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Abstract. Carbyne, a novel carbon nanostructure, has drawn considerable attention in modern nanotechnology
due to its unique physical properties. Despite the successful synthesis of carbyne through various methods, the mechanisms
behind carbon monoxide-dependent catalytic synthesis of endohedral carbyne remain poorly understood. In this
simulation-based study, we investigate the synthesis of endohedral carbyne dependent on C and CO radicals in the
presence of a Nis catalyst inside double-walled carbon nanotubes of (5,5)@(10,10) structure. Our results show that the
introduction of the C atom leads to the formation of a long carbon chain within the Nis@(5,5)@(10,10) model system. In
contrast, in the case of CO radicals, the carbyne chain growth is hindered due to the oxidation of nickel clusters by oxygen
atoms after the initial nucleation stage. Our findings are consistent with previous theoretical, simulation, and experimental
studies, and offer valuable insights into the synthesis of carbyne-based nanodevices for future nanotechnology.
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Introduction

Carbon-based nanomaterials (graphene, carbon nanotube, etc.) are one of the main objects of modern
nanotechnology [1]. Particularly, carbyne (1D sp!-hybridized allotrope of carbon [2]) that polyyne and
cumulene-like structure is a linear chain of carbon atoms connected in the form of alternating single-triple
(..=C—C=C-C=...) or double-double (...=C=C=C=...) bonds, respectively [3,4]. It has recently been the topic
of extensive experimental studies in recent years, due to its physical and chemical properties [5-8] such as
mechanical strength (i.e., carbyne is two times stronger than graphene and carbon nanotube, and almost three
times stronger than diamond [9]) and high thermal conductivity (i.e., 80 kW/m-K [10]). Carbyne is considered
as a promising nanomaterial, especially in the fields of microelectronics [11] and hydrogen storage (i.e., its
gravimetric storage capacity exceeds 8 wt.% [12]).

Carbyne can be synthesized using a variety of growth methods, including laser ablation [13,14], arc-
discharge [15-17], electrochemical synthesis [18] and on-surface synthesis [19,20], electron irradiation [21]
etc. Long linear carbon chain synthesis, on the other hand, is highly challenging due to its high chemical
reactivity and instability [22—24]. Since the interior of multiwalled carbon nanotube (MWNT) has been found
to be an ideal environment, researches on the synthesis of long carbynes have considerably increased [25-27].
In particular, Zhao and coworkers reported a long linear carbon chain containing more than 100 carbon atoms
inside MWNT [15]. Also, Shi et al. have experimentally grown record-long carbyne chain with 6000 carbon
atoms inside double-walled carbon nanotube (DWNT) [24]. Further studies on the elongation of endohedral
carbynes have shown that catalyst nanoparticles can also play a critical role in synthesis, in addition to carbon
precursors [28,29]. Specifically, these growth factors can affect the growth mechanism and physical properties
of the obtained structure [30]. Although the catalytic synthesis of endohedral carbyne has been consistently
investigated [31-34], the mechanisms of catalytic carbyne synthesis from carbon-oxygen precursors and the
specific role of oxygen in carbyne growth remain elusive. Hence, in this study, we used molecular dynamics
(MD) simulations to explore the synthesis processes of endohedral carbyne in DWNT with a nickel catalyst
and carbon feedstocks (i.e., Cy, and CxOy).

Computational details
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In this study, we use the LAMMPS program [35] based on the reactive molecular dynamics (MD)
method. We employ the ReaxFF potential [36] with a parameter set developed by Zou et al. [37] to describe
the interatomic interactions in the system. We choose Nis@(5,5)@(10,10) as a model system (see Fig. 1), where
DWNT has inner and outer diameters of 0.68 and 1.37 nm, respectively. These values are fairly close to the
experimentally reported diameters of DWNT; the inner diameter ranges from 0.63 to 0.79 nm, and the outer -
1.3 to 1.6 nm [38]. The size of the simulation box is 5.0x5.0x2.7 nm?, and periodic boundary conditions are
applied in three axes. A nanocluster of five Ni atoms (Nis) is inserted into DWNT as a catalyst nanoparticle.

0.68 nm
1.37 nm

Fig. 1. Side (a) and top (b) views of Nis@(5,5)@(10,10) model system. Carbon atoms of DWNT
are not shown; light and dark grey wireframes represent the outer and inner walls of DWNT,
respectively. Ni atoms are shown in green balls.

The energy of the model system is initially minimized by applying a combination of steepest descent
and conjugated gradient methods. Subsequently, the temperature of the systems is increased until 1700 K (with
a temperature gradient of 1 K/ps) in the NpT ensemble using a Berendsen thermostat and barostat [39]. Then,
the system is equilibrated using the Bussi thermostat [40] in the NVT ensemble. Afterward, the chosen carbon
precursors (i.e., C and CO) are sequentially inserted into the inner tube with an interval of 250 ps. The initial
velocity of each feedstock is in a random direction, and its magnitude is set to the root-mean-square velocity,
corresponding to the growth temperature (i.e., 1700 K). The impingement flux for both C and CO species is
chosen 0.687 nm=2ns, and corresponding gas pressures [41] are found to be 37.6 and 56.8 kPa, respectively.
During the simulation, to keep the pressure of gas-phase molecules constant inside DWNT, O, molecules are
released from the system every 106 MD step (i.e., 0.25 ns) [42]. A time step of 0.1 fs is used in all MD
simulations, and a maximum simulation time lasts 9 ns. The simulations are conducted at least ten times for
each study case, and the results are obtained by averaging the corresponding physical quantities.

Results and discussion

Fig. 2 shows the nucleation (Fig. 2, steps I-111) and growth (Fig. 2, steps IV and V) stages of endohedral
carbyne in the presence of Nis catalyst and C (a) or CO (b) precursors. In the case of the C precursor, the carbon
atom introduced into DWNT is initially adsorbed (with the adsorption energy barrier of 0.29 eV) on the nickel
cluster. Since the electronegativity of carbon atoms (yc=2.55) is greater than the electronegativity of nickel
atoms (yni=1.91), the average partial charge of carbon atoms turns out to be negative (6=-1.49 e), whereas the
average partial charge of nickel atoms is positive (6=+1.63 e) in the inner wall of the DWNT. As a result, the
C precursor introduced into DWNT induces under the influence of positive nickel atoms and creates a negative
partial charge (6=-0.14 ¢) (see Fig. 2a, step 1) and attaches the nickel cluster due to electrostatic forces (Fig.
2a, step I1). Then, the C precursor diffuses on the surface of the cluster and binds with another adsorbed
precursor, the calculated diffusion (0.4 eV) and binding (0.1 eV) energy barriers of which correspond to
reported data [30,43] Consequently, a carbon dimer or initial carbyne nuclei appears in the DWNT (Fig. 2a,
step I11) and this stage (i.e., steps I-111) is called the nucleation of the carbyne structure.
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Fig. 2. Two stages of synthesis of Ni-catalyzed endohedral carbyne in DWNT from C (a) and CO
(b) radicals. Ni, C, and O atoms are depicted here in green, grey, and red colors, respectively. For clarity,
carbon atoms of DWNT are not shown. In each dashed rectangle, the same structure is shown with and
without partial charges, ranging from -1 (red) to +1 (blue).

After the nucleation stage, the nickel nanocluster splits into two smaller fragments, which bind
respectively at both ends of the carbon chain and remain throughout the entire growth stage (Fig. 2a, steps IV
and V). The simulation results explain the above phenomenon by a decrease in the energy of the thermodynamic
system by 1.3 eV when the nickel atom moves from the middle to the end of the carbon chain. As a result, the
presence of nickel atoms at both ends of the chain is energetically more favorable than their distribution over
the entire chain. This phenomenon can also be explained by the different nature of the binding of carbon atoms
in the middle and end of the chain. Namely, carbon atoms in the middle part of the carbyne have either single-
triple (in polyyne chain) or double-double (in cumulene chain) bonds. Hence, such bonding behavior of carbon
atoms prevents the nickel atom to form a stable chemical connection with central carbon atoms of the chain.
As a result, the nickel atom moves freely along the chain and eventually connects to the terminal carbon atoms
of the chain, which have unterminated bonds. Note that nickel termination at both ends of the chain prevents
undesired bonding between the carbyne and the tube interior [17] as well as these nickel atoms continuously
promote the safe formation of C-C connections [30]. Our calculations show that with an increase in the length
of the carbon chain per addition of one carbon atom, the energy of the chain decreases by -7.05 eV, which is in
the range of values (from -5.77 eV to -7.67 eV) obtained by quantum mechanical calculations [9,13,44].

In the case of the CO precursor, as in the case of the C precursor, the introduced CO radical is first
adsorbed on the nickel cluster (Fig. 2b, step I1) with the adsorption energy of 1.2 eV, which is very close to the
experimental value of 1.1 eV [45]. The simulation results show that the radical binds to the catalyst on the
oxygen side, and this phenomenon can be explained by the partial charges of the atoms of the system. As
mentioned above, due to the difference in the electronegativity of carbon (yc=2.55) and nickel (yni=1.91) atoms,
the partial charges of carbon atoms of the inner part of DWNT turn out to be negative (6=-2.03 €), whereas the
nickel atoms of the nanocluster get positive charge (6=+2.28 €). On the other hand, due to the stronger
electronegativity of oxygen atom (y0=3.44), partial charges of oxygen and carbon atoms in the CO radical
become 6=-0.40 e and 3=+0.15 e (Fig. 2b, step I). As a result, CO binds to the catalyst on its oxygen side
because of the electrostatic interactions between the positive nickel and negative oxygen atoms. Then, CO
radical diffuses (with a diffusion energy barrier of 0.2 eV) on the surface of the catalyst, followed by the
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dissociation of C-O bond (with a dissociation energy barrier of 2.5 eV) caused by nickel catalyst, which reduces
the dissociation energy barrier of the bond by approximately 3.6 times. As a continuation, a newly dissociated
carbon atom binds (with binding energy barrier of 0.1 eV) to a previously dissociated carbon atom and
consequently form a carbon dimer (Fig. 2b, step 111). This process corresponds to the nucleation stage of the
catalyzed carbyne growth from CO precursor. Simultaneously, the remaining oxygen atoms either bind each
other (with a binding energy of 5.4 eV) and leave the nanocluster surface as O, molecules, or form a strong Ni-
O bond (with a binding energy of 3.9 eV) as a result of breaking the Ni-Ni bond (with a dissociation energy of
2.4¢eV).
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Fig. 3. Molar Gibbs free energy of nanocatalyst (red) and the dissociation energy of C-O bond
(black) as a function of the oxidation state of nanocatalyst.

In the growth stage (Fig. 2b, steps IV and V), as a result of the gradual breaking of Ni-Ni bonds and
the formation of Ni-O bonds, the nanocatalyst is rapidly oxidized, and the molar Gibbs free energy of the
resulting NixOy nanocluster decrease constantly (Fig. 3). In particular, the molar Gibbs free energy changes
from 0 to -2.2 eV when oxidation state of cluster is changed from 0 to 100 %, thereby indicating the formation
of stable nanocatalyst. Consequently, the oxidation of nanocatalyst leads to a loss of its catalytic property or its
poisoning. When the catalyst is completely oxidized, the energy required for the dissociation of C-O bonds on
the catalyst surface increases by 2.5 times (Fig. 3, black curve). According to the theory of active centers [46],
in the process of catalyst poisoning, the poison (i.e., oxygen atoms) is strongly adsorbed on the active sites of
the catalyst and covers it. Due to the formation of strong chemical bonds between the poison and the active
sites of the catalyst, it becomes very difficult for reagents (CO) to displace the poison and move to the active
centers. As a consequence, the catalyst loses its catalytic properties and causes CO radicals to remain in the gas
environment without their decomposition. This, in turn, leads to the interruption of the carbon supply and
consequently the growth of carbyne.

Conclusions

We studied Ni-catalyzed growth mechanisms of encapsulated carbyne in DWNT from C and CO
feedstocks using reactive MD simulations. The results indicated that Ni cluster facilitates the formation of long
carbyne when C precursors are inserted into DWNT. On the other hand, an insertion of CO radicals into tube
leads to an oxidation of Ni cluster due to a dissociation of the radicals. As a result, Ni catalyst loses gradually
its catalytic activity and eventually gets poisoned. In contrast to C precursors, CO radicals result solely in the
formation of carbyne nuclei, i.e., the next introduced radicals remain in the gas phase without decomposition
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and the carbyne chain stops growing. This study contributes to a better understanding of the synthesis
mechanisms of long carbyne structures by the choice of catalyst-feedstock tandem.
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