon chain is embedded into the cluster during the simulations
[47]. Due to the Ni-termination of both ends, the undesired
connection of the carbyne with the tube wall does not occur. When
a single Ni atom is used as a catalyst, however, the interaction
probability of the catalyst-free end of the carbyne with the tube
wall significantly increases. Similar experimental observations
were reported by Kano et al., i.e., when one Pt atom connects to one
end of the obtained carbon chain on a graphene flake, its Pt-free
end becomes very unstable [14]. Consequently, chain-tube con-
nections may result in a considerable reduction of the carbyne
growth and defect creation in the host tube [11]. While the
termination of both ends of the carbyne chain is required in the
growth from Cx growth species, the carbyne ends are devoid of such
chain-tube influence during the growth from hydrocarbon (CxHy)



Fig. 2. Ni-assisted carbyne nucleation and growth in a (5,5)@(10,10) tube from C2 (a), C2H (b) and C2H2 (c) precursors. Inserted C and H atoms are highlighted in red and blue colors,
respectively. (A colour version of this figure can be viewed online.)

Fig. 3. Association/dissociation steps and activation barriers in the onset of Ni-assisted
nucleation of carbon chain from C2 (green line with open triangles), C2H (red line with
open circles) and C2H2 (blue line with open squares) feedstocks. (A colour version of
this figure can be viewed online.)

Fig. 4. (a) Possible chain structures in the catalyzed growth; (b) Dependence of the
energy change on the relative extension of chain length; (c) Average CeC bond length
during the growth from C , C H and C H feedstocks.
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feedstocks. Namely, the catalyst-free carbyne tail is quickly termi-
nated by a H atom and undesirable reactions are thus prevented
(Fig. 2b and c, second and third columns), indicating that in this
case the single Ni atom could also be applied as a catalyst in the
growth process.

The overall results indicate that catalyst and hydrogen have
opposite effects during the chain nucleation and growth. Namely,
the catalyst facilitates the formation of CeC connections and thus
enhances the chain elongation. In contrast, hydrogen quickly blocks
the chain tail and thus delays or prevents continued chain growth.
In the Nin cluster case, both catalyst and hydrogen atoms can move
along the growing chain as well. Due to this phenomenon, the
catalyst atom is seen to bind to the tail of the chain terminated by H
and stimulates the chain to grow again (Fig. 2b, third, fourth and
fifth columns). Consequently, the obtained carbon chains can be
partially or fully hydrogenated and terminated by nickel and/or
hydrogen atoms.

In the growth processes, we find several types of carbon chains,
viz., polyyne, cumulene and polyene chains [48] with complete or
2 2 2 2
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partial termination by metal or hydrogen atom(s), as demonstrated
in Fig. 4a.

Every model structure contains 10 C atoms. The aforementioned
simulation results indicate in the case of C2 feedstock that the ob-
tained metal-terminated chain is cumulene-like (… ¼ C]C]
C¼…) (see structure 4 in Fig. 4a) with a bond distance (r) of about
0.13 nm (see C2 in Fig. 4c), which is very close to the experimental
value (0.131 nm) for the CeC bond length in a metalated carbyne
[15]. Normally, carbyne favours a polyyne structure (…
eC^CeC^Ce…) with CeC bond length alternation (BLA¼ jr1-r2j)
due to the Peierls instability. However, zero-point atomic vibrations
eliminate such bond alternation making the cumulene Cn chain a
stable carbyne structure as well [49]. According to DFT calculations,
the energy difference between polyyne and cumulene structures is
2meV per carbon [5]. At absolute zero, therefore, the carbyne chain
is polyyne-like, e.g., in our MD calculations the BLA is 14 pm (r1/
r2¼ 0.12/0.134). While this value is higher than our DFT value of 3
pm (r1/r2¼ 0.128/0.131), it is in close agreement with the experi-
mental value, i.e., BLA¼ 10 pm (r1/r2¼ 0.123/0.133). At non-zero
temperature, the BLA tends to zero due to the temperature-
dependent chain fluctuations. In addition, such polyyne-
cumulene transitions occur due to changing H-termination to H2-
termination [48] or due to the elongation of the chain length [49].
The length of the carbon chain relatively extends depending on the
degree of hydrogenation of the chain, i.e., the average CeC bond in
the chains for the C2, C2H and C2H2 cases are 0.13 nm, 0.134 nm and
0.14 nm, respectively (Fig. 4c). Also, the connection of the catalyst
atom(s) or/and H atom(s) to the carbon chain can affect both its
length and stability. While the length of Ni or H-terminated car-
byne structures does not alter significantly, their relative potential
energy decreases somewhat (see 1e4 in Fig. 4b). Note that Ni atoms
have the positive partial charges (oxidation state of Ni is
maximum þ2) and consequently the neighboring C atoms have
negative partial charges due to partially ionic character of the NieC
bond. The total charge of the structures is zero in both MD and DFT
calculations. On the other hand, both length and stability of hy-
drogenated carbon chains terminated by either Ni/Ni (structures 4,
7e9, 12 in Fig. 4a) or Ni/H (structures 3, 6, 11 in Fig. 4a) or H/H
(structures 2, 5, 10 in Fig. 4a) increase by increasing the H con-
centration in the chain (see 5e12 in Fig. 4b). Also, consecutive H
addition leads the transformation of the chain structure from a
“linear” cumulene/polyyne allotrope to a “zigzag” polyene struc-
ture [48]. Such additions do not only alter the morphology of the
structures, they can change the electronic property of the obtained
Fig. 5. (a) Density of states (DOS) and (b) gap d
carbon chains as well.
Fig. 5 a shows the calculated density of states (DOS)

from �5.0 eV to 5.0 eV, for four carbon chains, i.e., structures 1, 4, 7
and 12 from Fig. 4a. The figure shows that different structures have
different gap. As our carbyne structure is calculated as a non-
periodic structure, the DOS looks different from other works
[49,50], where only one (large) band gap (around 2.20 eV) can be
observed for those periodic carbyne structures. However, our gap
values are close to ab-initio calculation results for confined carbon
chains [17,51]. The gap widths for each structure are shown sepa-
rately in Fig. 5b. The figures indicate that the most prominent gap
(1.25 eV) appears in case of a finite carbyne (structure 1). When the
ends of the carbyne chain are terminated by Ni atoms (structure 4),
this prominent gap considerably decreases to 0.69 eV (�45%).
Subsequently, this gap decreases further when H atoms are added
along the carbyne chain. In particular, maximum gap widths for Ni-
terminated carbyne with 2 H atoms (structure 7) and Ni-
terminated carbyne with 8 H atoms (structure 12) are 0.62 eV
(�50%) and 0.16 eV (�88%), respectively. Indeed, Fig. 5 demon-
strates that the overall gap widths significantly decrease when H
atoms are added along the Ni-terminated carbyne chain, as the
dispersion moves towards smaller values.
4. Conclusion

We study the Ni-catalyzed growth of carbyne inside a double-
walled carbon nanotube from carbon and hydrocarbon feedstocks
using MD simulations and DFT calculations. We find that a
confined long carbyne can be grown from carbon species assisted
by Ni as a catalyst. However, in the case of growth from hydro-
carbon species, the carbyne chain growth can be hindered by the
H addition. Competition between the metal and hydrogen results
in various Ni or H-terminated carbon chains with varying degrees
of hydrogenation in the tube. The length and stability of the grown
chains are also dependent on the type of chain termination and
the degree of hydrogenation. We also find that the band gap in
metal-terminated carbyne is significantly decreased when H
atoms adsorbed along the chain. The overall simulation/calcula-
tion results are in agreement with available experimental and
theoretical evidences and strongly indicate that the formation of
finite carbyne structure with controllable electronic properties is
possible.
ispersion in DOS for various carbon chains.
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